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Calcarenites are highly porous soft rocks formed of mainly carbonate grains bonded together by calcite bridges.
The above characteristics make them prone to water-induced weathering, frequently featuring large caverns
and inland natural underground cavities. This study is aimed to determine the main physical processes at the
base of the short- and long-termweakening experienced by these rockswhen interactingwithwater.Wepresent
the results of microscale experimental investigations performed on calcarenites from four different sites
in Southern Italy. SEM, thin sections, X-ray CT observations and related analyses are used for both the
interpretation–definition of the structure changes, and the identification–quantification of the degradation
mechanisms. Two distinct types of bonding have been identified within the rock: temporary bonding (TB) and
persistent bonding (PB). The diversemechanisms linked to these two types of bonding explain both the observed
fast decrease in rock strengthwhenwaterfills the pores (short-termeffect ofwater), identifiedwith a short-term
debonding (STD), and a long-term weakening of the material, when the latter is persistently kept in water-
saturated conditions (long-term effect of water), identified with a long-term debonding (LTD). To highlight
the micro-hydro-chemo-mechanical processes of formation and annihilation of the TB bonds and their role
in the evolution of themechanical strength of thematerial, mechanical tests on samples prepared by drying par-
tially saturated calcarenite powder, or a mix of glass ballotini and calcarenite powder were conducted. The long-
term debonding processes have also been investigated, using acid solutions in order to accelerate the reaction
rates. This paper attempts to identify and quantify differences between the two types of bonds and the relative
micro-scale debonding processes leading to the macro-scale material weakening mechanisms.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Calcarenites are sedimentary soft porous rocks found in many areas
around the world and common in the Mediterranean region (Apulia
and Sicily in Italy, Malta, Cyprus, and Israel). Due to the highly porous
carbonate structure, the exposure along coastlines, the interaction
with infiltrating rainfall and/or sea water can be at the origin of various
geomechanical instabilities involving carbonates. Along the Apulian
coastline (Italy) large caves develop creating suggestive landscapes
due to the progressive deterioration of the material induced by the
combined action of waves, sea spray, and water rock infiltration. The
calcarenite weathering becomes even more important when we think
of these rocks as building stones used in historical buildings and monu-
ments that undergo degradation and damage due to the centuries
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of prolonged exposure to the atmosphere. The physico-mechanical
characterisation of such lithotypes has been usually carried out to verify
their use as construction and ornamental stones (Andriani and Walsh,
2003, 2007a; Anania et al., 2012) or to analyse their characteristics at
a local scale.

Schlumberger (2014) assesses that about 60%of all the oil and40% of
all the gas reserves are in carbonate rock reservoirs. The best examples
are theMiddle Eastfields,where 70% of oil and 90% of gas reserves are in
carbonate rocks. In addition, an interest in CO2 sequestration brings in
focus the issues of the enhancement of the rock dissolution in contact
with CO2 (Makhnenko et al., 2014).

Themicrostructural changes that induce themodification of theme-
chanical macro-scale response and behaviour of a dry weak/soft rock
when put in contact with water are distinctly different when observed
immediately after the immersion and when the immersion lasts over
a long time. From an engineering point of view it is noted that
calcarenites (but also other rocks as chalk and loess)may lose almost in-
stantly up to 60% of their dry uniaxial compression strength and stiff-
ness after saturation with water (Brignoli et al, 1995; Papamichos
et al, 1997; Lagioia et al, 1998; Castellanza et al, 2009; Collins and
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Sitar, 2009; Eslami et al., 2010; Ciantia et al., 2013). Short-term sequen-
tial wetting and drying cycles (a series of 5, 10 and 15 cycles) have been
found to cause a significant reduction in the uniaxial compression
strength (3.6, 25, 45%) compared to the dry material associated with a
slight weight loss (0.12, 0.17 and 0.27%) in fine-grained calcarenites.
The same effect is less marked for the coarse grained calcarenite
where to a largermass loss (1.09%) a smaller reduction of the dry uniax-
ial compressive strength is recorded (3.4%) (Andriani and Walsh,
2007b). As explained therein, the weight loss is certainly due to the de-
tachment of grains that are less strongly bound to the samples and is not
due to dissolution phenomena, which can occur only with difficulty in
such a short time. Fig. 1a shows typical stress–strain results obtained
during uniaxial stress compression tests on dry samples and on wet
samples after thematerial becomes saturated due to a single immersion
in water.

Recently, it has been suggested that over the long-term, the contin-
uously saturated calcarenite, if the dissolved calcite is continuously
washed away from the sample such for open systems, weakens due to
the dissolution of grains and bonds (Castellanza. and Nova, 2004;
Ghabezloo and Pouya, 2006; Ciantia and Hueckel., 2013; Ciantia et al.,
2013, 2014). In the long-term chemical dissolution of calcite is the fun-
damental mechanism affecting the material mechanical behaviour of
calcareous soft rocks. Hence, processes such as pressure solution and
stress corrosion cracking become fundamental as they may lead to en-
hanced dissolution due to chemo-mechanical coupling mechanisms.
For example, the increase of dissolution rate due to stress induced
micro crack formation has been described by Ciantia and Hueckel
(2013). Dissolution induced, mass loss effects on thematerial resistance
are clearly visible in Fig. 1bwhich represents the results of uniaxial com-
pression tests on calcarenites that have been subjected to acid accelerat-
ed chemicalweathering (Ciantia et al., 2014). Saturation and dissolution
induced strength reduction is also clearly visible in Fig. 1c where the
yielding points of a Gravina calcarenite subject to different loading
paths are represented in the deviatoric q-p plane. While the long-term
effect has a straightforward chemo-physical explanation, which is the
dissolution induced mass loss of calcium carbonate (Castellanza, 2002;
Fig. 1.UCT (Uniaxial Compression Test) stress vs. strain curves of calcarenites from (a) Canosa d
(d),wet (w) andwet-acid-damaged (w-d) conditions. Thew-d sampleswere submerged in aw
of dissolution on the size of the yield locus for a Gravina calcarenite (GP_C).
Ciantia and Hueckel, 2013), the short-term interaction with water
has not been systematically examined and fully understood. Possible
explanations of the short-term weakening of porous calcareous rocks
induced by water inundation as found in literature are:

i) Capillary effects: a drop in suction induced by water saturation
(Brignoli et al., 1995; Coop and Lee, 1995).

ii) Rehbinder effect (Rehbinder and Lichtman, 1957): reduction of
surface energy of calcite due to a polar interaction between
water and grain surfaces causing a repulsive force between calcite
microcrystals, and a consequent strength reduction (Malkin,
2012). The Rehbinder effect seems to support the adsorption of
water weakening model proposed by Risnes et al. (2005).

iii) Intergranular pressure solution (Rutter, 1976): is a mechanism
whereby the stress concentration at grain contacts causes local
dissolution, transport of the solutes out of the contact and precip-
itation on the less stressed faces of the grains. Although it is often
invoked (Renard et al., 2005; Le Guen et al., 2007) to explain the
long-termdeformation and failure of porous rocks in the presence
of water, a very fast dissolution (≈8 h) of grain contacts may
occur even in the short term, as noticed by Pietruszczak et al.
(2006) for chalk.

iv) Subcritical cracking: even though it is very often considered that
this weakening effect of water is more significant in the long
term, it has sometimes been invoked to explain the short-term
brittle behaviour of silicate rocks (e.g. Jeong et al., 2007). In the
case of carbonate rocks, the nature of stress corrosion reactions
is not well understood, as noticed by Atkinson (1984).

In this paper a newmechanism, consistent with all the above hydro-
chemo microscale mechanisms, explaining the short-term weakening
of different soft calcareous rocks is proposed. The paper is structured
in the following manner: in Section 2 the description of the tested
lithologies and their physical mechanical properties are presented. In
Section 3 a complete set of micro-investigations by means of X-ray
Micro-Computer-Tomography (MCT), Scanning Electron Microscope
(SEM) and Mercury Intrusion Porosimetry (MIP) performed to define
i Puglia (CP_M) in dry (d) andwet (w) conditions, and (b) Gravina di Puglia (GP_C) in dry
eak acetic-acid solution for about 60min (see Ciantia et al, 2014). c) Effect of saturation and
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the microstructure both in 2D and 3D are reported. In Section 4 the
short and long-term effects of water on the mechanical properties of
the material are interpreted by means of two postulated microscale
hydro-chemo-mechanical mechanisms. The identification of such
mechanisms is supported by a series of non-conventional experimental
tests performed on natural calcarenites and on samples prepared by
drying partially saturated calcarenite powder, or a mix of glass ballotini
and calcarenite powder. Finally, after a detailed discussion of the exper-
imental results (Section 5) a set of conclusions are drawn.

2. The Apulian calcarenites

Calcarenites are sedimentary soft rocks formed by the cementation
of calcareous grains (fragments of corals, shells and other calcareous
structures with an organogenous origin) originally unbonded, that ac-
cumulated at the bottom in the same marine environment in which
they were formed by means of a diagenetic process. These fragments
were bonded to each other, by precipitated calcium carbonate crystals
forming a calcite coat around and inside pores of these organic frag-
ments. At the inter-grain contact interface such a coating phenomenon
causes the formation of diagenetic calcite bonds, while the once porous
fragments are now seen as solid grains.More details on the diagenesis of
carbonate sands are found in the work of Coogan and Manus (1975).

The porous and soft Apulian calcarenites are peculiar Plio-Pleistocenic
formations (southeastern Italy, Ricchetti and Scandone, 1979; Ciaranfi
et al., 1988; Andriani andWalsh, 2003) used widely in historic buildings
and monuments and at the same time forming long sectors of the coast-
line where large natural caverns or manmade cavities occur (Figure 2).
The “Grotta Palazzese” cave, located in Polignano a Mare (Figure 2c,d)
is an exceptional example of such a situation, where failure could affect
both the coastal cliff and some neighbouring structures. Weathering is
also seen to develop in non-marine environments causing the collapse
Fig. 2. Apulian rocky coastal cliff morphology. (a–b) The “Grotta della Poesia” cave, (c–d) Polig
collapse of an abandoned mine in Canosa di Puglia. See Fig. 4 for geographical locations.
of anthropic cavities (see Figure 2e, f) as reported in Parise and Lollino
(2011) and Polimeno (2007).

Because of the widespread presence of such rock formations ex-
posed to similar risk conditions, a detailed characterisation of themate-
rial and the identification of the controlling mechanisms associated
with its deterioration in the short and long term are needed.

To accomplish a broad description and understanding of thesemate-
rials, the authors collected calcarenite samples from different sites:
Canosa di Puglia, Polignano a Mare, Gravina di Puglia, and Gallipoli
(Figure 4). All the sampled materials are represented by medium to
fine grained white to yellow packstones (or biomicrite). The chemical
composition of such complex structures has been obtained via Energy-
dispersive X-ray spectroscopy (EDS) using anX'Pert PROdiffractometer.
All samples aremainly formedby Calcite (CaCO3 N 95%) and some traces
of otherminerals. Fig. 3 shows typical X-ray powder diffraction patterns
of the calcarenites here investigated.

The rock presents the fabric of a moderately to poorly sorted
bioclastic packstone (generally with grains smaller than 0.5 mm) with
an open self-supporting framework made up of abundant skeletal frag-
ments (e.g. shells, foraminifera, bryozoa, lamellibranchs, gastropods,
echinoderms, calcareous algae) and rare lithoclasts deriving from the
dismantling of the Meso-Cenozoic limestones. Small quantities of
micritic matrix have been observed in the fine to medium calcarenites.
The same characteristics have been described by Andriani and Walsh
(2003, 2007a) for the same formation. Calcitic cement is rare in the
coarse facies, and grows in fine and medium facies. It is described as
fine calcite crystals encrustations developing at grain contacts or on
pore walls.

The sampling points for this study are shown in Fig. 4. The three
samples from Canosa di Puglia (CP) are very similar, with the exception
for one sample (CP_M) that presents a denser packing. Samples (GP_C
and GP_P) from Gravina di Puglia (GP) are very similar except for a
nano a Mare and Grotta Palazzese, (e) Sinkhole in Gallipoli (March 2007), (f) Partial roof

image of Fig.�2


Fig. 3. X-ray powder diffraction patterns of four different calcarenites. The rock is mainly composed of calcite with minor traces of other minerals.

Fig. 4.Mapof the south-eastern part of Italy and of sampling points (Canosa di Puglia, CP; Gravina di Puglia, GP; Polignano aMare, PM) andmacroscopic views of some of the 11 calcarenite
samples analysed in the study.

4 M.O. Ciantia et al. / Engineering Geology 184 (2015) 1–18

image of Fig.�3
image of Fig.�4


5M.O. Ciantia et al. / Engineering Geology 184 (2015) 1–18
coarser sample (GP_L) with both larger grains and larger macro-pores.
Samples from Polignano a Mare (PM) show some differences when ob-
served at a macroscopic scale. In some samples the carbonate grains are
a couple of orders ofmagnitude larger than in others. PM_S930 is a sam-
ple of calcarenite from Polignano a Mare extracted at a depth of 9.3 m
from a borehole drilled next to the Grotta Palazzese cavern (Figure 2);
PM_SP is a part of a block that detached from the roof-top of the cavern
in 2009, while the last one (PM_A) comes from a small quarry. Finally,
GAL_12 is a calcarenite sample retrieved from an abandoned anthropic
cave shown in Gallipoli (Figure 2e).

Some physical characteristics have been accomplished and themain
index properties such as dry and saturated unit weights (γd and γsat),
porosity (n) and void ratio (e) for all the specimens, are reported in
Table 1. The values were calculated from the dryweight and the sample
volume, and using the specific gravity Gs = 2.73 taken from the litera-
ture (Lagioia and Nova, 2005).

3. Microstructural characterisation of calcarenite

Fromamacroscopic point of view, calcarenites are homogenous high-
ly porousmaterials and, in general, at themicro scale they appear to have
a structure characterised by threemain components (Folk, 1959): calcar-
eous grains, micrite (i.e. microcrystalline calcite mudmatrix) and sparite
(i.e. sparry calcite cement). In this section a complete set of micro-
investigations by means of X-ray MCT, SEM analyses and MIP have
been performed to define the microstructure both in 2D and 3D.

These investigations helped to identify the possible micro-scale
mechanisms responsible for the weathering processes occurring during
the short and long-term interaction with water, and to define the mate-
rial microstructure as it is in its reference state, hence its initial condition.

3.1. 2D-structure characterisation

The structure of all the calcarenite samples is studied by analysing
the thin sections with both polarised light microscope and SEM. Photo-
graphs of thin-sections obtained from samples hardened with epoxy
resin were taken with a high resolution camera connected to an optical
microscope. From a petrographic point of view, the calcarenites from
Canosa di Puglia (CP) and Gravina di Puglia (GP) resulted to be very
similar to one another with the exception of the GP_L sample that
presented larger grains and pores. Also the calcarenite from Polignano
a Mare (PM) is less porous and the structure is characterised by
larger grains connected by thicker bonds. Differently from all the
other calcarenites, the one from Gallipoli (GAL) is characterised by the
presence of many hollow grains. Nevertheless, the common feature
that characterises all the calcarenites here analysed is the presence of
two distinct types of connections between grains (Figure 5):

Persistent (or diagenetic) bonds (PB), connections that probably
formed during a diagenetic process causing the grains to bind to each
Table 1
Physical properties of the analysed calcarenite (Gs = 2.73).

Sample γd

[kN/m3]
γsat

[kN/m3]
n
[−]

e
[−]

CP_I 12.0 17.6 0.56 1.28
CP_R 11.5 17.3 0.6 1.4
CP_M 12.4 17.9 0.55 1.20
GP_C 13.1 18.1 0.52 1.09
GP_P 13.5 18.4 0.49 0.96
GP_L 12.6 18.0 0.54 1.16
PM_S200 23.0 24.6 0.16 0.19
PM_S450 20.9 23.3 0.23 0.31
PM_S930 17.7 21.2 0.35 0.54
PM_SP 15.7 20.0 0.42 0.74
PM_A 14.4 19.1 0.47 0.90
GAL_12 14.7 17.5 0.46 0.85
other at the contact interface, are characterised by having the same
colour of the grains when a thin section is observed by means of optical
microscope. The second type of bonding, hereafter referred to as tempo-
rary (or depositional) bonds (TB), are composed by a less densely
packed material formed by small calcite grains held together by micro-
scopic calcite crystals. As detailed in the next section, the adjective tem-
porary is a consequence of the mechanism that characterises the
formation and destruction of this type of bond. In fact, it was found
that these loose ensembles of calcite microcrystals suspend into water
almost instantaneously every time the material is inundated with
water. On the other hand, the suspended calcite crystals redeposit into
meniscus shaped structures every time the wet material undergoes a
drying process. This characteristic explains a lighter colour of such
bonds when observed with an optical microscope (Figure 5). Often, an
interparticle bridge is formed by both types of bonds as the surface
of the diagenetic bonds is often covered by a layer of loosely packed
(depositional) microcrystals.

Punctual EDS analyses performed during SEM imaging of the thin
sections (Figures 6 and7) confirm that both TB and PB bonds are formed
by CaCO3 microcrystals.

3.2. Three-dimensional characterisation of calcarenite

To reconstruct and visualize the three-dimensional structure of the
material, X-rayMCT and SEM analyseswere performed on small samples
of the material, respectively. The great advantage of SEM analyses lays in
the high resolution and hence the possibility of a detailed visualization of
themicrostructure. On the other hand X-rayMCT results can be elaborat-
ed allowing a complete 3D reconstruction of the structure and hence
open and closed pores can be identified and quantified. As detailed in
Fusi and Martinez-Martinez (2013), the procedure is completely non-
destructive as it does not affect in any way (mechanical/hydraulic) the
pore space. Based on the 3D-SEM images of a calcarenite from Gravina
(Figure 6) and a calcarenite from Gallipoli (Figure 7), we can state that:
i) the structure is highly porous and quite complex, and ii) the surface
of both grains and bonds is coated by a layer of calcite microcrystals.
The same features were observed in all the other calcarenites here in-
vestigated. By comparing the calcarenite structure at a scale of 1 mm
and 2 mm (Figures 6a and 7a) and the bond structure at a scale of
20 μm (Figure 6d and 7d) a sort of self-similar (fractal) assembly can
be recognised.

Fig. 8b shows the 3D reconstruction of the material microstructure.
The sample is scanned, with the horizontal slices (Figure 8b) 27 μm
apart from each other for a 3D reconstruction of the specimen. The pro-
cedure requires the binarization of the images, and therefore the accu-
racy of the results is partly dependent on the user capability to set the
most reasonable threshold level to separate voids from solids. An ad-
vantage of such a method consists of the identification of pore shape
and differentiation between connected and non-connected pores that
are not detected by standard methods. A 3D reconstruction of connect-
ed and unconnected pores is shown in Fig. 8c. The results show that
non-interconnected pores are very rare (b0.5% of the total pore space)
except for sample PM_S450 that has 2.5% of non-connected pores. The
porosity values calculated with the standard weighing method
(Table 1) are summarised with those determined by means of: i) 3D
MCT image analysis, ii) 2D MCT and thin section image analysis, and
iii) MIP tests in Fig. 9, by means of comparative histograms. Since all
themethods give similar results, themean value is used as the final rep-
resentative porosity value.

4. Interaction with water: multiphysical processes occurring at the
micro scale

Short-term cyclic drying andwashing processeswith deposition and
re-suspension of minerals take place in the rock on a daily or weekly
drying–wetting time scale under natural conditions. For such time-



Fig. 5. Thin section representing (a) a depositional (temporary, TB) bond, (b) a diagenetic (persistent, PB) bond and (c) the rock microstructure for a sample of GP_C calcarenite.
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scales diagenetic processes can be considered not to occur. In fact,
conditions to initiate diagenesis include a combination of different pro-
cesses (e.g. tidal cycles, seasonal temperature changes, fate of marine
fauna and flora affecting water acidity) and long periods of time
(Krauskopf and Bird, 1995). The long-term effect of water can be as-
sumed to be uncoupled to the water-induced short-term mechanisms
since calcite dissolution in normal environmental conditions is negligi-
ble on a daily time scale (Matsukura and Hirose, 1999; Ciantia and
Hueckel, 2013; Ciantia et al., 2014). Under this assumption, in the next
two sub-sections two distinct microstructural mechanisms responsible
for the macroscopic effects induced by the interaction with water in
the short and long term are tentatively postulated. As mentioned in
Section 1, when water fills the pores during saturation, the material is
seen to weaken almost instantaneously but only to a certain degree
(Ciantia et al., 2014). However, as water evaporates, the dry strength
is nearly completely recovered (Castellanza et al., 2009; Ciantia, 2013;
Ciantia et al., 2014). On the other hand, Andriani and Walsh (2007b)
have shown that upon successive wetting and drying cycles, the weak-
ening effect becomes in part irreversible. This would not be the case,
if capillary effect were the controlling factor (Hueckel et al., 2014).
This scenario is hereafter referred to as the short-term effect of
water. Conversely, if the material is kept in contact with water for
longer periods of time, the weakening of the solid structure is attribut-
able to the chemical reaction of dissolution of calcite (Ciantia and
Hueckel, 2013). This type of interaction with water is named as the
long-term dissolution effect of water. In the following, micro-scale
hydro-chemo-mechanical mechanisms explaining both short- and
long-term effects of water are specified. Dedicated micro- and macro-
scale experiments are described and their results are discussed
supporting the theory.
4.1. Short-term effect of water: a microscale temporary bonding and
debonding process

In the process of microstructural characterisation (see Section 3) we
have identified the presence of two types of bonds: persistent (diage-
netic) and temporary (depositional) (Figure 5). Persistent bonds (PB)
are formed by calcite microcrystals closely packed and strongly tied to
each other formed during diagenesis. It is reasonable to assume that at
the moment when a calcarenite is inundated with water no effect on
the diagenetic bonds is observed in the short term. This assumption is
based on the fact that i) calcarenite in its saturated condition maintains
its original solid structure and ii) the rate of calcite dissolution in water
(excluding acid solution or special conditions) is low enough that no ef-
fect can be observed during the process of saturation (only fewminutes
are required to completely saturate thematerial due to its highly porous
structure). On the other hand, the temporary (depositional, TB) bonds, a
loose assembly of calcite “powder” and calcite microcrystals placed in a
meniscus shaped structure that (as shown in the following experimen-
tal study) fall into suspension and redeposit into menisci shaped struc-
tures every wetting and drying cycle. Hence TB bonds are affected by
water instantly.

By co-relating the microscopic observations and the macroscopic
short-term effect of water on the mechanical properties of the rock
(Andriani and Walsh, 2007b; Castellanza et. al., 2009 and Ciantia et al.,
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Fig. 6. SEM images and thin sections of a Gravina Calcarenite sample (GP_C): a–d) 3D SEMobservations at increasingmagnification, e–f) SEM and polarised light optical microscope views
of a thin section, g–h) depositional and diagenetic bonds (white and black arrows, respectively).
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Fig. 7. SEM images and thin sections of a sample of Gallipoli Calcarenite (GAL_12): a–d) 3D SEM observations at increasing magnification: Calcarenite microfabric; Calcareous bonds and
grains; Bond structure; calcite microcrystals (micrites) that constitute the bond. e–h) polarised light microscope view of thin sections.
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2014) the following short-term bonding (STB) and debonding (STD)
processes depicted in Fig. 10 are proposed.

The depositional material settles and suspends during every
drying and wetting cycle, respectively (short-term). When water fills
the pores (Figure 10a–b), the whole bond is re-suspended in water in
a time period comparable to the time needed for the rock to become
saturated (STD, short-term debonding) (Figure 10s1–s4). On the
other hand, whenwater evaporates (Figure 10b–f), themineral suspen-
sion in water densifies. In its last stages, water forms micro water
menisci between the suspended fine solid calcite powder (particular
Fig. 8. 3D elaboration of X-raymicro CT scans of a GPC sample; a) three orthogonal slices; b) 3D
fluid infilling).
in Figure 10d-2, d-3) attracting it until “grain menisci” are reformed
(STR, short-term re-bonding). As in caking phenomena (Christakis
et al., 2006; Soulié et al., 2007; Delenne et al., 2011; Leaper et al.,
2012), in the last stages of evaporation whatever dissolved ion in the
water precipitates at themicrocrystal contacts further binding the pow-
der together (particular in Figure 10d–4). Moreover, at this scale and at
this level of drying, the cohesive effect of adhesive forces (see Risnes,
2005) becomes important and may also play a role in holding the
powder in a stable condition. Hence during STR themacrowatermenis-
ci between adjacent large grain particles (Figure 10 d1) are replaced by
reconstruction of part of the sample; c–e) connected and unconnectedpores (simulation of

image of Fig.�7
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Fig. 9. Porosity values calculated by means of the standard weighing method, mercury intrusion porosimetry MIP, 2D and 3D image analysis for the eleven calcarenites analysed in
this study.

Fig. 10. Schematic representation of the short-term bonding–debonding process: at the initial dry state (a) the structure is held together by both diagenetic (PB, black arrows) and depo-
sitional bonds (TB,white arrows). Aswaterfills the pores (a–b) the depositional bonds fall into suspension. This is causedby the hydro-mechanical effect of non-equilibrated tension in the
depositional structures at the capillary front (s1–s4). During the drying phase (b–e), macro water menisci form between the grains. As evaporation proceeds, micro water menisci form
between the smaller powder grains, and due to the capillary effect the suspended powder is pulled together until the last stages of drying (d1–d4)when, eventually, the dissolved crystals
precipitate and a depositional bond is formed.
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meniscus shaped loose assembly of calcite powder and microcrystals
forming depositional bonds (white arrow in Figure 10–d4). A subse-
quent water inundation cycle marks the onset of the STD mechanism
where the temporary bonds (TB) fall instantaneously into suspension.

In order to support the above described short-term mechanism, in
what follows, ad hoc experiments are reported. The objective is to re-
produce and visualize the formation and destruction of the depositional
bonds during wetting and drying cycles. Two different artificial mate-
rials to be bound by depositional bonds only are used: a mixture of
calcarenite powder and ballotini glass beads, and a second one, formed
by powder of crushed calcarenite alone. The grain diameter of the
calcarenite powder ranges from 400 μm to 1 μmand its grain size distri-
bution is shown in Fig. 11a, while the glass ballotini range from 300 to
400 μm indiameter. Starting from a saturated condition,when a process
of drying is imposed, water menisci form between the larger grains due
to the surface tension of the fluid at the water/air interface. As water
evaporates, the concentration of the suspended matter enclosed be-
tween the water menisci increases, leading to the formation of solid
fine-grain structures between the suspendedmacro-grains. These gran-
ular structures are further compressed by drying shrinkage until depo-
sitional bonds are formed. As described above, in the last stages of
evaporation also the ions dissolved in the evaporatingwaterwill precip-
itate at the newly formed grain–grain bridges. We use the powder–
ballotini structures in order to better visualize the meniscus shaped
bonds. In fact, the glass beads, being larger than the powder, act in
this simulation as grains, while the calcite powder forms the deposition-
al bonds. SEM images of the two types ofmaterials, showing at different
resolutions a calcarenite powder meniscus (depositional bond) binding
together the grains, are presented in Fig. 12. Fig. 12b as compared
to Fig. 7b confirms that the artificially reconstituted TB appear to be
structurally similar to the natural bonds. Moreover, since the fine pow-
der that forms the depositional bonds is often deposited over the pre-
existent permanent (diagenetic) bonds, the former appear indistin-
guishable from the latter in 3D-SEM imaging on natural calcarenite
(compare Figure 7 with Figure 12). The typical meniscus shaped depo-
sitional bonds well recognisable in Fig. 12a2, a3 and Fig. 12b2, b3, sup-
port our hypothetical interpretation of the micro-mechanism driving
the formation of TB proposed in Fig. 10d-1 to Fig. 10d-4.

At this point two questions arise related to: (i) the strength
change of these powder structures upon wetting at macro-scale and
(ii) the actual microstructure of themenisci shaped bonds that hold to-
gether the powder. To answer these questions, uniaxial compression
tests (UCT) and relaxation tests are performed on macro-scale samples
Fig. 11. Materials and procedure used for the preparation of the artificially weakly bonded
granulometer); b) glass and powder structured sample preparation; c) powder structured sam
under different environmental conditions. Small cylindrical specimens
(1 cm in diameter, 2 cm in height) of calcite powder (Figure 11c) and
a mixture of powder and glass ballotini (Figure 11d) are prepared fol-
lowing the procedure proposed by Soulié et al. (2007) and subsequently
by Delenne et al. (2011) and pictured in Fig. 11b. Similar procedures to
study the powder cakingmechanismhave also been developed byWahl
et al. (2008). Once the cylindrical sample is extruded, in order
to evaporate all the water, it is oven dried for 24 h at 105° Celsius.
The dry strength is first investigated by means of UCT using strain con-
trolled (0.005 mm/s) uniaxial compression test equipment. The results
(Figure 13) show that the drying process leads to development of a sig-
nificant macroscopic cohesion of the dry material.

In order to confirm the nature of this cohesion obtained after a
drying process, capillary and chemical bonding effects are uncoupled
by testing powder structures saturated with a set of distinct fluids
(Table 2). The idea is to inundate the material with fluids that dissolve
any water residue, hence lowering significantly all capillary effects in
non-saturated states, due to a much lower surface tension of the mix-
ture without inducing, at the same time, any type of calcite dissolution.
The best candidate is pure acetone, but other hydrocarbons such as
butanone, and ethanol were also used. The presence of these hydrocar-
bons (of high solubility in water – Table 2) enables us to dissolve possi-
ble water residues (Turner and Mc Creery, 1981) and hence possible
residual water menisci avoiding the calcite to dissolve. An oven-dried
sample, positioned in a small empty bowl, is saturated by capillary rise
by filling the latter with the hydrocarbon (Figure 14a). Subsequently,
a strain controlled UCT test is performed and the stress strain curve ob-
tained (Figure 15). Both butanone and acetone affect the TB as the ma-
terial loses about 45% and 35% of its dry strength upon inundation, with
the two hydrocarbons respectively. On the other hand, when the same
test is run using de-aired distilled – and calcite saturated water (to pre-
vent any dissolution), the structure collapses after a few seconds of
contact with water (Figure 14b). For this reason it was not possible to
water-saturate the samples and carry out the UCT as the cohesion of
the TB is brought to zero before saturation of the sample is completed.

At this point, proceeding by exclusion, the mechanism causing the
temporary bond to re-suspend seems to be of hydro-mechanical nature.
In fact, (i) dissolution (chemical) can be reasonably excluded having
used a calcite saturated solution during the inundation process but
obtaining the same negative effect on the structure. Moreover, the
time necessary to suspend the powder is of the order of a few seconds
while dissolution of calcite in water requires longer periods of time
(Ciantia and Hueckel, 2013). (ii) Suction should not be the case as the
samples: a) grain size distributions of crushed calcarenite and glass ballotini (laser-
ples d) powder-glass structured sample.
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Fig. 12. Internal structure of the artificial samples: a1-6) SEM images of the powder–glass structure formed by meniscus shaped depositional bonds; b1-3) SEM view of meniscus shaped depositional bonds in powder structure samples.
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Fig. 13. Uniaxial compression tests on a) calcarenite powder–glass structures and b) calcarenite powder structures.
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sampleswere oven dried before the inundation process and the amount
of water left can be considered as insufficient to form water menisci
between the grains. Moreover the acetone and butanone inundated
samples should have dissolved any residual water menisci and there-
fore, if cohesion is addressed to capillary effects only, the hydrocarbon
saturated samples should have also fallen apart. However, this does
not happen as the uniaxial compressive strength of butanone and ace-
tone saturated samples is of the order of 60 and 50 kPa, respectively.
We underline that the capillary forces of the hydrocarbons, even if
their surface tension is approximately only 30% of that of water, may in-
duce a non-equilibrated tension in the depositional structures during
the inundation process and some of them in correspondence of the cap-
illary front. This may be the reason for which the material loses part of
its dry strength upon inundation with butanone when tested macro-
scopically. We also point to the fact that when the sample is inundated
with water, a large volume of the mineral builds up at the base of the
sample (Figure 14b).

To further show the negative effect of water on these structureswith
respect to time a specially designed relaxation test is performed. An
oven dry sample, positioned in a small empty container, is loaded in
dry conditions up to 30 kPa. Subsequently the small container is filled
with de-aired distilled water that saturates the sample by capillary
rise. As presented in Fig. 16a, the structure collapses as soon as the
water touches the base of the sample. The results of the same test per-
formed with butanone and acetone instead of water are presented in
Fig. 16a, b, c. It is clear that as the hydrocarbons penetrate the sample
its structure is only partially damaged. An indicator of the fact that the
damage is more hydro-mechanical (i.e. induced by surface tension at
Table 2
Properties of water, butanone and acetone (25 °C).

Fluid Formula Mm

[g/mol]
Surface
tension
[dyn/cm]

Viscosity
[centipoise]

Density
[g/cm3]

Solubility
in water
[g/100 mL]

Water H2O 16 72 0.894 1 –

Butanone C4H8O 72.1 24 0.43 0.8 27.5
Acetone C3H6O 58.1 25.2 0.33 0.791 All portions

Fig. 14. Sequence of photographs showing the effect with time of a) butanone
and b) water inundation by capillary rise from the sample bottom and under loaded
conditions.
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Fig. 15. Comparison of uniaxial compressive strength values determined for calcarenite
powder mixed with glass beads (6 samples) and calcarenite powder structures under
dry (6 samples), butanone-saturated (6 samples), acetone saturated (4 samples) and
water saturated conditions. μ = mean value, σ = standard deviation.

13M.O. Ciantia et al. / Engineering Geology 184 (2015) 1–18
the fluid front propagation) than chemical, consists of the fact that the
strength loss occurs simultaneously with saturation.

A possible explanation to the STD, drawn by the test results, is that
the TB are partially damaged by the fluid penetrating the sample by
means of capillary effects and that the level of damage is a function of
the surface tension of the inundating fluid. In fact, since surface tension
of water is three times larger compared to butanone and acetone, its
capillary rise destroys the depositional bonds completely. On the other
Fig. 16. Results of relaxation tests, a) on powder structures performed with addition of
water butanone or acetone; b) fluid front propagation and c) fluid front velocity for the
butanone test.
hand, the hydrocarbon saturated samples are only partially weakened
by the capillary rise. Furthermore, dissolution as the microstructural
mechanism inducing failure can be reasonably discarded because the
same test run using calcite-saturated water provided the same result.

4.2. Long-term interaction with water: chemical dissolution of bonds and
grains

Per our definition, saturating a sample of calcarenite does not cause
any short-term effect on the persistent (diagenetic) bonds. On the other
hand, in the long-term the accumulated dissolution effects do become
important. In fact, one may expect that the wet resistance of the mate-
rial should decrease due to the slow dissolution of the PB. To verify
that, creep tests of pre-wetted calcarenite under stressed conditions
are performed. The sample in its dry state is uniaxially loaded and sub-
sequently, keeping the vertical stress constant, submerged in water
until failure occurs (see Ciantia et al. (2014)).

In Fig. 17a, the experimental data obtained by performing a test for
which the vertical load was set to about 90% of the wet ultimate
strength for the tested calcarenite is illustrated. It is seen that 8340 h
(more than 11 months) are necessary to dissolve 2.9% of the initial
mass in water and to cause sample failure. In order to accelerate the
process the same test is performed using a solution of acetic acid at
a mean pH of 3.7. The mechanism is identical but the time scale is
completely different. In fact in this last case, failure is reached in less
than one hour of acid-aided creep phase.

SEM images and pictures of thin sections at three different stages
of dissolution showing a clear reduction of bond and grain size are
presented in Fig. 18. To quantify the effect of dissolution on calcarenite
an image analysis of 1 mm2 of the thin sections is performed and the
Fig. 17. Creep test results (axial strain vs time) for a GP_C sample under a) water flux;
b) acid flux.
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Fig. 18. Bond and grain long-term dissolution. The effect of progressive dissolution on a GP_C sample is represented through a series of SEM images at different time intervals (0, 6, 10 h)
and enlargements.
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results are reported in Fig. 19. After 10 h of acid solution exposure, the
mean grain size (calculated as the equivalent disk radius) decreases
by 20%, the mean bond size (calculated as the thickness of the contact
between two grains – bold lines in Figure 19) decreases by 23% while
the number of bonds goes from 73 to 51. The main result of the long-
term tests is the fact that the controlling variable identifying the state
of thematerial is the amount of dissolved mass. A sample of calcarenite
may in fact lose 10% of its strength reaching the state represented
in Fig. 18c in one year if immersed in water while the same effect is
observed in one hour when immersed in acid. Being the dissolved
mass the controlling variable of the dissolution process, it is hence pos-
sible to accelerate the experimental characterisation of the material
performing the tests in acid conditions. The results can then be used
validate and-or predict the material's behaviour in water.

The long-term debonding (LTD) mechanism and the grain dissolu-
tion process (GDP) are schematically represented in Fig. 20. For a bond-
ed geomaterial such as calcarenite it was observed that both processes
occur simultaneously and that the dissolution of the bonds assumes a
more important role from a mechanical point of view. On the other
hand it is worth noticing that, for a stressed unbonded soluble material,
grain dissolution is the cause of sufficiently large deformations and
hence of stress redistributions (see Ciantia et al. (2014)).

5. Discussion

It is often suggested that the strength of granular materials in nearly
dry states is greater than their strength in saturated states due to the
effects of the suction exerted by residual water trapped in micro-pores
or cracks. Along the same line of thought it is proposed that the most
probable mechanism of the material weakening induced by wetting,
comes from a decrease of suction experienced by soils during re-
saturation (Brignoli et al., 1995; Coop and Lee, 1995; Lagioia et al., 1998).

On the other hand, it has recently been observed at the scale of grain
assemblies that capillary forces vanish with the drying of the menisci
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Fig. 19. Image processing of thin sections of the acid weathered calcarenite presented in Fig. 18. The a, b and c columns refer to intact (0 h), 6 and 10 h of acid treatment. The histograms
represent the size distributions of bond and grains after each treatment cycle.
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(Mielniczuk et al., 2014a, 2014b). In addition an earlier laboratory evi-
dence by Rhett and Lord (2001) shows that capillary forces constitute
a minor contribution of soil weakening at wetting, and likely add rela-
tively little to rock cohesion. In some cases suction actually works in
the opposite direction to what is observed in the laboratory at the
macro-scale (see Papamichos et al. (1997)). Also, Risnes and Flaageng
(1999) Risnes et al. (2005) and Heggheim et al. (2005) indirectly dem-
onstrated, by replacing water with methanol, glycol, or water solution
with concentrated sulphates, that capillary forces play a minor role in
the apparent cohesion of unsaturated rocks. The role of chemical disso-
lution and electrical surface charge together with oriented dipole layers
has been disproved, while the soil weakening bywetting is, according to
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Fig. 20. a) Long-term debonding mechanism (LTD), b) Grain dissolution process (GDP). The progressive dissolution and disappearance of the bonds is represented together with the
change in grain geometry.
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Risnes and co-authors, caused by themechanism of adsorption of water
on the calcite surface acting in addition to the pressure of the free fluid.

Although the capillary mechanism may help in interpreting some
phenomena related to the short-termbehaviour of calcarenite (e.g. cap-
illary cohesion and pore collapse under wetting conditions) at least
the following three macroscopic observations about the behaviour of
calcarenites and other carbonate porous rocks suggest that capillarity
pressure is not the leading, and certainly not the only process affecting
the short-term macroscopic strength changes.

(1) Atzeni et al. (2006), Risnes and Flaageng (1999), Risnes et al.
(2005) and Ciantia et al. (2014) have experimentally shown
that some calcareous and sulphate rocks saturated with non-
wetting liquids or low wettability water solutions (hence elimi-
nating the capillary bridges) are stronger than the same, but
water-saturated material.

(2) Unlike in soils, in soft carbonate rocks the apparent cohesion
changes induced by suction are small in comparison with the
intrinsic bond strength (Papamichos et al., 1997; Ciantia et al.,
2014).

(3) Andriani and Walsh (2007b) observed a reduction of dry
strength of calcarenite exposed to fast wetting–drying cycles,
during which dissolution effects are negligible. In this case, the
system being open to the suspended powder, it is suggested
that the short-term wetting and drying effect of water is an irre-
versible mechanism. The small calcite mass variations are in-
duced by the re-suspension, rather than by the dissolution, and
are the consequence of suspended powder leaving the specimen.

As explained byRutter (1972), it is known thatwater causes a reduc-
tion of surface energy of calcite due to a polar interaction betweenwater
and grain surfaces (Boozer et al., 1962). Such a mechanism has recently
been confirmed experimentally by means of i) atomic forcemicroscopy
(AFM) by Lomboy et al. (2011) and ii) via a double torsion testing pro-
cedure (Røyne et al., 2011). Molecular Dynamics numerical simulations
have also been used to validate the hypothesis of water-induced reduc-
tion of calcite surface energy (Kvamme et al., 2009). This interpretation
follows the concept of Rehbinder's effect (Rehbinder and Lichtnman,
1957) consisting of the adsorption-induced reduction of strength of
solids (AIRS), a well-recognised mechanism in colloid chemistry and
molecular physics. The latter also supports the rock weakening model
via water adsorption as proposed by Risnes et al. (2005), which has
been considered a relevant short-term water-induced weakening
mechanism (Atzeni et al., 2006; Eslami et al., 2010).

In this work, it is postulated that the long- and short-term hydro-
chemo-mechanical weakening of the calcareous porous rock is linked
to the formation of two distinct types of bonding within the rock.
On the one hand, temporary calcite bonds of depositional origin
(i.e. inter-grain connections formed and destroyed every time the
material is water-dried and -wetted, respectively) can explain a rapid
decrease in strength of the rockwhen thewater inundated pore powder
coating is re-suspended in pore water. At the same time, the observed
short-term strength increase is attributed to the suspended powder set-
tling and creating depositional bonds as a result of a progressive
increase in solid concentration during terminal stages of drying. This
can clearly happen in a closed system, in which the suspended calcite
is not washed away.

On the other hand, the persistent calcite bonds (i.e. inter-grain con-
nections formed during diagenesis giving the material a solid structure
also in the water wet state), when exposed to a long-term process of
dissolution lose their mechanical strength, irreversibly. Such distinction
has been identified through an attentive and detailed microstructural
characterisation of thematerial by means of thin sections, SEM imaging
and X-ray spectroscopy (EDS).

We have identified via SEM that the main actors in the short-term
effect of water are the calcite microcrystals, or micrite, which are part
of the depositional bonds. During wetting (short-term non-reactive
debonding) they fall into suspension,while upon drying, the suspended
fine particles are pulled together by the water “coffee-stain” effect
(Deegan et al., 1997; Das et al., 2012) within a meniscus morphing
into loose calcite bonds (short-term re-bonding).

In the reported experiments with calcarenite powder, structures
forming on the glass ballotini strongly confirm this scenario. The TB
are seen to form after every air drying cycle in water and upon washing
they fall back into suspension, but they do not exhibit that response –

with lower surface tension inundating fluids. Concerning the short-
term effect of water, the above-summarised mechanism is consistent
with all the above-discussed contributions. According to this study,
the capillary forces alone, are insufficient (i.e. too small) to explain the
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experimental results here presented.We claim that the combination of,
namely: agitation of loose particle coating upon inundation, a drop in
capillary forces, asmenisci are removedwhen thematerial is inundated
with water, and the reduction of calcite's free surface energy
(Rehbinder's effect) cause the depositional bonds to suspend in the
invading water.

Finally, themicrostructural dissolutionmechanism thatweakens the
soft-rock in the long-term, as quantified by means of image analysis
of the long-term exposed material, leads to: i) a reduction in size of
the persistent (diagenetic) bonds of the soft rock up to a complete
destructuration, and ii) a progressive grain size reduction. A detailed
microstructural image analysis enabled to identify the normalised
dissolved mass as the scalar quantity capable of describing bond and
grain size evolution.

6. Conclusions

It is well-known that many rocks (e.g. calcarenites, tuffs, pyroclastic
rocks, sandstones, chalk) loose strengthwhen exposed towet/saturated
conditions. However, very little is said about themechanisms leading to
this loss in strength.

In this paper the behaviour of soluble calcareous rocks is studied
from a microstructural point of view with the purpose to find mecha-
nisms capable to explain their loss in macroscopic strength by water
saturation. It is proposed that the strength loss/gain mechanism in
calcarenites is related to the presence of two different types of bonding
between particles. Temporary (depositional) and persistent (diagenet-
ic) bonds are identified in the studied rocks. The former are distin-
guished by their reversible contribution characterised by their capacity
to be easily removed and reconstructed during respectively wetting
and drying phases. The latter ones can be substantially weakened only
by long-term dissolution effects. As the mechanism of formation of the
TB is related to thedeposition of the suspendedminerals inwater during
every drying cycle they were named depositional bonds. The nature of
the saturating liquid was found to play an important role in terms of
both its capacity to build and destroy the TB. This was demonstrated
by performing UCT and relaxation tests on reconstituted samples inun-
dated with water or with low surface tension water dissolving fluids.
The high capacity of calcitic micrite to be suspended in water, together
with the capability of the latter to reduce calcite free surface energy dur-
ing saturation are found to be the main causes to destroy the TB during
the wetting phase. On the other hand water menisci play an important
role in their formation during drying. Finally, long-termdissolution phe-
nomena of saturated calcarenite are investigated in neutral and acidic
pH regimes. Both long-term processes are characterised by dissolution
inducedmineralmass loss resulting in demise of persistent (diagenetic)
bonds and grain size reduction observed at the micro scale by means of
SEM analyses.

Although calcarenite was here used as a reference material, it is
known that water has a similar macroscopic effect on a number of
other geomaterials (Risnes and Flaageng, 1999; Wong et al., 2003;
Atzeni et al., 2006; Pola et al., 2014) and we suggest that similar micro-
structural mechanisms may be at the origin of these, especially other
carbonates. This work substantiates the importance of hydro-chemo-
mechanical processes occurring at the micro scale on the macro
behaviour of the material. These conclusions are of relevance to the
stability of calcarenite coastal structures, as well as in the mechanics
of carbonate oil and gas reservoir and in CO2 sequestration studies for
carbonate reservoirs.
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