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The Eastern Betic Cordillera (Spain) exemplifies at the Sierra de Aitana an impressive case of lateral spreading
which involves a mountain anticline ridge dislodged by a post-orogenic extensional tectonic. The deep trenches
testify the ongoing gravitational slope deformation featured by a rock mass lateral spreading. The Sierra de
Aitana anticline ridge was dislodged along a normal fault zone which generated a scarp with a kilometric lateral
continuity. The lateral spreading originated because Eocene limestone overlays Eocene marls, inducing a con-
tinuous evolution over time due to visco-plastic deformations and isolating huge prismatic blocks. To quantify
the creep-driven stress-strain effects at Sierra de Aitana ridge, the mechanical and rheological parameter values
of the involved rocks were quantified through field and laboratory tests which allowed to constrain an en-
gineering-geological model based on equivalent-continuum approach. A stress-strain numerical modelling aimed
at back-analysing the sequential morpho-structural evolution of the Sierra de Aitana anticline-ridge was per-
formed by reproducing the retreat of the ridge front and the time succession of faults (re)activations. A time-
dependent solution was approached by assuming a time-dependent creep configuration of the modelling and a
parametric solution adopted to calibrate rock mass rheology, also taking into account: tectonic displacement due
to the Aitana normal fault system by simulating these element as interface in the discretized domain; influence of
pre-existing joint sets by assuming a main anisotropy in the elasto-plastic failure solution; admissible variations
of the regional stress-field related to compressive and extensional phases and a generalised visco-plastic beha-
viour representing the ductile marls. The numerical modelling outputs that the lateral spreading mainly evolved
as a creep-driven process while stress-release induced by tectonic activity is not sufficient to justify the observed
landforms. The obtained results highlight a not negligible role of inherited structural elements for regulating the
time evolution of the ongoing gravitational process at the Sierra the Aitana anticline.

1. Introduction

The onset and evolution up to failure of slope-scale gravity-driven
deformations are strongly controlled by geological and morphological
features, such as the presence of lithologies with stiffness contrasts and
steep slopes which predispose to slope deformations. The latter can be
produced by either erosion or tectonics (or their combination in space
and time), resulting in over-steepened slopes that are kinematically
unconstrained at toe and free-to-move in lateral directions. Where
structural frameworks allow the co-existence of kinematics and geolo-
gical predisposing factors lateral spreading can onset and develop,
driven by the time-dependent deformation of weak and ductile layers.

Lateral stress unloading, resulting by generations of free-face
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escarpments, can be recognised as main mechanism driving gravita-
tional instabilities (Ballantyne, 2002; Bozzano et al., 2008). In the case
of rock-slope lateral spreading (Pasuto and Soldati, 1996; Hungr et al.,
2014) essential requisite is the presence of deformability contrast be-
tween a stiff rock mass and a softer and ductile underlying material
(Hutchinson, 1988; Rohn et al., 2004), the presence of a free-face which
accommodates the horizontal movement and joint opening in the rock
slab (Canuti et al., 1990; Bozzano et al., 2010; Borgatti et al., 2015;
Spreafico et al., 2017). The slow spreading exerts as a single near-
horizontal movement of coherent blocks or by multiple retrogressive
sliding accomodated through visco-plastic deformations (Bozzano et al.,
2013; Bois et al., 2015).

Based on these geological pre-requisites, regional meso-scale folds
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(Scarascia Mugnozza et al., 2006) and ridge-bounding extensional fault
systems (Kellogg, 2001; Esposito et al., 2013; Bianchi Fasani et al.,
2014) can represent the most predisposing structural arrangement
where these deformations take place. Fault-to-fold combinations, i.e.
the existence of faulted fold limbs, can even more represents the
morpho-structural setting where rock spreading can evolve (Di Luzio
et al., 2004a, 2004b; Della Seta et al., 2017).

In such cases, folds and faults provide respectively the inherited
passive structural framework (e.g. coupling of geological media, dip-
slope bedding attitude, jointing conditions) and an active role of
trigger, causing a stress-release which controls timing of slope de-
formations (Ambrosi and Crosta, 2006; Esposito et al., 2014). For these
reasons, the onset and development of gravity-induced slope deforma-
tion, as well as the mechanism and kinematics driving their evolution,
are regulated by the proceeding of morphological and morpho-struc-
tural steps of evolution of mountain slopes, related to both tectonic and
erosional processes (Agliardi et al., 2009; Bianchi Fasani et al., 2011).

Due to the large spatial and temporal scales of processes regulating
slope-scale morphogenesis, in addition to geo-structural framework, the
time-dependent rheology of the involved materials cannot be neglected
(Della Seta et al., 2017). In order to infer rheological parameters and
back-analyse the stress-strain interactions in slope deformations, a
correct definition of the geomechanical properties of the rock mass, as
well as a calibration of a morpho-structural evolutionary model of slope
system is required and a detailed transposition via multi-stage time-
dependent numerical models is advised for constraining slope de-
formative style (Martino et al., 2017).

For these reasons the integration of multidisciplinary methods based
on geomorphological (Bozzano et al., 2016), morpho-structural, geo-
mechanical (Discenza et al., 2011; Marmoni et al., 2017) and numerical
(Bozzano et al., 2012; Della Seta et al., 2017) contributions in a multi-
modelling scheme (Martino et al., 2017) is necessary.

This study tests a multi-modelling approach combining morpho-
structural and geomechanical elements in a stress-strain multistage
numerical analysis of the Sierra de Aitana lateral spreading; a block-
disjointed 2D numerical domain was resolved availing of mesh-inter-
faces, reproducing timing and displacements of the major tectonic
phases which dictated the onset of the gravitational process.

2. The Sierra de Aitana case study
2.1. Morphostructural framework

The Eastern Betic Cordillera (Spain) shows at the Sierra de Aitana
(Alicante province) an impressive case of lateral spreading which in-
volves an anticline mountain ridge, composed of Eocene and Upper
Cretaceous carbonates and calcareous marls.

The structure of the Sierra de Aitana is an E-W open symmetric
anticline with a wavelength of 5km and around 20° dipping limbs,
belonging to a regional succession of E-W to ENE-WSW folds and
thrusts with wavelengths varying between 3 and 6 km (De Ruig, 1992).
The Sierra de Aitana ridge is constituted by a deformed sedimentary
cover of marine calcareous Mesozoic and Cenozoic rocks belonging to
the Prebetic Domain of the Betic Cordillera External Zone (Fig. 1; Sanz
de Galdeano and Alfaro, 2004). This sedimentary cover detached from a
Paleozoic basement along Triassic evaporites and clays during the
early-middle Miocene (De Ruig, 1992).

The stratigraphic succession includes from the base to the top: i)
300-m thick Upper Cretaceous biomicrites, bioclastic calcarenites,
cropping out in the anticline core; ii) Upper Cretaceous marls and
limestones; iii) Eocene green marls and clays, with thickness varying
between 50 and 200 m; iv) Middle Eocene limestones constituted by
biomicrites, biosparites and calcarenites with a thickness varying be-
tween 40 and 300 m. This sequence, characterised by a thick Eocene
limestone overlying marls of the same age, constitutes the rheological
coupling that drove the lateral spreading process. Quaternary

Tectonophysics 773 (2019) 228233

unconsolidated material such as rock debris deposited in talus slopes
and debris cones originated by weathering and landslides (e.g. mainly
rock fall, rockslides and topples), partially cover the slopes of Sierra de
Aitana ridge.

The Sierra de Aitana anticline was cut and dislodged by several
normal faults, probably originated during a late Miocene extensional
tectonic phase related to the opening of the Valencia trough (Marco
Molina, 1990; De Ruig, 1992; Yébenes et al., 2002). Among these, the
Sierra de Aitana master fault generated in the southern limb of the fold
a 150 m high scarp which is approximately parallel to the fold hinge
line with a kilometric lateral continuity. At the surface, the main fault
plane outcrops along the northern slope of the Sierra de Aitana with an
average dips of 45 °N and an estimated net slip up to 400 m (Delgado
et al., 2011). These normal faults reflect in a stair-shaped morphology,
where the Sierra de Aitana main fault produces the main steep moun-
tain front. Several high angle joint sets affect the Sierra de Aitana fold
with a spacing from 1 up to 10 m and an oblique and symmetrical
distribution with respect to the fold hinge, suggesting a genetic re-
lationship associated with folding (Delgado et al., 2011). Close to the
present mountain scarp, the most recent gravitational processes re-
activate these conjugate joints producing large opening fissures, frac-
tures and veins with a segmented morphology. The average strike of
these conjugate fractures is almost parallel to the slope face. Large veins
are filled with speleothems, which indicate an extremely slow opening.

2.2. Geomorphological evidences related to the lateral spreading

Due to the geological setting where Eocene limestone (EL) overlays
Eocene marls and clays (EM) a lateral spreading originated, isolating
huge prismatic blocks (Fig. 2a) shaped by the aforementioned dis-
continuity sets (Fig. 2b). This continuous evolution has turned in the
generation of a nearly vertical EL scarp extended down to the under-
lying EM and deep trenches (Fig. 2¢), which are extensively hidden by
debris talus deposits. The EL slab is dislodged in several blocks of
variable size from hundreds to tens of thousands of cubic meters
(Fig. 2d) that have detached and laterally moved away from the scarp,
generating secondary scarps and graben-like depressions. Related block
slides (sensu Varnes, 1978) have also sunk and back tilted with respect
to the stable limestone slab, showing a slight tilting angle of about 5°
with a vertical component of movement which reached up to 20 m,
accommodated by the deformable EM (Fig. 2a). Features related to
sliding and shearing as slicken lines were recognised on fracture walls
by Delgado et al. (2011).

NE of the spreading zone, in the most spectacular sector (locally
known as “Simas de Partagat”), several rock blocks are isolated from
the top plateau by 40 m deep and 20 m wide trenches which demon-
strate the main horizontal component of the displacement. The opening
of trenches resulted by the spreading of the stiff rock plateau which
accommodated the horizontal displacements involving the softer marls.
The opening of trenches testifies the creep-driven evolution of the
gravitational slope deformation (Fig. 2c¢, d).

As an ultimate process, the dislodged rock blocks gradually col-
lapsed moving several tens of meters far from the top of the cliff slope.
According to Delgado et al. (2011), the distribution of rock blocks along
the slope testifies a continuous and concatenated failure mechanism.
The collapsed rock blocks produce a large debris cover which actually
hides the contact between the limestones and the marls, responsible for
a total amount of front retreat of around 400 m from the Sierra de
Aitana fault trace to the actual mountain front (Delgado et al., 2011).

As reported by Delgado et al. (2011), the satellite DInSAR mon-
itoring carried out over a time span of 11 yr from January 1997 to
October 2008, revealed to date very low deformation rates and negli-
gible cumulative displacements related to the deformations.
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Fig. 1. Geologic sketch of Sierra de Aitana in the Betic Cordillera, modified after Sanz de Galdeano and Alfaro (2004).

3. Materials and methods

The back-analysis of gravity-driven processes acting on large spatial
and temporal scales require a valid definition of i) “internal” factors,
such as the rheological parameters of the involved materials and ii)
“boundary” conditions controlling the onset of slope-scale deforma-
tions. Among the main boundary controlling factors, a key role is
played by the morpho-structural evolution of slope systems, resulting
by either erosion or tectonics, which is able to modulate the stress field
acting on the slope and, thus, the deformative response. For these
reasons a multi-modelling approach (sensu Martino et al., 2017) was
adopted to model the Sierra de Aitana lateral spreading initiation and
evolution, defining timing and displacement of major tectonic phases,
delineating an engineering-geological model and characterising the
geomechanical properties of the involved materials to be transposed in
multi-stage numerical models. In the following section, the main as-
pects and solutions adopted throughout these fundamental steps will be
described and analysed.

3.1. Morpho-structural evolutionary model

To constrain timing and displacements of major tectonic phases, a
morpho-structural evolutionary model of the Sierra de Aitana anticline
was resolved (Fig. 3), supporting a geological cross-section proposed by
Delgado et al. (2011) (Fig. 3a). The main tectonic phases are in
agreement with those proposed by De Ruig (1992) and are supported by
integrated geomorphological stratigraphical, sedimentological and
geophysical observations reported by Yébenes et al. (2002) in the
continental shelf and neighbouring offshore of Betic Cordillera External
Zone.

The proposed landscape evolution model indicate that these normal
faults were active mainly during the late Miocene (Yébenes et al.,
2002). Basing on the available data, a 2D sequential morpho-

evolutionary model of the Sierra de Aitana ridge sector was proposed,
trying to assess their role in the time-evolution of mountain front re-
treat and define a time-window where the lateral spreading of Sierra de
Aitana could have evolved.

The morpho-structural evolution of the ridge starts with folding of
the limestone and marly sedimentary cover, which in this area is re-
ported to the Lower to middle Miocene period (De Ruig, 1992). During
Late Miocene (Fig. 3b) the extensional tectonic phase dissected the
sedimentary succession generating the present state main scarp of the
ridge. The main dislodgement of the Sierra de Aitana fault overcomes
300 m, although rates of activity are unknown to date.

Faulting along secondary planes F2 and F3 took place since the end
of main Aitana fault activity (Fig. 3c), which, according to the cali-
brated structural cross-section, cumulated a tectonic displacement of
about 80 m and 40 m for F2 and F3, respectively (Fig. 3d). Because of
lacks of detailed information about timing of activity of secondary
faults, a precise definition of age of fault displacements is arduous.
Despite this irresolution, the net effect of stress-release induced by fault
dislodgement on the rock cliff was rigorously evaluated.

To overcome this time uncertainty, a double hypothesis in timing of
fault activation was proposed, considering a synchronous activation of
the two faults with respect to the modelled timescales. Two opposite
end-member solutions of F2 and F3 activation, namely “A” and “B”
were considered, trying to evaluate their effect in dictating occurrence
of rock failures. The two different timing hypotheses are detailed in
Section 3.3. In this time-range the slope-scale Aitana lateral spreading
took place. During the Plio-Quaternary age, minor small-scale gravita-
tional processes contributed to the landscape carving of the relief,
giving rise to present state of the slope.

3.2. Engineering-geological model

To back-analyse the gravity-driven evolution of the Sierra de Aitana
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Fig. 2. a) E-W view of the overall lateral spreading process involving Eocene Limestone (EL) and Marls (EM) along several kilometres of the Sierra Aitana ridge; b)
rock block detachment of decametric-scale prismatic blocks exploiting two major pervasive joint sets with dip direction/dip orientation of 355/79 (green dashed line)
and 85/88 (yellow dashed line); ¢) detailed view of one of the widening trenches; d) view from the top of a dislodged rock block rounded by trenches with metrics
dimensions in wide and length. The reader is referred to people in red circles as reference scale.

ridge, an engineering-geological model of the anticline structure was
defined based on laboratory tests and geomechanical field surveys.
Limestone and marls were sampled NW of the Simas de Partagat, just at
the foot of the limestone slab, where they are not covered by debris
deposits. Lithologies have been characterised through a suite of la-
boratory investigations (summarised in Table 1). Physical and me-
chanical properties of both EM and EL were derived for the intact rock
and then scaled to the rock masses by equivalent continuum approach
(Sridevi and Sitharam, 2000; Sitharam et al., 2001). For this purpose,
the most relevant parameters describing jointing conditions, like or-
ientation, spacing, JRC, JCS and volumetric joint density (Jv) of EL
were based on field measurements (Marmoni, 2011) according to ISRM
(1978) standards and basing on stereoplot dataset reported by Delgado
et al. (2011).

The laboratory activity included uniaxial compressive strength tests
(UCS), indirect tensile tests (“Brazilian” test), direct shear tests, ultra-
sonic velocity tests and unit weight measurements (Table 1). On the
EM, particle size analysis and direct shear tests were also performed
according to ASTM standards.

By combining data from laboratory tests for the intact rock with
geomechanical scanlines from the outcropping rock mass (expressed by
Jv), mechanical parameters of the rock masses were derived directly
using geomechanical parameters obtained from exposed rock surveys
and adopting an equivalent continuum approach where a Joint Factor

(Jp) (Ramamurthy, 1994; Sridevi and Sitharam, 2000) is defined
through the equation:

Ejp = exp(—1.15*10 — 2JpE;o M

where Ei, represent the Young modulus at null confinement. Elastic
moduli of fractured rock masses were derived at non-zero confining
pressure (E;) by the equation:

E; = Ej;/1 — exp[—0.1c¢j/c;] 2

where o, represents the confining pressure and o; express the UCS of
the jointed rock, calculated by negative exponential function by the
UCS of intact rock (o) as reported in the equation:

ocj = 0¢;[0.04 + 0.89exp(—J;/161)] 3)

The mechanical parameters values were derived from the rock
matrix according to Hoek-Brown criterion (Hoek et al., 2002), con-
sidering geotechnical properties function of the stress-field existing
within the slopes. At this aim, two sets of parameter values were as-
sumed, considering admissible variations of the regional stress-field
over a range of values representative of compressive and extensional
phases. Such a stress-field change is based on variations of the hor-
izontal to vertical stress ratio (K) ranging between 0.6 and 0.4, as al-
ready proposed in literature (Della Seta et al., 2017).

Deformative behaviour of the thick EL slab was finally distinguished
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Fig. 3. a) Geological cross-section (modified after Delgado et al., 2011) and reconstructed morpho-evolutionary model of the Sierra de Aitana anticline since Lower-
Middle Miocene (b) to Plio-Quaternary (d). The activity timing of tectonic elements is reported by red colouring of faults planes. (For interpretation of the references
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Table 1
Type and number of laboratory tests performed.

Test Type Number of tested

specimens from EL

Number of tested
specimens from EM

Particle Size - 1
Unit Weight 3 3
Ultrasonic Velocity 20 10
Direct Shear Test - 2
Uniaxial Compressive Strength 10 6
Indirect Tensile Strength 4 4

defining three lithotechnical zones related to depth, i.e. at among 0-50,
50-100 and 100-200 m below the ground level (Table 2) and char-
acterised by increasing values of elastic moduli with confining pres-
sures.

According to Esposito et al. (2007) and Della Seta et al. (2017),
major anisotropies in limestones predisposing the rock mass to failure
were also considered, attributing strength properties based on the
Barton and Choubey (1977) criterion, while joint cohesion was fixed to
a value of one order of magnitude lower than the intact rock. The
adopted values for mechanical parameters are summarised in Table 2.

3.3. Stress-strain numerical model

To reconstruct the slope evolution of the Sierra de Aitana ridge in
terms of stress—strain analysis, a numerical modelling was carried out
through the finite difference code FLAC 2D 7.0 (Itasca, 2011), per-
forming a sequential analysis which reproduced the main steps of the
morpho-structural evolution along the geological cross-section of Fig. 3,
representative of geo- and morpho-structural conditions that could be

assumed before the Sierra de Aitana fault activation (Fig. 3a). A
870 x 380 square grid with a resolution of 10 m was adopted to dis-
cretise the numerical domain, while lateral boundaries were artificially
extended up to about 500 m to avoid boundary effects or computational
errors (Fig. 4). Mesh resolution was settled-up basing on dimension of
finest geometrical elements to be modelled, defining it as the best
compromise between model resolution and calculation time. No sys-
tematic sensitivity analysis to mesh resolution was performed. As an
infinite half-space was assumed, roller boundary conditions along the
lateral boundaries of the numerical domain were fixed, i.e. the hor-
izontal displacements were avoided, while both vertical and horizontal
displacements were avoided at the model bottom during the mechan-
ical equilibrium. After consolidations, bottom of the model in hanging-
wall regions were leaved free to move in vertical direction, allowing
rigid translation of the mesh along fault plane.

Faults planes were primary reproduced availing of a single- or bi-
planar interface geometry models, analysing the strain-field at elasto-
plastic equilibrium, by leaving free (i.e. unglued) interface during cal-
culation. Based on the derived results for a biplanar fault-path model,
where a marked counter-clockwise rotation of shallow mesh-regions
and a consequent overlap of mesh-elements along interface were ex-
perienced, a single-planar interface model was adopted to reproduce
the lateral spreading process. This solution, therefore, revealed the only
one suitable for reproducing fault displacement at these scales and for
slope-instability analyses purposes.

To calibrate the visco-plastic rheology of the rock mass, the
mountain front retreat caused by the lateral spreading was regarded as
a possible target. Therefore, the stress-strain sequential numerical
modelling was performed by adopting a time-dependent creep config-
uration and following a parametric analysis. At this aim, the following
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Derived mechanical parameters and constitutive laws adopted for both rock mass and joints for the adopted engineering geological zonation. Models (constitutive
models): el = elastic; mc¢ = Mohr-Coulomb; ub = ubiquitous joint; cvisc = Burger creep. ¢ = friction angle. ¢ = cohesion. t = tensile strength. K = bulk modulus.
G = shear modulus. Jang = joint dip angle. Jfr = joint friction angle. Jcoh = joint cohesion. Jten = joint tensile strength.

Compressive Initial Stage

Unit  Depth Zone (m) Models Rock Mass Ubiquitous Joint
Density (kg/m>) K (Pa) G (Pa) c (Pa) t (Pa) @ (") Jang () Jeoh () Jten (°) Jir (°)
EL 0-50 ub 2614 8.72E+09 4.17E+10 2.41E+06 1.80E+ 06 53 79 4.44E + 05 3.39E+05 52.6
EL 50-100 ub 2614 879E+09  4.20E+10 252E+06  2.02E+06 51 79 453E+05 4.10E+05 47.8
EL 100-200 ub 2614 9.52E+09 4.55E+10 2.89E+06 2.67E+06 47 79 4.74E4+05 4.77E+05  44.8
EM - mc, cvisc 2470 1.63E+10 3.48E+09 1.77E+05 1.11E+06 27 - - - -
CcM - me 2480 1.53E4+08  9.15E+07  9.22E4+06  1.48E+07 32 - - - -
CL - el 2700 9.52E+11 455E+12 - - - - - - -
Extensional Stage
Unit Depth Zone (m) Models Rock Mass Ubiquitous Joint
Density (kg/m>) K (Pa) G (Pa) c (Pa) t (Pa) [0 X @] Jang (°) Jeoh (9) Jten (°) Jfr (°)
EL 0-50 ub 2614 6.98E +09 3.34E+10 1.20E+06 8.10E+05 56 79 4.44E+05 3.39E+05 52.6
EL 50-100 ub 2614 6.99E+09  3.34E+10 1.33E+06 1.03E+06 52 79 453E+05  4.10E+05 47.8
EL 100-200 ub 2614 7.20E+09  3.44E+10 1.62E+06 1.46E+06 48 79 4.74E4+05 4.77E+05  44.8
EM - mc, cvisc 2470 1.50E+10 3.22E+09 1.76E+05 1.11E+06 27 - - - -
CM - mc 2480 1.53E4+08  9.15E+07  9.22E4+06  1.48E+07 32 - - - -
CL - el 2700 9.52E+11 4.55E+12 - - - - - - -
2 -
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Fig. 4. Sketch of numerical model reproduced by rigid mesh translation at stage
c) of the morpho-evolutionary sequence reported in Fig. 3.

conditions were assumed:

i) the Sierra de Aitana normal fault displacements were obtained
through a time- and space-controlled rigid translation of hanging-
wall regions of the model (Fig. 5);

ii) the timing of the gravity-induced slope deformations was influ-
enced by the progressive fault displacements (along interfaces F2
and F3);

iii) the influence of pre-existing joint sets in rock failure was accounted
for by assuming a main anisotropy in the elasto-plastic failure cri-
terion (i.e. using a ubiquitous joint constitutive model);

iv) admissible variations of the regional stress-field were related to
compressive and extensional phases;

v) a generalised visco-plastic rheological model was adopted to re-
present the mechanical behaviour of the ductile EM overlying the
rigid elasto-plastic EL and a range of viscosity values varying from
10%° up to 10%? Pa-s was assumed.

Because of the uncertainty existing in both timing and slip rates of
the Sierra de Aitana fault systems, a linear slip rate was roughly as-
sumed which can be regarded as the most precautionary hypotheses.
Despite the listric pattern of the main faults of the Sierra de Aitana
structural system, (F1) (Delgado et al., 2011), these elements were
numerically reproduced assuming a mesh interface with planar path,

F2 -

A A

i

Fig. 5. Sketch of mesh rigid translation adopted in the FLAC 2D v. 7.0 code
(Itasca cons.) to simulate tectonic displacement along fault reproduced by mesh
interfaces. Tectonic displacements were constrained in time and magnitude
according to morpho-structural evolutionary model. Boundary conditions
across different stages are reported. Rigid translation were imposed on all the
nodes of the grid belonging to the hanging-wall of major faults F1 (a) and F2 (b)
reproducing the sequential activation of fault plane since the initial undeformed
stage (Fig. 3b), until Upper Miocene (Fig. 3c) and Plio-Quaternary extensional
phases (Fig. 3d).
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which was extended to the model bottom (Fig. 5a) as the here modelled
depth is limited to some hundreds of meters.

The morpho-structural evolution of the Sierra de Aitana anticline
slope was simulated by a multi-stage sequential numerical modelling,
starting from the last activation of the Aitana fault (Late Miocene). To
output the stress-strain effects due to the fault activation, the lowering
of the hanging-wall respect to the footwall was obtained as a rigid dip-
slip displacement involving a single portion of the mesh (Fig. 5b and c).
This solution differs from already experienced literature approach
(Bianchi Fasani et al., 2011), where the effect due to the stress release
was reproduced by a discrete step-by-step variation of the model geo-
metry. Such a solution allows to discretise the fault activation in several
stages and to output variations of the stress field and solve the resulting
strain field over time, without nullifying numerical regions of the model
which causes an instantaneous release with a consequent rebound of
the unconfined portions of the numerical domain.

As detailed information about the age of activity of secondary faults
(F2 and F3) lacks, in order to test the active role of fault in driving the
evolution of the lateral spreading at Sierra de Aitana, two hypotheses of
timing for fault activation were assumed, representing two end-member
respect to the admissible range of available timing data.

In the first hypothesis (A), an early activation of faults up to 2 Myr
after F1 was assumed, considering a sequential activation of faults in
Upper Miocene. In the second hypothesis (B), a late activation of F2 and
F3 was reproduced (age 2.5-3 Ma), considering an activation occurred
during a Plio-Quaternary extensional phase as inferred by Rey and
Fumanal (1996) or Rosell6 and Fumanal (1999). Following this ap-
proach, the sensitivity to gravity-induced processes controlled by fault
activation at different stage of slope deformation was tested, trying to
weight its role in inducing rock failure occurrence.

A pervasive steeply dipping joint set within the rock mass was
considered in all the models according to a ubiquitous joint constitutive
model for the EL zones, so providing a major anisotropy to the elasto-
plastic mechanical solution. A southward-dipping (i.e counterslope-
dipping) joint set was also taken into account to avoid overestimation of
the front retreat and to better understand the role of the anticline
structure in the mechanism of the lateral spreading.

In the solution for mechanical equilibrium, admissible variations of
the regional stress-field related to compressive and extensional phases
were taken into account. The stress field which resulted in the nu-
merical domain was constrained to the initial regional compressive
stress field applying increased elastic moduli proportional to the con-
fining stress acting at the different depth. The progressive reduction of
the confining stress resulting from the Sierra de Aitana fault activation
under a extensional stress field was modelled by reducing the elastic
moduli (Table 2) in proportion with horizontal to vertical stress (K)
ratios (Bianchi Fasani et al., 2011; Della Seta et al., 2017). After an
initial stage representative of compressive stress-states existing within
slope at end of folding (Fig. 3b), an instantaneous variation of K-ratio
was applied after the simulated fault displacement (Fig. 3c). Mechanical
equilibrium conditions were thus updated before the time-dependent
calculations, in order to guarantee numerical stability.

The numerical solutions under creep configuration were obtained
by assuming a time step duration of 630 Ms (almost equal to 20 yrs) and
by attributing viscosity values for the visco-elastic Maxwell element of
the Burger model varying in the range 10%°-10%2Pa-s. The time step
durations were defined considering the maximum creep daytime ap-
plicable at the minimum viscosity to ensure numerical stability and
derived by the viscosity/shear modulus (1/G) ratio.

Moreover, the viscosity value attributed to the visco-plastic Kelvin-
Voigt element of the Burger model was increased of one order of
magnitude, with respect to that of the Maxwell element, as it con-
sidered as representative for the visco-elastic rheological behaviour of
the intact rock (Bozzano et al., 2012).

Basing on these assumptions, a back-analysis was performed
adopting a visco-plastic rheological behaviour represented by the
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Burger model with the aim of calibrating the mechanical parameter
values attributed to the EM zones; the viscosity value was best-tuned by
comparing the numerical modelling outputs with the evidences from
the landforms produced by the morpho-structural evolution of the lat-
eral spreading (i.e. entity of the total front retreat, size of mobilised
volumes, correspondence of opened cracks and trenches with tensile
stresses).

4. Numerical modelling results

Lateral spreadings are often driven by the overlaying of litho-
technical units characterised by different mechanical behaviours; such
a juxtaposition causes horizontal displacements of the stiff rock-cap
under the effect of gravity (Bozzano et al., 2008 and reference therein).

In the here considered case-study, UCS tests performed on the two
involved geological formations (EL and EM) allowed to derive their
stiffness contrast (see Table 2) which can be regarded as responsible for
the gravity-driven lateral spreading at Sierra de Aitana ridge, together
with an admissible visco-plastic behaviour of the EM formation (Fig. 2).

The here performed stress-strain numerical modelling was focused
on quantifying the role of both time-dependent rheology of EM and the
structural evolution of the slope related to an initial folding and sec-
ondary repeated normal fault activations, in the lateral spreading oc-
currence.

To validate the back-analysis, a geomorphological target was
adopted verifying by convergence the entity of the simulated total
mountain front retreat (via numerical approach) compared with the
actual distance of the wall respect the fault plane (i.e. observed front
retreat). The simulated total front retreat was estimated by cumulating
the width of the limestone portions which undergone plasticity as it
resulted from the lateral spreading.

The yielding zones of the numerical domain were subsequently re-
moved (but only in the case that the involved meshes had a spatial
continuity dislodging individual rock mass volumes) by nullifying the
corresponding meshes, so simulating the continuous removal of EL rock
blocks and the retreat of the cliff slope (Fig. 6).

The outputs of the numerical modelling reveal that no failures oc-
curred after the main fault dislodgement if an elasto-plastic behaviour
is assumed, so demonstrating that the stress-release itself induced by
tectonic activity is not sufficient to justify the lateral spreading ob-
served (Fig. 2). On the contrary, such a process more likely evolved as a
gravity-driven visco-plastic process, i.e. mainly controlled by the time-
dependent rheology of the ductile EM below the stiff EL. The resulting
displacement field reveals both vertical and horizontal displacements;
the first one should be related to local sagging while the second ones
justify the lateral involving the Siera de Aitana top slope. Cumulative
strains within the EM in the horizontal direction (Fig. 7) create space of
accommodation for the local sagging of EL blocks into the ductile EM
where the vertical displacements mainly occur. Such a strain field is
significantly controlled by the anticline-slope structure, since the dis-
placement arrows have an opposite versus if considered from the hinge
zone of the fold towards both the dip directions of the limb (Fig. 7).

The lateral spreading implies tensile stresses involving the EL slab as
effect of the horizontal strains which are generated within the more
ductile EM (Fig. 8a), so delimiting prismatic block which remain iso-
lated by subvertical tension cracks evolving toward opened trenches.
The resulting landform is a sequence of single rock blocks dislodged
horizontally each other and separated by huge trenches where vertical
sagging is locally arranged.

The initial failure of the stiff rock-cap results by the achievement of
maximum strength along main joints (light blue indicator in Fig. 8b)
which delimitate the rock-blocks of about 60-80 m in width (Fig. 8), i.e.
fitting the field evidences collected at the Sierra de Aitana top ridge
(Fig. 2a; see also Delgado et al., 2011). An antithetic joint set is gen-
erated respect to the grid interface which represents the main Sierra de
Aitana fault, reproducing a conjugated fracturing associated with the
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Fig. 6. Example of the adopted criterion for failed rock block removal. Plasticized volumes were removed where failed nodes envelope a portion kinematically free to

move in lateral directions as results of fault displacement.

extensional displacements of the rock mass induced by the activity of
the normal fault system (Fig. 8a).

The outputs of the parametric analysis performed by varying both
the viscosity values of EM and the timing of activation of the secondary
faults, highlighted a significant influence on: i) the trend of progressive
deformation over time; ii) the resulting sequence of rock mass failures
(coloured dots in Fig. 9); iii) number and distribution of the dislodged
rock blocks.

The total cumulative deformations are directly related with the
viscosity values assumptions (Fig. 9), resulting in a front retreat ranging
between 50 and 450 m.

Under Hypothesis A and assuming a viscosity value of 10" Pa-s
(dark blue line in Fig. 9), an acceleration retreat rate was observed after
the secondary faults activation. The front retreat appeared to be con-
trolled by dislodgement of tectonic elements (F2-F3), which induce an
increase in the relief energy and a sharp increase in strain rates. The
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Fig. 7. Plot of displacement vectors (blue) resulting by lateral spreading process, which highlight the complex movement and the deformation pattern divergent from

the anticline axial zone.
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activation of secondary faults induces an acceleration of the spreading
process and subsequent failures, able to cause a total retreat of about
450 m (dark blue line in Fig. 9). Such an acceleration is evident only at
the highest strain rates, where at least 4 rock failures occurred within
hundreds of thousands of years (Fig. 9). In the following stages, the
front retreat resulting by consecutive rock failure reduced its rate, cu-
mulating failure over time with a rate consistent with ones observed
before fault activation and under same viscosity values but different
fault activation timing (“B” in Fig. 9).

If the highest viscosity values are assumed (10%* Pa-s), a minimum
retreat of the Sierra de Aitana front equals to 50 m, results as a con-
sequence of the lowest strain cumulated in EM (red line in Fig. 9). Si-
milar results are obtained if intermediate viscosity values are attributed
(i.e. ranging from 10%! Pa-s up to 5 x 10%° Pa:s). In this case, the re-
sulting front retreat is about 175 m, as a consequence of failures of no
more than two blocks (green and orange dots in Fig. 9), that does not
justify the present cliff slope at the top of the Sierra de Aitana ridge.

Under the Hypothesis B and assuming a viscosity value of 10%° Pa-s
(light blue line in Fig. 9), a similar acceleration retreat rate was ob-
served after the secondary faults activation, postdating the ones ob-
tained under Hypothesis A. The activation of secondary faults and the
increased retreat rate cause a total retreat of about 350 m (light blue
line in Fig. 9). In the following stages, in the last 1.5-2 Ma, the front
retreat slows down after overtaking to the back-limb of the fold, with a
rate consistent with ones observed under same viscosities solutions (“A”
in Fig. 9). On the contrary, no relevant differences can be measured for
higher viscosity values, where the cumulative horizontal displacements
within the EM do not exceed few meters, inducing a stress state able to
cause a limited front retreat with a rate not influenced at all by the
activation of the Sierra de Aitana secondary faults.

The rheological best fit respect to the Sierra de Aitana lateral
spreading resulted for a viscosity value of 10%° Pa-s, which justifies for
both the Hypotheses A and B that the front retreat overtakes the fold
axial plane, located about 250 m far from the Sierra de Aitana fault
plane (see secondary y-axis on Fig. 9) as it results from the geological
cross section of Fig. 3 and involving the back limb of the anticline fold.
Such a rheological solution has a good fit with the long-term lateral
spreading process, approaching the morphological target of the actual
escarpment position under both the Hypotheses A and B of fault acti-
vation timing.

Nevertheless, only if the Hypothesis A is assumed, the total front
retreat reached the total retreat target (Fig. 9), defined basing on a

morphological criterion and fixed on the present shape of the cliff.
Moreover, under this condition, after the last rock-block failure event,
the modelling outputs evidences of incipient at yielding conditions for
shearing along the joints (Fig. 8b). These results are in good agreement
with the structural evidences of slipping along joints reported by
Delgado et al. (2011); the related stress field is also coherent with the
tension cracks which bound the fault escarpment in the EL formation all
along the faulted Sierra de Aitana anticline (Delgado et al., 2011).

5. Discussion

The here obtained results highlight the relevant role of slope tec-
tonics and inherited structural elements for regulating creep-driven
rock mass slope deformations. Moreover, it is demonstrated a pro-
gressive evolution from a continuous-equivalent to a joint-driven rock
mass mechanical behaviour, confirming how an initial pattern of joints
and anisotropies leads to rock block dislodgment from a stable slope,
allowing their progressive movement downhill (Fig. 8b).

In the Sierra de Aitana case study, the time-changing strain field is
controlled by the structural setting of the local anticline, which diverges
by the hinge zone following the symmetric limbs of the fold. The cali-
bration of rock mass rheology was achieved by parametric approach
back analysing the lateral spreading process by comparison with the
expected mountain front retreat (Fig. 9).

The strain rates related to the lateral spreading process and induced
by the progressive retreat of the ridge front as an effect of repeated
block failures, are generally lower than 1-2 cm over thousands of years.
Local acceleration of the retreat rates, exceeding 10 cm/kyr, only oc-
curred if an equivalent rock mass viscosity of 10%° Pa-s is assumed as
best-fit solution respect to the present target of ridge front retreat as
well as to the morpho-structural observations reported in Delgado et al.
(2011) and a fast retreat followed by the activation of secondary fault
systems (F2-F3 of Figs. 4-9). No strain acceleration effects result from
F2-F3 activation if different viscosity values are assumed.

In case of an early fault reactivation (Hypothesis A), time is enough
for cumulating plastic deformation in EM formation inducing the EL
rock-cap cracking under tensile stress which isolate huge prismatic
blocks with a sizing comparable to the surveyed one (Fig. 2).

Basing on the obtained results, the back-analysis of the lateral
spreading process was achieved only for a viscosity value of EM in the
order of 10?° Pa:s. Such a value is in good agreement with previous
studies (Esposito et al., 2007; Apuani et al., 2007; Bozzano et al., 2016;
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De Blasio and Martino, 2017; Della Seta et al., 2017). Since the irre-
versible strains, expressed by continuous creep-induced deformation,
are strongly conditioned by the adopted time-dependent constitutive
laws as well as by the values attributed to the rheological parameters
which has been proved to be markedly time- and scale-dependent
(Bretschneider et al., 2013), the rheological calibration of creep-driven
processes can be mainly achieved by means of numerical modelling
approaches.

The time-dependent modelling also allowed to evaluate the active
and passive role of faults and folds in the time-evolution of large-scale
lateral spreading, confirming the predisposing structural arrangement
assessed by several authors in Apennines and Alps (Agliardi et al., 2001;
Massironi et al., 2003; Jaboyedoff et al., 2011; Esposito et al., 2013).

It is worth noticing that the total amount of front retreat caused by
subsequent failures does not consider effects due to weathering or
erosion caused by periglacial process on the cap-rock during the whole
modelled time interval. In addition, possible failures induced by tran-
sient input as seismic shaking were not considered in this study, even
though several landslides were reported as triggered by historical
earthquakes in the past (Delgado et al., 2006). For these reasons, basing
on the cumulated total retreat with respect to the target, both the 10%°
Pa-s solutions (Hypotheses A and B) are admissible solution to back-
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analyse the here considered process.

Possible role of dynamic actions, such as the ones that can be related
to earthquakes experienced in past by the Sierra de Aitana region, was
not considered in this study but cannot be excluded as probable per-
turbing external force. Such a kind of input can induce transient ac-
celeration of the stationary creep, which could potentially evolve to-
ward a tertiary stage corresponding to a generalised slope collapse, so
anticipating the time-of-failure that should be expected due to the
visco-plastic rheological behaviour. Ultimate scenarios of paroxysmal
failure events occurred in past could have induced a continuous in-
crease of the strain rate, causing a discontinuous increasing of cumu-
lative deformations; nevertheless, this kind of scenarios in the study
area is neither documented so far nor recorded by geological and
geomorphological evidences.

6. Conclusions

Geological and structural setting as well as rheological features are
proved to be the major predisposing factors in onset and evolution of
slope-scale gravity induced processes, as testified by their deforma-
tional mechanisms, which prove the close relationship between a
structural and geomorphological landscape evolution.
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The here experienced multidisciplinary approach contributes to
better understanding the structural control due to folds and faults on
the ongoing lateral spreading process at Sierra de Aitana. Basing on the
available knowledge about Neogene-Quaternary evolution of the
External Zone of Betic Cordillera in Alicante region, a morpho-struc-
tural evolutionary model of the Sierra de Aitana faulted-anticline was
constrained, reproducing by a sequential stress-strain numerical mod-
elling the morpho-structural evolution of the slope which induced the
observed lateral spreading.

The lateral spreading was back analysed: i) assuming as target the
total front retreat comparable with the actual shape of the ridge; ii)
considering a time-dependent creep process activated by the juxtapo-
sition of EL over EM formation and iii) attributing a rock mass viscosity
value in the order of 10%° Pa:s.

A last methodological result consisted in the numerical solution for
simulating displacements along main fault planes by dislodging the
numerical mesh through grid interfaces, which allowed to more rea-
listically reproduce the morpho-structural evolution of slope-to-valley
system, modelling through a multi-stage analysis their effect in timing
major slope instabilities. This solution does not include the introduction
of an artificial stress release as an effect of nullifying zones within the
numerical domain. The here tested approached of disjointed domains of
the numerical mesh revealed suitable for a detailed reproduction of
fault activity in deforming slope system, opening new perspective for
stress-strain analysis of past or ongoing slope instabilities evolving to-
wards slope failure.
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