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Abstract This paper addresses the problem of the sta-
bility of structures on calcareous rocks due to long-

term weathering processes. The case study consists of a
building resting on a calcarenite rock formation where
two abandoned man-made caves exist directly under

the structure. The boundaries of the caves were ex-
posed to a slightly acidic environment inducing time-
dependent weathering. Analyses were performed follow-
ing a semi-decoupled approach, where the weathering

process, driven by a reactive transport mechanism, was
first solved and its results were fed to the mechani-
cal problem which hence accounted for the spatial and

temporal evolution or rock damage. For the mechanical
problem, a nonlocal constitutive model was employed
for the objective simulation of localised deformations.

Relevant outcomes are obtained regarding the evolution
of the structure’s stability and about the importance of
regularising the finite element solution in the presence
of brittle materials.
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Abbreviations

BVP Boundary value problem

CHM Chemo-hydro-mechanical

GDP Grain dissolution process

HMC Hyperbolic Mohr-Coulomb

LTD Long-term debonding

STD Short-term debonding

List of symbols

B Parameter in fd
CaCO3(s) Calcium carbonate species in the solid phase

D Isotropic diffusion coefficient

Dij Diffusion tensor

E Young’s modulus

H3O+
(aq) Acid ions

J2 Second invariant of the deviatoric stress ten-
sor

K Darcy isotropic permeability

K1, K2 Reaction rate constants

M Mass

NG Number of Gauss points

Sr Degree of saturation

Sr,cr Minimum Sr for all the depositional bonds
to suspend

Y Weathering function

Ydis Component of the weathering function for

the LTD process

Ysus Component of the weathering function for
the STD process

aφ Constant controlling the curvature of the
hyperbolic hardening function

bc Softening rate for the cohesion and tensile
strength
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bφ Softening rate for the friction angle

c∗ Asymptotic cohesion

c∗ini Initial asymptotic cohesion

c∗ini,uw Initial asymptotic cohesion for ξdis = 0

f Yield function

fd Function defining the shape of f in the de-
viatoric plane

ls Length scale parameter

m Parameter in fd
n Effective porosity

p Mean stress

pH Potential of the hydrogen

pt Isotropic tensile strength

ptini Initial isotropic tensile strength

ptini,uw Initial isotropic tensile strength for ξdis = 0

qi Component of the real seepage velocity
along the i axis

rkl Radial distance between the kth and lth
Gauss points

sij Deviatoric stress tensor

w Normalised averaging factor

w0 Weighting function

α Parameter in fd
δij Kronecker delta

ε1 Major principal strain

ε3 Minor principal strain

εpeq Equivalent plastic strain

ε̄peq Nonlocal equivalent plastic strain

εpij Plastic strain tensor

εs Shear strains

θ Lode’s angle

ν Poisson’s ratio

ξdis Normalised dissolved mass

ξdis,cr Corresponds to ξdis when all diagenetic

bonds have been dissolved

σd
c0 Uniaxial compression strength under dry

conditions

σw
c0 Uniaxial compression strength under wet

conditions

σij Stress tensor

φ∗ Asymptotic friction angle

φ∗ini Initial asymptotic friction angle

φ∗peak Peak asymptotic friction angle

φ∗res Residual friction angle

χ Value of εpeq separating the hardening and
softening regimes

ψ Angle of dilation

ω Constant controlling the volumetric compo-
nent of plastic deformations

[·] Bulk fluid concentrations

1 Introduction

In contact with atmospheric conditions, rocks are sub-
jected to weathering: a complex physicochemical pro-
cess inducing continuous changes in their properties
and composition and, ultimately, leading to the com-
plete disintegration of the rock. From an engineering
standpoint, weathering induce a continuous reduction
of the mechanical properties having major implications
on the stability of structures (Castellanza et al., 2018;
Ciantia et al., 2018).

Calcarenites are particularly susceptible to weath-
ering. They can lose instantly up to 60% of their dry
strength when their pores are filled with water and,
if they remain saturated, their strength continues de-
creasing due to the dissolution of the bonds and grains
in the long-term (Ciantia and Hueckel, 2013; Ciantia
et al., 2013). Consequently, a structure resting on cal-
careous rocks, exposed to atmospheric conditions, may
experience large displacements, or even collapse, due to

this degradation of the mechanical properties (Parise
and Lollino, 2011). Therefore, the prediction of this
phenomenon, as well as its implications on the mechan-

ical behaviour, are of uttermost importance. In this re-
gard, considerable progress has been made in recent
years in studying the interactions between soil and rock

masses and the environment (Gens, 2010). The classi-
cal elastoplasticity framework has been extended to ac-
commodate the mechanical and chemical degradation
of bonded soils and rocks (Ciantia and di Prisco, 2016;

Gajo et al., 2019; Nova et al., 2003; Tamagnini et al.,
2002; Tamagnini and Ciantia, 2016; Witteveen et al.,
2013), and coupled chemo-hydro-mechanical (CHM)

simulations have been performed to study the effect
of weathering in engineering problems (Ciantia et al.,
2018).

On the other hand, calcarenites might exhibit brit-
tle behaviour with a rapid decrease in their strength
after peak under mechanical loading. Ductile behaviour
can also be observed depending on factors such as the
confining pressure (Zimbardo, 2016; Lagioia and Nova,
1995), the distribution of cement (Lollino and Andri-
ani, 2017), temperature or saturation conditions (Nico-
las et al., 2016), and their microstructure (Wong and
Baud, 2012). If brittle behaviour predominates in a par-
ticular engineering situation, strain-softening will gen-

erally result in a non-homogeneous strain field and de-
formations will tend to localise in the form of shear
fractures or compaction bands (Raynaud et al., 2012;
Lollino and Andriani, 2017; Baxevanis et al., 2006).
However, the numerical simulation of these phenomena,
under the framework of continuum mechanics, embod-

ies an intrinsic difficulty. In the presence of softening



Stability of calcareous rocks due to long-term weathering 3

materials, continuum approaches deliver non-objective
results in the form of a strong dependence with the em-
ployed mesh (de Borst et al., 1993). Vanishing energy
dissipation and localisation into a region of vanishing
volume are obtained as the size of elements is reduced
(Pijaudier-Cabot and Bažant, 1987). They also exhibit
poor convergence properties (Summersgill et al., 2017)
and sensitivity to the alignment of elements (Regueiro
and Borja, 2001). Discrete methods (Utili and Crosta,
2011; Potyondy and Cundall, 2004; Kozicki and Donzé,
2008), or the combination of continuum and discrete ap-
proaches (Oñate and Rojek, 2004; Morris et al., 2006;
Mahabadi et al., 2012), are quite promising alterna-
tives to assess the localisation behaviour of brittle soils
and rocks. However, their application to boundary value
problems (BVP) of real engineering situations is still
not generalised. Continuum approaches can still be used
if enriched with some characteristic length (Bažant and
Jirásek, 2002). Different strategies, usually called reg-
ularisation techniques, exist in the literature control-
ling the size of the localised region and preventing

the pathological dependence with the employed mesh.
Among them, the nonlocal approach is an attractive al-
ternative since it operates at a constitutive level and,

therefore, it does not require the modification of the
formulation employed to solve the balance equations. In
general, a nonlocal model is one where the behaviour of

a material point (or a Gauss point in the context of fi-
nite element analyses) does not depend only on its state
but also on the state of neighbouring points. Recent ex-
amples of application in the simulation of brittle soils

and soft rocks can be found in Galavi and Schweiger
(2010), Summersgill et al. (2017), Mánica et al. (2018),
or Monforte et al. (2019).

This paper addresses the problem of the stability
of structures resting on calcareous rocks due to long-
term weathering processes. In particular, a 2D plane
strain problem is investigated consisting of a building

resting on a calcarenite where two abandoned man-
made caves exist directly under the structure, a few
meters below the ground surface. The caves’ boundaries
were exposed to an acidic environment, inducing time-
dependent weathering. As a first approximation to the
problem, a semi-decoupled approach was adopted. The
reactive transport simulations were performed indepen-

dently following the solution strategy from Fernandez-
Merodo et al. (2007). These simulations resulted in
different spatial distributions in time of the dissolved
mass of calcium carbonate which in turn is related to
the degradation of inter-particle bonds (Ciantia and
di Prisco, 2016). The dissolved mass was translated into
reduced strength parameters using the weathering func-
tion from Ciantia and di Prisco (2016), and they were

applied independently to each Gauss point of the me-
chanical model. For each weathering scenario, the struc-
ture was brought to failure, and the ultimate capacity
was assessed in terms of the load-displacement curve.
Since the failure phase involved the brittle behaviour
of the rock under mechanical loading, the constitutive
model employed was regularised following a nonlocal
approach for avoiding mesh dependency issues. Rele-
vant outcomes are obtained regarding the evolution of
the structure’s stability due to long-term weathering.
In addition, the importance of regularising the finite el-
ement solution for stability analyses, in the presence of
brittle materials, is demonstrated.

2 Constitutive and numerical modelling of
weathering and mechanical degradation

In the absence of a coupled CHM model regularised
to simulate localised deformations objectively, the ef-

fects of weathering on the stability of the analysed case
are addressed following a semi-decoupled two-step ap-
proach. First, the reactive transport problem is solved
to derive the spatial and temporal evolution of cal-

cium carbonate concentration. Then, by relating the
obtained concentration to the level of bonding, strength
parameters are obtained for different times and used in

the stability assessment of the structure. The formula-
tion employed to solve the reactive transport problem,
the relationship between the derived concentration and

the strength, and the employed mechanical constitutive
model are briefly described below.

2.1 Transport of chemical species in porous media

The reactive transport simulation was performed using
the algorithm put forward by Fernandez-Merodo et al.
(2007). The effects of chemical reactions on solute trans-
port were included in the advection-dispersion equation
through a chemical sink/source term. It was assumed
that the reaction governing the dissolution of calcium
carbonate, forming the porous carbonate rock, is given
by the following global equation:

CaCO3(s) + 2H3O+
(aq) ⇐⇒ Ca2+(aq)+

3H2O(aq) + CO2(g) (1)

where subscripts g, aq, and s refer to gas, aqueous,
and solid phases respectively. The calcium carbonate
species in the solid phase (CaCO3(s)) is assumed to be
fixed while the acid ions (H3O+

aq) are mobile. Then, the
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balance equation for both species can be written as

∂
[
H3O+

]
∂t

=
∂

∂xi

(
Dij

∂
[
H3O+

]
∂xj

)

− ∂

∂xi

(
qi
[
H3O+

])
−K1 [CaCO3] (2)

∂ [CaCO3]

∂t
= −K2

[
H3O+

]
(3)

where qi is the component of the real seepage velocity
along the i axis, Dij is a diffusion tensor incorporat-
ing the effects of dispersion, K1 and K2 are two con-
stants characterising the reaction rate, and [·] indicates
the amount of chemical concentration (i.e. solute mass
per unit volume of water). Further details on the solu-
tion strategy and the algorithm employed are given in
(Fernandez-Merodo et al., 2007).

2.2 Effect of weathering on the mechanical behaviour

The effect of bonding was accommodated into the clas-
sical elastoplasticity framework by Nova (1986) and
Gens and Nova (1993). This work was later extended
by Nova et al. (2003) to incorporate the effect of weath-

ering and chemical degradation through the definition
of a weathering function, describing the shrinkage of
the yield surface due to non-mechanical processes. The

weathering function was recently redefined in the model
of Ciantia and di Prisco (2016) using a multiscale ap-
proach. It distinguishes between two types of bonding in

calcarenites: depositional and diagenetic (Ciantia and
Hueckel, 2013; Ciantia et al., 2015a). The first type is
related to the calcite powder that falls into suspension
during water inundation (during saturation). The sec-

ond type are stronger bonds that are only affected by
long-term dissolution processes. This definition allowed
describing the weathering function using physical quan-
tities such as the degree of saturation Sr and the relative
amount of dissolved calcium carbonate

ξdis =
∆M

M0
=

[CaCO3]0 − [CaCO3]

[CaCO3]0
. (4)

In this way, the model takes into account the process of
debonding induced by both the saturation of the mate-
rial (short-term debonding, STD) and the dissolution of
diagenetic bonds caused by the ionic composition of the
bulk fluid (long-term debonding, LTD) (Fig. 1). Then,
the weathering function, controlling the evolution of the
strength, can be defined as

Y = Ysus + Ydis (5)

where

Ysus =


σd
c0 − σw

c0

σd
c0

(
1−

Sr

Sr,cr

)2

if Sr ≤ Sr,cr

0 if Sr > Sr,cr

(6)

Ydis =


σw
c0

σd
c0

(
1−

ξdis

ξdis,cr

)2

if ξdis ≤ ξdis,cr

0 if ξdis > ξdis,cr

(7)

where σw
c0 and σd

c0 are the uniaxial compression strength
of calcarenite rock under wet and dry conditions re-
spectively, Sr,cr is the minimum degree of saturation re-
quired for all depositional bonds to suspend, and ξdis,cr
is the normalised dissolved mass when all bonds have
been dissolved. The model of Ciantia and di Prisco
(2016) also considers the effect of weathering on the
stiffness degradation using a damage mechanics frame-
work and weathering functions similar to Eq. (5) to (7)

to define the damage variable.

The model of Ciantia and di Prisco (2016) has been
employed in 2D and 3D CHM finite element simulations

(Ciantia et al., 2018), by using an innovative coupling
strategy between the codes solving the reactive trans-
port problem (section 2.1) and the hydro-mechanical

problem. However, the study of the stability conditions
of structures on calcareous rocks requires dealing with
the issue of strain localisation. Therefore, a different

constitutive model is employed here, able to simulate lo-
calised deformations objectively. The weathering func-
tion, from Eq. (5) to (7), is only employed here to derive
the strength parameters for the considered weathering
scenarios.

2.3 Nonlocal mechanical degradation

The constitutive model employed here to assess the
degradation of the calcarenite under mechanical loading
corresponds to that described in Mánica et al. (2018).
Although it was intended for clayey rocks, it shares the

same principle than the mechanical part of the model in
Ciantia and di Prisco (2016) for carbonate rocks: plastic
deformations can cause the degradation and breakage
of interparticle bonds. In addition, the model is able to
simulate localised deformations objectively through the
incorporation of a nonlocal regularisation preventing
the pathological dependence with the employed mesh.
Only a brief description is presented here; for further
details see Mánica et al. (2018).

The model is formulated within the framework of
elastoplasticity. Inside the yield surface, the response
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Diagenetic
bond

Depositional
bond

STD process LTD process

GDP
process

(a) (b) (c)

Fig. 1 Microscopic weakening process: (a) initial bonded state, (b) saturation-induced short-term debonding (STD) of depo-
sitional bonds, and (c) dissolution-driven long-term debonding (LTD) and grain dissolution process (GDP).

is assumed linear elastic and characterised by Hooke’s
law. The yield function is defined by a hyperbolic ap-
proximation of the Mohr-Coulomb (HMC) criterion
(Gens et al., 1990) expressed as

f =

√
J2
fd(θ)

+ (c∗ + pt tanφ∗)
2 − (c∗ + p tanφ∗) (8)

where c∗ is the asymptotic cohesion, φ∗ is the asymp-
totic friction angle, pt is the isotropic tensile strength,
p is the mean stress, J2 is the second invariant of the

deviatoric stress tensor sij = σij − p δij (where δij is
the Kronecker delta), θ is the Lode’s angle, and fd is a
function expressed by Eq. (9), defining the shape of f

in the deviatoric plane (van Eekelen, 1980).

fd(θ) = α (1 +B sin 3θ)
m

(9)

where α, B, and m are function’s parameters, and

where m = −0.229 and B = 0.85α1/2 were assumed
(van Eekelen, 1980). Isotropic hardening/softening is
accounted through the evolution of strength parame-
ters with plastic deformation as follows:

tanφ∗ =



tanφ∗ini +
εpeq

aφ +
εpeq
∆φ

if εpeq ≤ χ

tanφ∗peak−
(tanφpeak − tanφ∗res)[
1− e−bφ(ε

p
eq−χ)

] if εpeq > χ

(10)

∆φ =
χ

χ

tanφ∗peak − tanφ∗ini
− aφ

(11)

c∗ =

{
c∗ini if εpeq ≤ χ
c∗inie

−bc(εpeq−χ) if εpeq > χ
(12)

pt =

{
ptini if εpeq ≤ χ
ptinie

−bc(εpeq−χ) if εpeq > χ
(13)

where εpeq is a scalar state variable defined as

εpeq =
√
εpijε

p
ij (14)

εpij is the plastic strain tensor, χ is the value of εpeq
separating the hardening and softening regimes, aφ is
a constant controlling the curvature of the hyperbolic

hardening function, bφ controls the softening rate for
the friction angle, and bc controls the softening rate for
the cohesion and tensile strength. The subscripts ini,

peak, and res refer to the initial, peak, and residual
yield envelopes respectively. The flow rule is directly
obtained from the yield criterion as follows:

∂g

∂σij
= ω

∂f

∂p

∂p

∂σij
+

∂f

∂J2

∂J2
∂σij

+
∂f

∂θ

∂θ

∂σij
(15)

where ω is a constant controlling the volumetric com-
ponent of plastic deformations. A non-associated flow
rule is considered here and, therefore, ω 6= 1.

The nonlocal extension of the model is obtained by

replacing the local state variable in Eq. (14) by its non-
local counterpart ε̄peq, obtained through a weighted av-
erage of the local state variable at neighbouring points.
In the actual implementation, ε̄peq is computed as

ε̄peqk =

NG∑
l=1

wklε
p
eql (16)

where NG is the number of Gauss point within a radius
of 2ls from the kth Gauss point (Galavi and Schweiger,
2010), wkl is the normalised averaging factor defined as

wkl =
w0kl(rkl)∑NG

m=1 w0km(rkm)
. (17)
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rkl is the radial distance between the kth and the lth
Gauss points,

w0kl(rkl) =
rkl
ls

e−( rklls )
2

(18)

is the special weighting function put forward by Galavi
and Schweiger (2010), and ls is a length scale parameter
controlling the size of the interaction radius (2ls) and, in
turn, the size of the localised region. The nonlocal state
variable is computed only for points in the softening
regime; in the hardening regime the model is assumed
local.

The model has been implemented as a user-defined
model in the finite element code Plaxis (Brinkgreve
et al., 2019), which was employed to assess the stability
of the building for different weathering scenarios.

3 Parameters employed and mesh
independence

3.1 Local constitutive model

The strength parameters employed to characterise the

considered calcarenite correspond to those calibrated
in Ciantia et al. (2018) from laboratory experiments
performed on samples retrieved from the site. In that
work, experimental results were simulated using the

model from Ciantia and di Prisco (2016). The model
uses the yield locus proposed by Nova (1992), in which
a single function handles yielding under volumetric and

deviatoric loading, and it provides flexibility to repro-
duce more closely the shapes of yield surfaces found
experimentally for bonded materials (Gens and Nova,
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Ciantia et al. (2018)

Fig. 2 Experimental (Ciantia et al., 2018) and calibrated
yield locus for dry (Sr = 0), saturated (Sr = 1), and saturated
weathered (Sr = 1, ξdis = 0.3) calcarenite.

1993). Fig. 2 shows the adjusted envelopes from Ciantia
et al. (2018) for a dry, a saturated, and a saturated
weathered calcarenite compared with the experimental
results. However, as mentioned in section 2.3, the non-
local mechanical model employed uses a HMC envelope
(Eq. 8) where yielding under volumetric loading is not
contemplated. Since the objective of the present work
is to evaluate the evolution of the stability of the struc-
ture due to long-term weathering, which is assessed by
bringing the structure to failure for different weathering
scenarios, the yielding/failure mechanism under devia-
toric loading is the most relevant one for the present
application and, therefore, the use of the HMC surface
is considered appropriate. The adjusted envelopes using
the HMC are also depicted in Fig. 2 for the same cases.
The initial scenario of the case study assumes a satu-
rated condition of the domain from which the effects
of a long-term dissolution weathering process are stud-
ied. Therefore, the initial peak yield envelope employed
corresponds to the blue curve in Fig. 2; a saturated un-

weathered calcarenite. A summary of the parameters
corresponding to this initial condition is presented in
Table 1.

Table 1 Mechanical parameters employed for the intact cal-
carenite

Parameter Symbol Units Value

Young’s modulus E [MPa] 250

Poisson’s ratio ν [-] 0.3

Initial asymptotic friction
angle

φ∗
ini [◦] 15

Peak asymptotic friction
angle

φ∗
peak [◦] 23

Residual friction angle φ∗
res [◦] 23

Initial unweathered
asymptotic cohesion
(ξdis = 0, Sr = 0/Sr = 1)

c∗ini,uw [kPa] 830/360

Initial unweathered
isotropic tensile strength
(ξdis = 0, Sr = 0/Sr = 1)

ptini,uw [kPa] 232/100

Equivalent strain at peak
strength

χ [-] 0.0015

Constant in hardening law aφ [-] 0.002

Rate of reduction of friction
angle

bφ [-] 0

Rate of reduction of cohe-
sion

bc [-] 22

Non-associative constant ω [-] 1

Length scale parameter ls [cm] 40
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A non-associated flow rule was adopted, following
the practical recommendation of ψ = φ/3 for soft rocks
(Chandra et al., 2010) where ψ is the angle of dilation.
Although the plastic potential does not result in a con-
stant dilation angle, since it depends on stress level and
evolves with plastic deformations, ψ = φ/3 can be fairly
approximated by assuming ω = 0.333 in Eq. (15).

The remaining stiffness parameters and parame-
ters in the hardening/softening laws were determined
through the simulation of unconfined compression tests
from Ciantia et al. (2018). The simulations were car-
ried out for a single Gauss point, i.e. assuming only the
constitutive behaviour. Obtained results are shown in
Fig. 3, along with the laboratory data for a dry and a
saturated calcarenite. A reasonable agreement between
both can be noted. The derived parameters are given in
Table 1. It is important to mention that strain-softening
is related here only to the degradation and breakage of
inter-particle bonds and, therefore, only the cohesion

and tensile strength are reduced due to the accumula-
tion of plastic deformations during mechanical loading.
For instance, the friction angle also reduces with defor-

mation in soft rocks (and hard soils) with high clay frac-
tion due to the polishing and reorientation of particles
on the failure surface (Gens, 2013). Nevertheless, the
rate of this latter reduction is much slower and requires

very large deformations. For simplicity, a constant fric-
tion angle was assumed here.

3.2 On the length scale parameter and the softening
rate

The length scale parameter ls controls the width of
the localised region; in the particular nonlocal regular-
isation employed, the width of shear bands is roughly
equal to ls (Mánica et al., 2018; Galavi and Schweiger,
2010). The observed width of the localisation process in

geomaterials seems to be related with their microstruc-
ture (Desrues and Viggiani, 2004), and ls should be se-
lected accordingly to obtain a similar size than those
observed in experiments. However, since a minimum
amount of Gauss points are required within the interac-
tion radius to properly compute the nonlocal variable
(Galavi and Schweiger, 2010), the simulation of a re-

alistic localisation region would require an excessively
refined mesh. This difficulty can be circumvented by as-
suming that the effects of the actual sheared zone can
be merged into a numerical shear band of a larger size.
The mesh should be as refined as possible, but without
exceeding available computational capacities. Then, ls
should be chosen according to the available mesh, and
the softening rate adjusted to obtain the desired global
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Fig. 3 Experimental (Ciantia et al., 2018) and simulated
(single Gauss point integration) unconfined compression test.

softening response. This technique, known as soften-
ing scaling (Mánica et al., 2018; Galavi and Schweiger,

2010; Brinkgreve, 1994), is similar to the crack band
theory (Bažant and Oh, 1983) where softening is ad-
justed with respect to the element size. However, in the

latter approach, issues of poor convergence properties
and dependence on the orientation of elements persist.

As mentioned in the previous section, the softening
rate parameter for the cohesion and tensile strength (bc)
was selected by adjusting stress-strain curves from lab-

oratory data from a constitutive standpoint (Fig. 3).
However, it is important to notice that the obtained
value bc will be, to a large extent, arbitrary and might

result in a gross misprediction of the capacity of a given
BVP analysed, as shown later. The conventional inter-
pretation ceases to be objective in the softening branch
due to the formation of fractures or shear surfaces re-
sulting in non-homogeneous stress/strain fields. Fur-
thermore, as mentioned above, the softening rate is re-
lated to the selected length scale parameter for a nonlo-
cal regularisation. A more appropriate approach would
be to simulate a given laboratory test as a BVP, using a
nonlocal regularisation and a given length scale param-
eter, and to approximate the global load-displacement
curve. However, the shape of the latter curve in the
softening branch depends on the specific localisation
pattern of the test, which can be quite complex in cal-

carenites. These patterns depend on the particular het-
erogeneities of the sample and are extremely difficult
to represent in a simulation, particularly for cylindrical
samples. Moreover, they are generally not reported in
the literature.



8 Miguel A. Mánica et al.

The proposal of a rational approach to determine
an adequate softening rate for nonlocal simulations of
real engineering problems, from laboratory test results,
is beyond the scope of the present work and more re-
search is required in that regard. Here, the softening
rate determined from the calibration at a constitutive
level (Fig. 3) was adopted in the simulations described
below. However, being aware of the uncertainty intro-
duced, analyses were also performed with different val-
ues of bc to assess its influence on the results.

3.3 Mesh independence

To demonstrate the importance of regularising the finite
element solution in the presence of brittle materials, a
series of unconfined biaxial test simulations were per-
formed, with the parameters derived above, using dif-
ferent meshes with varying element sizes. The dimen-

sions of the models were large enough to contain the
expected numerical shear bands according to ls = 40
cm, employed in the case study (later described); they

were 8 m high and 4 m wide. Analyses were performed
with meshes of 88, 126, 256, 484, 1024, and 1556 ele-
ments and with the local and nonlocal versions of the
mechanical model. In the case of the nonlocal model,

analyses were only performed for the meshes with 484,
1024, and 1556 elements to fulfil the criterion

ls ≥ Lel (19)

where Lel is the maximum length of an element in
the finite element mesh. The criterion guarantees a suf-

ficient amount of Gauss points within the interaction
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Fig. 4 Vertical reaction force vs nominal vertical strain of
biaxial test for different meshes with the local model and
from a single Gauss point integration.
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Fig. 5 Contours of shear strain of biaxial test for different
meshes with the local model.

radius to properly compute the nonlocal state variable
(Galavi and Schweiger, 2010). Loading was applied un-
der displacement control, and fixed horizontal displace-
ments were prescribed at the bottom and top bound-
aries to generate a non-uniform stress/strain field and
favour the onset of localisation. The obtained response
for the local model is depicted in Fig. 4 in terms of
the vertical reaction force (per unit width) vs the nom-
inal vertical strain (computed from the displacement

of the top boundary and the initial height). It is evi-
dent that the local model delivers non-objective results,
showing an increasingly brittle response of the BVP as
the number of elements is increased (i.e. as their size is
reduced), even though they all share the same constitu-
tive behaviour (also depicted in Fig. 4). By increasing
the number of elements, the response tends towards a
vertical drop after the peak, which corresponds to the
limiting situation allowed by the displacement driven
formulation employed. Mesh dependence is also evi-

dent in Fig. 5, showing the contours of shear strain
εs = (ε1 − ε3)/2, which are an excellent means to ob-
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Fig. 6 Vertical reaction force vs nominal vertical strain of
biaxial test for different meshes with the nonlocal.

serve the configuration of localised plastic deformations

(Mánica et al., 2018). Although the localisation pattern
is similar, the thickness of shear bands reduces with el-
ement size, and it is approximately equal to the width
of a single element. On the other hand, objectivity was

restored using the nonlocal approach resulting in a sin-
gle force vs nominal strain curve (Fig. 6) and the same
configuration and thickness of shear bands (Fig. 7) re-

gardless of the mesh employed.

As previously mentioned, analyses were also per-

formed for the nonlocal model with different values of
bc, equal to 10 and 5. The obtained force vs nominal
strain curves are depicted in Fig. 8 for the mesh with
484 elements. As expected, less brittle behaviour is ob-

tained in the BVP by reducing the constitutive soft-
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Fig. 7 Contours of shear strain of biaxial tests for different
meshes with the nonlocal model.
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Fig. 8 Vertical reaction force vs nominal vertical strain of
biaxial tests with the nonlocal model and for different values
of bc.

ening rate. However, it is important to notice that, re-
gardless of the softening rate employed, and even in

the case of the non-objective local simulations (Fig. 4),
the peak load is approximately the same and only the
post-peak behaviour differs among the different anal-

yses. The same outcome has been observed in other
simulations of biaxial tests involving brittle materials
(Summersgill et al., 2017; Mánica et al., 2018).

4 Application to the stability analysis of a

building resting on a calcarenite

4.1 Model setup

The geometry and boundary conditions of the case
study are depicted in Fig. 9. They correspond to a sim-
plified 2D version (plane strain) of a real structure rest-

ing on a calcarenite deposit in the urban area of Canosa
di Puglia, where two abandoned man-made caves ex-
ist directly under the building, a few meters below the
ground surface. A comprehensive description of the case
study can be found in Ciantia et al. (2018, 2015b). In
Ciantia et al. (2018), authors performed 2D and 3D
coupled chemo-hydro-mechanical simulations to assess
the evolution of settlement damage due to long-term
weathering process. Because a local constitutive rela-
tionship was used, the authors considered only the de-
formations/settlements away from failure. Here, a de-
tailed simulation of the case study is not intended as
the main objective of the present work. The aim is to

demonstrate the effect of long-term weathering on the
ultimate capacity of a structure as well as to show the
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Fig. 9 Geometry and boundary conditions.

importance of regularising the finite element solution
when dealing with brittle materials.

As mentioned before, parameters are the same as

those employed in the biaxial tests given in Table 1 for
a saturated calcarenite, assumed as the initial condi-
tion for the ground. Then, different weathering scenar-

ios were considered derived from assuming the expo-
sure of the caves’ boundaries to an acidic environment.
The reactive transport simulation was performed inde-
pendently using the approach from Fernandez-Merodo

et al. (2007). It assumes a null initial concentration
of [H3O+] ions in the domain and a fixed concentra-
tion, corresponding to a pH of 6.7, imposed on the

caves’ surfaces as a boundary condition. This concen-
tration gradient propagates into the rock by means of
a diffusive phenomenon causing the long-term dissolu-

Table 2 Parameter for the reactive transport simulation

Parameter Symbol Units Value

Porosity n [-] 0.59

Darcy isotropic
permeability

K [m2] 1e-12

Isotropic diffusion
coefficient

D [m2/s] 1.16e-7

Reaction rate constant K1 [1/s] -1.0e-10

Reaction rate constant K2 [1/s] -1.6

Initial calcium
carbonate
concentration

[CaCO3]0 [mol/m3] 25190

Acid ions concentration
applied on the caves’s
surface

[H3O+] [mol/m3] 1.65e-4

Corresponding poten-
tial of hydrogen

pH [-] 6.7

tion of [CaCO3]. Parameters for the reactive transport
model are summarised in Table 2. Most of them were
taken from Ciantia (2013), in which the same calcaren-
ite of the case study was considered. The reaction rates
were derived by performing dissolution tests (Ciantia,
2013), and the diffusion coefficient was back-calculated
through the simulation of a penetration test where the
specimen was subjected to long-term exposure to an
acidic solution (Ciantia et al., 2018).

Different scenarios were considered corresponding to
different times of the reactive transport simulation. Par-
ticularly, times equal to 0, 50, 100, 150, 200, and 250
years were adopted. Each scenario resulted in a given
spatial distribution of the normalised dissolved mass of
calcium carbonate ξdis; they are depicted in Fig. 10.
ξdis is related to the level of debonding (Ciantia and
di Prisco, 2016) and, therefore, to the amount of co-
hesion and tensile strength. Since an initial saturated
condition is being assumed, the short-term debonding
process due to saturation is not being considered, and

the weathering function reduces to

Y =


(

1−
ξdis

ξdis,cr

)2

if ξdis ≤ ξdis,cr

0 if ξdis > ξdis,cr

. (20)

Therefore, only long-term debonding due to the chemi-
cal dissolution of diagenetic bonds is being investigated
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Fig. 10 Normalised dissolved mass for the different weath-
ering scenarios.
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here. The value of cohesion and tensile strength, for
each weathering scenario, are be given by

c∗ini = Y c∗ini,uw (21)

ptini = Y ptini,uw (22)

where c∗ini,uw and ptini,uw are the initial asymptotic co-
hesion and initial isotropic tensile strength for ξdis = 0.
They are independently assigned to each Gauss point
in the model, according to the value of ξdis obtained in
the reactive transport simulations.

For the mechanical simulations of each weathering
scenario, initial stress for the free field condition (i.e.
without the presence of the caves and the building) were
generated from the known unit weight of the rock, es-
timated equal to 17 kN/m3, and assuming a coefficient
of earth pressure at rest of 0.429. The latter was deter-

mined from the adopted Poisson’s ratio as

Ko =
ν

1− ν
. (23)

Then, the excavation was simulated by deactivating the
solid elements within the caves’ boundaries. The latter
was performed in two stages: the left cave was exca-

vated first followed by the excavation of the right one.
In all cases, equilibrium was reached and little plastic
deformations occurred during the excavation stages.

For the unweathered case, different meshes were em-
ployed to assess the importance of regularisation. Mesh
independence is often assessed in the context of biaxial
test simulations (or other laboratory-scale simulations)

while the consequences of not regularising the solution
are rarely investigated when considering large BVP of
engineering situations. The employed meshes are shown

Fig. 11 Employed meshes.

in Fig. 11; they comprise 13450, 7902, 3075, 1675,
897, and 429 triangular 15-noded finite elements with
fourth-order interpolation and 12 integration points.
They are refined in the zone under the foundation and
around the caves where plastic deformations take place.
All meshes were analysed with the local model, but only
those with 13450 and 7902 elements were analysed with
the nonlocal approach since they are the only ones that
meet the criterion in Eq. (19). It is important to men-
tion that the latter criterion only has to be fulfilled by
those elements experiencing plastic deformations and,
therefore, larger elements are employed away from the
caves to speed up computations.

Loading was applied by prescribing a downward ver-
tical displacement of 10 cm at the building foundations,
and the ultimate capacity was assessed in terms of the
total vertical reaction force (per unit width) vs the ap-
plied displacement curve. Although this procedure al-
lows observing the softening branch of the curve, the
three foundations settling at the same rate does not
represent a realistic loading condition. Therefore, the

displacement-controlled analyses were only performed
for the unweathered case to assess mesh independence.
The remaining analyses were performed under load-
control. In the latter case, convergence is only possible

until the peak of the load-displacement curve.

4.2 Obtained results - mesh independence in

displacement-controlled simulations

The results obtained for the displacement-controlled
simulations are shown in Fig. 12, in terms of the vertical
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Fig. 12 Vertical reaction force vs applied vertical displace-
ment of the analysed case (unweathered) for different meshes
with the local and nonlocal models (displacement-controlled).
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reaction force vs the applied displacement, for the local
and nonlocal analyses. None of the local analyses were
able to apply the 10 cm of displacement prescribed,
and convergence issues were encountered at different
stages; a common result in the absence of a regulari-
sation technique when dealing with softening materi-
als (Summersgill et al., 2017). A major finding can be
identified from the local analyses in Fig. 12. In more
constrained BVPs, as in the biaxial test simulations
(Fig. 4 and 6), approximately the same peak load is
reached, even with the local model, regardless of the
number of elements employed; only the post-peak be-
haviour is mesh-dependent if not regularised. However,
in more complex BVPs (as the one analysed here), even
the peak load reached shows a pathological dependence
with the employed mesh. A higher load is reached as
the size of elements is increased; this result has major
implications in the evaluation of ultimate limit states
of structures resting on brittle materials. On the other
hand, only minor differences were obtained between the
force-displacement curves of the two nonlocal analysis

with different meshes. They showed approximately the
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Fig. 13 Contours of shear strain of the analysed case
(unweathered) for different meshes with the local model
(displacement-controlled).
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Fig. 14 Contours of shear strain of the analysed case (un-
weathered) for the mesh with 13450 elements, and with the
local model, using a different colour scale (displacement-
controlled).

same peak load, the same softening behaviour, and no
convergences issues were encounter in applying the 10
cm of displacement prescribed.

Regarding the configuration of localised deforma-
tions, Fig. 13 shows the contours of shear strains for

the simulations using the local model when convergence
was no longer reached. Mesh dependence can be iden-
tified, as in Fig. 5, by the increase in thickness of shear

bands as the size of elements increases. In all cases, a
shear band forms first in the pillar between the caves.
Latter, shear bands appear joining the caves with the

ground surface and forming a block moving downward.
Nevertheless, the latter is only evident for the mesh
with 429 elements, in which it was possible to apply
almost fully the prescribed displacement.

Fig. 13 might give the wrong impression that no
shear deformations occur apart from the localised ar-
eas; however, this is not the case. For instance, Fig. 14
shows the same data than the analysis for the mesh

with 13450 elements in Fig. 13 but with a different
colour scale, going from 0 to 1% of deformation. Shear
deformations occur all around the caves and under the
foundation. However, once the problem localises, plastic
shear deformations concentrate within the shear bands,
forming the failure mechanism, and they become quite
large in comparison with areas with no localisation.

Contours of shear strain for the nonlocal analyses

are shown in Fig. 15. The same configuration of lo-
calised deformations and approximately the same thick-
ness of the shear bands were obtained. The failure
mechanism is clearly identified in this case, where a
block of material is formed moving downward. The
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Fig. 15 Contours of shear strain of the analysed case (un-
weathered) for different meshes with the nonlocal model
(displacement-controlled).

mechanism is more evident in Fig. 16, showing the de-
formed mesh for the nonlocal analysis with 7902 ele-

ments.

4.3 Obtained results - mesh independence in
load-controlled simulations

As previously mentioned, the displacement-controlled
simulations do not represent a realistic loading condi-
tion. Therefore, remaining analyses were performed by
increasing uniformly distributed loads at the location of
the foundations. The maximum capacity was assessed
in terms of the total applied force (per unit width) vs
the mean vertical displacement, i.e. the average dis-
placement of the three foundations. Under this loading
procedure, the softening branch of the curve cannot be

followed, and convergence is not possible beyond the
peak load.

 scaled up x10 

Fig. 16 Deformed mesh of the analysed case (unweathered)
for the mesh with 7902 elements and with the nonlocal model
(displacement-controlled).

The load-displacement curves for the unweathered
case, using different meshes and the local and nonlo-
cal models, are depicted in Fig. 17. Values of the peak

load differ moderately from the displacement-controlled
simulations (Fig. 12), since this loading condition in-
duces different stress paths in the domain. However,

the same conclusions can be drawn regarding the mesh
dependency exhibited by the local simulations. The
peak load varies as much as 72% between the differ-
ent meshes with respect to the finer mesh, deeply ques-

tioning the validity of stability analyses using standard
formulations for brittle materials. On the other hand,
the nonlocal simulations exhibited approximately the

same load-displacement curve and reached the same
peak strength.
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Fig. 17 Total applied force vs vertical displacement of the
analysed case (unweathered) for different meshes with the
local and nonlocal models (load-controlled).
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Fig. 18 Contours of shear strain of the analysed case (un-
weathered) for different meshes with the local model (load-
controlled).

Regarding the configuration of localised deforma-
tions, Fig. 18 and 19 showed the contours of shear
strain for the local and nonlocal simulations respec-

tively. Since the amount of plastic straining is limited
at reaching the peak, the failure mechanism is not yet
completely defined. However, as in the displacement-
controlled simulations, it initiates by the formation of

a shear band in the pillar between the two caves. Unlike
the load-displacement curves, the general configuration
of the failure mechanism seems not to be very sensitive
to the mesh in this case and appears to be controlled by
the geometry of the problem. However, the thickness of
the shear bands formed in the local analyses does show
a clear dependency with the mesh, increasing as the size
of elements is increased.

4.4 Obtained results - different softening rates

The unweathered case was also analysed for the two
meshes with the nonlocal model considering two ad-
ditional values for bc: 5 and 10. The configuration of
localised deformations for the additional analyses were

quite similar to the nonlocal analysis with bc = 22 (Fig.
19) and, therefore, they are not reported here. Never-
theless, the force-displacement curve did show signif-
icant differences (Fig. 20). Unlike the biaxial simula-
tions, were the same peak load was attained regardless
of the softening rate, the simulation of the case study
resulted in different peak loads depending on the bc val-
ues employed. A lower softening rate resulted in a larger
peak load and a more ductile global response.

The differences with respect to the biaxial simu-
lations, where the same peak load was attained, can
be explained in terms of the non-uniformity of the
stress/strain field. Both the biaxial simulations and the
case study experience such condition. Therefore, soft-
ening is progressively attained in an increasing num-
ber of Gauss points as the simulation progresses and,
therefore, they experience progressive failure. However,
in the biaxial simulations, non-uniformities are mod-
est and, therefore, only small displacements occur from
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Fig. 19 Contours of shear strain of the analysed case (un-
weathered) for different meshes with the nonlocal model
(load-controlled).
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Fig. 20 Total applied force vs vertical displacement of the
analysed case (unweathered) for different meshes with the
nonlocal model and different values of bc (load-controlled).

the instant that the first point enters into the soften-
ing regime to the moment when all points within the

shear band are in the softening branch (points outside
the shear band tend to unload elastically) (see Mánica
et al., 2018). On the other hand, non-uniformities are
larger in the case study, and softening is first concen-

trated in the zone in-between the caves. For larger soft-
ening rates, the strength decreases faster in this zone re-
ducing the capacity to redistribute stresses to elements

still in the elastic or hardening regime as the simulation
progresses. Therefore, the global capacity of the BVP
is reduced as the softening rate is increased.

From back-analysis of case histories, recommenda-

tions have been made on the operational strength to be
used for stability evaluations when dealing with brit-
tle materials (e.g. Mesri and Shahien, 2003). However,
results presented here suggest that a general criterion
will prove quite difficult (maybe impossible) to develop.
The stability of a given engineering problem will depend
not only on the values of the peak (or intact), post-peak

(or fully softened), and residual strengths but also on
the rate of strength loss and the non-uniformity of the
generated strain/stress field for the particular problem
under consideration, as suggested by Gens (2013).

4.5 Obtained results - different weathering scenarios

Analyses considering different weathering scenarios (0,
50, 100, 150, 200, and 250 years) were only performed
with bc = 22. The load-displacement curves obtained
are shown in Fig. 21. It can be observed that the
peak load reduces significantly in the 250-year period of
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Fig. 21 Total applied force vs vertical displacement for the
different weathering scenarios (load-controlled).

weathering considered. The evolution with weathering

time of the peak force before the lack of convergence
is depicted in Fig. 22. A reduction of the peak load of
88% occurs between the initial and last scenario. This

major reduction implies that a structure initially de-
signed to fulfil the stability requirements, based on the
initial state of the ground, can move to an unsafe situa-

tion if the weathering of the calcarenite is not properly
controlled.

The configurations of localised deformations ob-

tained are shown in Fig. 23. It appears that the mecha-
nism of the unweathered case is not significantly modi-
fied in the different weathering scenarios. As indicated
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Fig. 22 Evolution of the maximum applied load for the dif-
ferent weathering scenarios.
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Fig. 23 Contours of shear strain for the different weathering
scenarios.

above, the failure mechanism appears to be controlled
by the geometry of the case study.

The considerable reduction of the foundation capac-

ity can be explained by considering Fig. 10 and Fig. 23.
The main shear failure mechanism occurs in-between
the two caves even in the absence of weathering. How-
ever, when weathering is considered, a marked reduc-
tion of the strength occurs in that area making it con-
siderably more susceptible to failure. Different sensitiv-
ity to weathering should be expected depending on the
location of the dominant failure mechanism and on the
degree of the exposure of the calcarenite to atmospheric
conditions.

5 Conclusions

This paper addresses the effect of long-term weathering
processes on the stability of a building resting on a cal-
carenite, where two man-made caves exist directly be-
low the structure. As a first approximation, a one-way
coupling approach was employed. The reactive trans-
port problem was first solved and its results were fed

into the mechanical problem. For the latter, a nonlo-
cal approach was adopted for the objective simulation
of localised deformations. A number of analyses were
performed, from which the following conclusion can be
drawn:

– Results showed a maximum reduction of the peak
capacity of the foundation of 88% in the 250-year
weathering period considered. This significant reduc-
tion implies that a structure initially designed to ful-
fil stability requirements, based on the initial state
of the ground, can move to an unsafe situation if
the effects of weathering are not properly controlled.
The zone where the main failure mechanism occurred
corresponded to a zone with large degradation due
to weathering, enhancing the effects of the loss of
capacity. Different sensitivity to weathering can be
expected for different BVP depending on both the
spatial evolution of weathering and the configuration
of the failure mechanism.

– In more constrained simulations, as the BVP of a

laboratory test, the peak strength is not consider-
ably altered by the pathological mesh dependence
when dealing with strain localisation, and only the
post-peak behaviour is significantly affected by the

mesh employed. However, in more complex BVPs,
as the one analysed here, even the peak of the load-
displacement curve is affected by mesh dependence.

Therefore, the regularisation of the finite element so-
lution is of the uttermost importance when assessing
the stability of structures on brittle materials.

– Although the nonlocal approach can deliver objective

results that do not depend on the mesh employed,
the progressive failure condition, brought about by
the brittle behaviour of the calcarenite, causes the

maximum capacity of the problem to depend on the
rate of strength loss and the non-uniformity of the
generated stress/strain field for the particular prob-
lem under consideration. Furthermore, the softening
rate observed in experiments depends on the particu-
lar localisation pattern obtained (and particular test
conditions) and, therefore, is not an intrinsic material
parameter. Due to the particularities of the regular-
isation technique employed, the softening rate will
also depend on the length scale parameter, which is
in turn related to the mesh that can be used with
current computational resources. The proposal of a
rational approach to determine an adequate soften-

ing rate for regularised simulations of real engineer-
ing problems, from laboratory test results, is an open
problem and more research is required to incorporate
this type of simulations in routine stability assess-
ments.
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– To advance in the simulation of the effects of weather-
ing in real engineering problems, CHM coupled con-
stitutive models, as the one described in Ciantia and
di Prisco (2016), should be enhanced with some type
of regularisation technique for the objective simula-
tion of localised deformations. Moreover, the reac-
tive transport and the hydromechanical simulations
should be performed simultaneously to properly cap-
ture the coupled mechanisms and to derive a more
accurate description of the behaviour of structures as
weathering progresses in time.
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