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A B S T R A C T   

The study presented in this paper aims to advance the current understanding of Rock Anchor (RA) performance 
under axial loading through large deformation numerical analyses. Simulations are conducted using the 
Geotechnical Particle Finite Element Method within a coupled hydro-mechanical framework. Experimental data 
from the literature is used to calibrate a strain hardening plasticity constitutive model for rocks. The calibrated 
model is then used to investigate rate effects on the axial response of a novel rock anchor design. The axial 
pullout induces rock dilatation at the bottom edge of the anchor with the consequent formation of a zone of 
negative water pressure change and a bulb of positive pore water pressure change above it. Depending on the 
pullout rate, distinct drained, partially drained, and undrained hydraulic regimes are identified. These, along 
with the variable damage distributions, are shown to influence the rock anchor axial capacity considerably. The 
geometrical and elastic properties of the rock anchor modelled as a deformable body, along with the interface 
friction angle between the anchor and the rock are also explored. Results such as load capacity curves, stress path 
evolutions, and stress distributions on the rock-rock anchor interface are analysed emphasizing their impact on 
rock anchor design.   

1. Introduction 

The expansion of Offshore Renewable Energy (ORE) necessitates the 
development of anchoring solutions that are both cost-effective and 
reliable, requiring a robust design approach that transcends the limita
tions of traditional methods. The offshore environment is characterized 
by the challenging dynamics of tidal and wind forces, where floating 
devices anchored to the seabed face complex loading conditions. Rock 
Anchors (RAs) are specifically designed to account rocky seabeds char
acterized by various types and conditions. 

Traditionally, the design procedure of rock anchors is based upon 
analytical and empirical methods assuming the cone pull-out mecha
nism, where the load capacity is normally equivalent to the weight of the 
failing rock wedge formed and the tensile strength acting normally to 
the failure surface (Weerasinghe and Littlejohn, 1997). This approach, 
which is widely used to date and revealed conservative because of the 
assumptions involved, was expanded by integrating Limit Analysis (LA) 

methods enhancing RA design under axial loading (Brown, 2015; Kim 
and Cho, 2012; Serrano and Olalla, 1999; Yap and Rodger, 1984). 
Consequently, the numerical approach has become a widely adopted 
tool for evaluating rock anchor interaction problems easily by means of 
parametric analysis. Cerfontaine et al. (2021) performed parametric LA 
simulations to assess the influence of rock properties and anchor ge
ometry on the anchor capacity, confirming the conservatism of the 
analytical approach suggested by existing design procedures (Yap and 
Rodger, 1984). Finite Element Methods (FEMs) which do not rely on a- 
priori assumptions on the failure geometry (Griffiths and Lane, 1999) 
were adopted to advance the understanding of the rock anchor failure 
mechanism enabling the localisation of plastic shear strains and conse
quent propagation of the failure. Yap and Rodger (1984) used a FEM 
model to investigate the axial response of grouted rock anchors 
revealing the formation of different failure mode based on the anchor 
embedment depth (H/D). Discontinuum approaches have also been 
widely adopted for the simulation of the crack fracture propagation in 
rock accounting for the anisotropic nature of this material. Panton et al., 
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(2015) performed Distinct Element (DE) simulations underscoring the 
impact of the spatial distribution of joints in rock masses on the fracture 
propagation and the load capacity of grouted RAs. These findings 
confirm that the anchor geometric properties and relative stiffness be
tween rock-anchor crucially affect the failure mode. 

According to Brown (2015) failure mechanisms of the RA under axial 
loading can be synthesized into three categories: (a) Deep failure 
mechanism, (b) interface failure mechanism, and (c) cone failure 
mechanism. Deep failure mechanisms occur at greater embedment depths 
(Littlejohn et al., 1978) where localised damage around the anchor tip is 
sufficient to fail the anchor. The interface failure mechanism results from 
the frictional slip at the rock-anchor interface. Such a failure mode 
happens if the anchor head is not sufficiently fixed to the rock or if local 
damage causes the anchor head to slip vertically. Critical factors influ
encing this process include interface friction, relative stiffness, and 
surface roughness, as well as confining pressure and dilatancy (Lit
tlejohn et al., 1978; Brown, 2015; Ziogos et al., 2021; Frost et al., 2002). 
Ziogos et al. (2015) conducted extensive laboratory tests to evaluate the 
frictional behaviour of the steel-rock interaction and determine the 
interface friction angle (δ) across various rock types listed in Table 1, 
showing that stress state significantly affects the resulting friction angle 
(Ziogos et al., 2021). Cone failure mechanisms predominantly occur at 
low embedment ratios, where conical failure surfaces develop from the 
anchor tip towards the rock surface (Brown, 2015). Cerfontaine et al. 

(2021) highlighted that the bearing capacity of a deep mechanisms is 
independent of depth and that beyond a critical embedment depth, the 
failure transitions from deep to cone failure mechanism type. None
theless, to date the failure mechanism and shape of the cone is still not 
clear. Coates and Yu (1971) and Kim and Cho (2012) consider a conical 
failure mechanism (90◦ cone angle) while, Littlejohn et al. (1978) report 
that, depending on rock quality, the cone angle may be 60◦ for weath
ered and soft rocks or 90◦ for intact strong rocks. On the other hand 
Wyllie (1999) shows that this angle may reach up to 120◦ for strong 
rocks. These failure surface geometries were derived from field tests data 
although the rock structure assumes a relevant role on the rock fracture 
distribution. Limit Analysis methods assume curved failure surfaces 
limited at the top part of the anchor whereas the failure at the bottom is 
characterized by the interface mode (Serrano and Olalla, 1999; Zhao 
et al., 2018; Zhang et al., 2019). 

It is important to consider that most analytical and numerical models 
developed to date, are for onshore applications and based on experi
mental campaigns performed on dry rock or concrete. In the offshore 
environment the presence of water and the environmental actions 
introduce a new aspect that has not been investigated. Depending on 
rock porosity and the presence of fractures/fissures, the permeability of 
rock can typically vary from 1 × 10− 18 to 1 × 10− 10 m2 (Bagdassarov, 
2021). RAs will hence experience environmental loads causing the rock 
to sometimes respond in a drained, undrained, and partially drained 
manner. Wind and wave action can impose rapid loading rates on the 
anchors, which may result in an undrained or partially drained response 
of the rock (Chow et al., 2020). Partial drainage occurs when the water 
pressure distribution and its temporal evolution controls the effective 
stress distribution, Hydro-Mechanical (HM) coupled phenomena may 
ultimately determine the failure mechanism. Experimental results 
indicate that drainage conditions can play a governing role in defor
mation and fracture (Lei et al., 2011; Stanchits et al., 2009). As already 
observed for plate anchors in sand and clay, drainage may have a sig
nificant effect on RA capacity and failure modes. Nonetheless, these HM 
coupled processes may create challenges for offshore geotechnical en
gineering as they are difficult to analyse through field or experimental 

Nomenclature 

b external body force tensor 
c linear proportional factor between Pt and Pm 
ch horizontal coefficient of consolidation 
d dilatancy 
D anchor shaft diameter 
e0 initial void ratio 
E Young’s modulus 
f yield surface function 
f(x) local field 
F deformation gradient 
Fy normalized pull-out capacity 
g plastic potential function 
h height of the anchor fingers 
H total height of the anchor 
H/D embedment depth 
J Jacobian of the deformation gradient 
J2 deviatoric stress invariant 
k permeability 
kw hydraulic conductivity 
lp spatial plastic velocity 
ls length scale parameter 
Mf and Mg controls the slope of the critical line for the yield 

envelope and plastic potential 
Mn mesh at a specific calculation step 

pw Cauchy water tensor 
Pt , PsandPm internal hardening variables 
Pt0 initial tensile strength 
Ṕ  and Q geotechnical stress invariants 
tn time at a specific calculation step 
w(x, ξ) weighting function 
v pullout velocity 
VC normalised velocity 
v and vd solid skeleton and Darcy’ velocity 
Vn volume at a specific calculation step 
α inclination of the anchor fingers 
γw bulk water density 
Δu excess of pore water pressure 
δ interface friction angle 
εvol and εa volumetric and axial strains 
η* stress ratio 
θ scalar volumetric deformation 
λ compressibility index 
ν Poisson’s ratio 
ρs, ρt, χs and χt constitutive hardening parameters 
σ Cauchy stress tensor 
σʹ

v0 effective vertical stress 
σ́ n effective normal stress 
τ tangential stress  

Table 1 
List of the basic interface friction angle δ for different rock types derived from 
Ziogos et al. (2021) extended following further tilt table testing.   

Interface steel-rock friction angle, δ: degrees 

Calcarenite 25.0 
Limestone 25.2 

Chalk 30.0 
Granite 30.0 

Sandstone 30.5 
Andesite 33.2 
Flagstone 34.3  
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physical modelling (Brown and Hyde, 2008). 
Advanced numerical methods are therefore becoming an attractive 

solution to support field and laboratory testing for the improvement of 
RA design. In particular, the goal of this paper is to advance our un
derstanding on the axial performance of RAs in the offshore environ
ment through a numerical investigation. In particular the Geotechnical 
Particle Finite Element Method (G-PFEM) (Carbonell et al., 2022; 
Monforte et al., 2018) with a coupled hydro-mechanical formulation 
(Monforte et al., 2018), is used to investigates pullout rate effects or RA 
axial response. The soil structure interaction is modelled using the 
contact mechanics capabilities of the GPFEM. The rock is modelled using 
a Structured-Modified Cam Clay model (S-MCC) (Monforte et al., 2019). 
After calibrating the model against Berea sandstone data from the 
literature large deformation analyses of the tensile capacity of a RA 
under different hydraulic regimes, namely drained, partially drained, 
and undrained, are performed. To overcome a mesh dependent 
response, a non-local finite strain formulation was used (Oliynyk et al., 
2021). The significance role of the interface friction angle and RA ge
ometry on the axial capacity was investigated. It is shown that failure 
mechanisms inducing rock dilatation, lead to the formation of large 
negative pore water pressure (pwp) at the bottom edge of the anchor. 
The results underscore the imperative of accounting for hydro- 
mechanical coupled behaviour, a feature that is normally discounted 
and that cannot be incorporated in LA. It is also shown that geometrical 
properties and RA deformability can critically influence failure propa
gation and the capacity of rock anchors. 

2. Methodology 

2.1. The GPFEM 

The G-PFEM (Oñate et al., 2004) employs a continuum-based 
approach for simulating large strain interaction problems (Monforte 
et al., 2017). Integrated into the Kratos Multiphysics platform (Dadvand 
et al., 2010), the Update Lagrangian formulation is implemented for the 
discretization of the domain, where static and kinematic variables 
referred to the last configuration performed, are computed by means of 
the finite strain theory. In G-PFEM the domain is discretized to solve the 
classic differential equations of the continuum mechanics, where mesh 
nodes are considered as particles free to move during the calculation 

(Fig. 1). A key feature of G-PFEM is the adoption of the Delaunay 
tessellation for reconnecting particles at each calculation step, providing 
an update boundary and mesh configuration. The alpha-shape method is 
adopted for recovering and update the previous boundary for a current 
configuration of the domain. Furthermore, the mesh adaptivity included 
in G-PFEM provides the addition of particles in regions where the 
threshold of a defined plastic state variable is overcome. In other words, 
as displayed in Fig. 1, cloud points at a specific time step (tn) are defined, 
representing subsequent volume (Vn), and mesh discretization (Mn). As 
the simulation progresses to the next time step (tn+1), the cloud point 
configuration is updated to reflect new boundaries, with additional 
particles introduced as needed, updating the mesh definition (Monforte 
et al., 2017). The remeshing technique described, effectively prevents 
the mesh tangling and distorting which negatively affect classic 
Lagrangian FEMs leading to convergence issues (Drescher and Detour
nay, 1993; De Borst and Vermeer, 1985). Recent applications of G-PFEM 
include various Boundary Value Problems (BVPs) that replicate experi
mental tests such as drained triaxial, oedometer, and biaxial tests, in 
addition to modelling shallow footings under vertical pressure, Cone 
Penetration Tests (CPTs), and the installation of open-ended piles in soft 
rocks (Monforte et al., 2019; Oliynyk et al., 2021; Ciantia, 2018; Pre
vitali et al., 2023). 

2.2. Modelling the rock anchor – rock interaction 

To model the rock-rock anchor interaction, two contact strategies are 
adopted. Expandable fingers (a key component of the rock anchor shown 
in Fig. 3) with inclination angle lower than 3◦, are treated as a non- 
deformable boundary, employing the penalty approach for calculating 
the contact forces on the deformable rock (Huněk, 1993). Alternatively, 
the Contact Domain (CD) method is used, detecting contact during the 
remeshing/alpha shape step, and deploying ancillary elements to ensure 
consistent repulsion between materials with different stiffnesses via the 
Lagrangian multiplier approach. Tangential forces are then determined 
using Coulomb’s law of friction. In both cases, contact stiffness is 
determined by multiplying the rock stiffness by a multiplying factor. 
This factor is chosen depending on the mesh size and displacement rate 
to minimise computational burden while avoiding geometry overlaps 
(Genco et al., 2022). In presence of water the coupled HM u − w − pw 
(displacement – Darcy’s water velocity or displacement – water pres
sure) framework was adopted, the model implements partially drained 
conditions by adding a water pressure degree of freedom to the mesh 
elements and including a term for water compressibility and pressure to 
the balance equations (Monforte et al., 2018). 

In order to consider Terzaghi’s effective stress principle to be 
applicable, in this work the porous sandstone rock was assumed fully 
saturated and Biot’s coefficient α = 1. 

Pore pressure is redistributed using Darcy’s law for fully saturated 
media. Therefore, unless a hydraulic boundary condition is applied (e.g. 
prescribed water pressure at the top of the rock domain), null Neumann 
conditions are imposed; that is: zero water flow at the interface (Mon
forte et al., 2018). 

2.3. The non-local structured Modified Cam Clay model 

To address the behaviour of structured materials and mitigate mesh- 
dependent responses, this study uses the large strain non-local Struc
tured Modified Cam Clay (S-MCC) model, presented by Monforte et al. 
(2019). As the constitutive model itself is rate-independent, rate effects 
will purely emerge from the coupled hydromechanical response. 

Following the original MCC formulation, the yield locus is elliptically 
shaped, incorporating a bonding-related internal variable (Fig. 2). The 
model adopts a non-associated flow rule, utilizing distinct parameter 
sets for the yield surface and the plastic potential, enhancing its ability to 
simulate the brittle and dilatant response of soft rocks (Ciantia, 2018). 

The yield surface f and plastic potential g read: 
Fig. 1. Sequence of cloud, volume, and mesh configurations at time tn and tn+1 

representing the rock anchor pull-out under axial displacement. 
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⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

f(τʹ, Ps,Pt ,Pm) =
(

Q/M(θ)f

)2
+ P*( P* − P*

c
)

g(τʹ, ps, pt , pm) =
(

Q/M(θ)g

)2
+ P*

(
P* − P*

c,g

) (1)  

where Ṕ = tr(τʹ)/3, Q =
̅̅̅̅̅̅̅̅
3J2

√
and θ are the stress invariants. Mf controls 

the vertical extent of the yield function in the Q : Ṕ  Kirchhoff stress 
invariant space while Mg the slope of the critical state line of the plastic 
potential function in the same Q : Ṕ  space. Pt , Ps and Pm are internal 
hardening variables such that: 

P*
c = Pt + Ps + Pm = Ps + (1 + c )Pt (2)  

P* = Pʹ + Pt (3)  

where Ps acts as preconsolidation pressure of the reference unbonded 
material, whilst Pt and Pm (linear proportional through parameter c) 
indicate the tensile strength and the increase in the surface size due to 

tensile bonds, respectively. These two hardening parameters, which 
control the size of the yield surface, may tend to zero because of the 
destructuration effect driving to the formation of unstructured materials 
(Monforte et al., 2019). The hardening laws are defined as: 

Ṗs = ρsPs

(
(tr(lp

) + χs

̅̅̅̅̅̅̅̅
2/3

√
‖dev(lp)‖

)
(4)  

Ṗt = − ρtPt

(
|tr(lp)| + χt

̅̅̅̅̅̅̅̅
2/3

√
‖dev(lp)‖

)
(5)  

where ρs, ρt, χs and χt are constitutive parameters and lp = ∂g/∂τ the 
spatial plastic velocity gradient which depends on τ the Kirchoff stress 
tensor. It should be noted that the plastic volumetric compaction enables 
the increase of Ps whereas plastic dilatation produces a reduction of Ps 
(Genco et al., 2022). χs will hence control dilatancy at the limit state. As 
indicated by Lagioia and Nova (1995), χs ∕= 0 can be used in a 
phenomenological way to capture experimental trends induced by fea
tures such as grain crushing which may prevent for reaching the Critical 
State (CS) condition also for large shearing levels. In this work χs is set to 
0, and therefore the plastic deformations in terms of dilatancy will vary 

with the stress ratio η* = Q/Ṕ
* 

following the expression: 

d = Mg
(
Mg/η* − 1

)
(6)  

This expression implies: 
{

η* = Mg⇛d = 0

η*→0⇛d→∞
(7)  

where d = 0 represents the critical state condition, whilst d→∞ in
dicates the purely isotropic stress state. 

Strain localisation in brittle rock materials poses significant challenges 
for continuum-based approaches, leading to mesh dependency (Galavi 
and Schweiger, 2010; Hill, 1962). The G-PFEM addresses this issue 
through a non-local regularization technique, wherein the material 
behaviour at a point is influenced not only by its own state but also by 
neighbouring points (Mánica et al., 2018). This approach adopts an 

Fig. 2. The yield locus and the plastic potential function for the S-MCC model.  

Fig. 3. a) 3d visualisation of the groutless anchor designed by SCHOTTEL Marine Technologies; b) schematic representing two subsequent phases of the installation 
procedure with main anchor components, and c) geometry of the rock anchor numerical model which shows the anchor geometry, the rock domain, the boundary 
constraints applied, and the refined mesh. 
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internal length scale parameter (ls) which controls the size of the localised 
region. The parameter ls can be experimentally calibrated, reflecting the 
observed shear band thickness and softening level (Mánica et al., 2020; 
Oliynyk et al., 2021; 2024). Beyond the interaction radius (2ls) the 
interaction between Gauss points is assumed negligible, thus necessitating 
sufficient Gauss points within this radius to accurately compute non-local 
variables (Galavi and Schweiger, 2010). In this work the deviatoric and 
volumetric plastic strains are treated as non-local variables. 

3. The rock anchor model and simulation programme 

The anchor technology investigated here, provided by SCHOTTEL 
Marine Technologies (SMT), aims to reduce overall costs by means of a 
groutless solution, and self-drilling installation (Genco et al., 2022). 
Connected to a floating ORE platform via a pad-eye, this technology is 
proposed to provide cost reductions over traditional anchoring methods 
primarily due to the lower installation and operational cost (Cresswell 
et al., 2016). The anchor is made from steel, featuring a sacrificial self- 
drilling bit for the installation process, designed to minimize seabed 
disturbance and operational risks associated with offshore installations 
(Fig. 3a). It is composed of an outer casing with expandable fingers at the 
bottom, a taper at the top end and an inner stem with the lower drill bit 
(Fig. 3b). The drill bit allows for effective embedment into hard rocky 
seabeds, a process supported by an Anchoring Remotely Operated 
Vehicle. Upon reaching the design depth, the inner stem is retracted 
expanding the fingers which are in contact with the surrounding rock 
mass (Fig. 3b). To secure the anchor in place, a pre-tensioning is applied 
by tightening a nut on top ensuring the anchor stability (Cresswell et al., 
2016). 

Fig. 3c illustrates the geometry of the RA model which is idealized in 
axisymmetric conditions because of the symmetry of the numerical 
problem, thus representing only a slice of the entire domain. The anchor 
geometry, simplified as shaft and bottom part, was wished in place, as 
the present study does not address installation effects. The real size of 
the anchor has not been shown for commercial reasons. The domain size 
was chosen to minimize potential boundary effects in the proximity of 
the RA. The domain was discretized using triangular stabilised elements 
with a remeshing technique activated when a prescribed threshold of the 
non-local plastic strain variable was reached. Mechanical and hydraulic 
boundary conditions of the model are also represented in Fig. 3c. A pull- 
out test was replicated by applying a vertical displacement with a 
monotonic and constant rate of 0.045D/s at the top of the anchor, where 
D is the diameter of the shaft. This value was selected to reach 10% D 
displacement, a common benchmark in pile design to delineate the limit 
state load. Three locations (A, B, and C) are selected on the anchor 
fingers, which are used for a more in-depth analysis in section 4.1.1. 

Model parameters were calibrated from triaxial test data on Berea 
sandstone by Wong et al. (1992), following the calibration framework 

Fig. 4. a) calibration of the initial yield locus for the S-MCC model, b) variation of dilatancy with the stress ratio for the calibration of plastic potential parameters, 
and c) triaxial experimental data from Wong et al. (1992) represented by the markers while continuous lines the numerical model at three confinement pressure 450 
MPa (black lines), 250 MPa (blue lines), and 120 MPa (red lines) in the Q − εa plot, and d) εvol − εa plot. 

Table 2 
Calibrated constitutive parameters for the S-MCC model.  

E 
(MPa) 

ν 
(− ) 

Mf (− ) Mg(− ) Ps0(MPa) Pt0(MPa) Pm(MPa) ρs(− ) ρt(− ) χs(− ) χt(− ) ls(cm) 

16,800 0.20 1.00 1.25 200.00 5.00 180.00 14.00 14.00 0.00 0.01 1  

Table 3 
List of the simulation programme along with main test details.  

TEST ID k Vc δ α H/D E  
(m/s) (− ) (◦) (◦) (− ) (kPa) 

Reference 1× 10− 8 5.94× 105 30 3 6 2.1× 108 

Tk 

*1× 10− 3 5.94× 100 

10 
20 
30  

3 6 2.1× 108 

1× 10− 5 5.94× 102 

1× 10− 6 5.94× 103 

1× 10− 7 5.94× 104 

1× 10− 8 5.94× 105 

1× 10− 9 5.94× 106 

1× 10− 10 5.94× 107 

1× 10− 11 5.94× 108 

1× 10− 12 5.94× 109 

1× 10− 15 5.94× 1012 

*1× 10− 18 5.94× 1015 

Tα 1× 10− 12  30 

3 
6 
10 
15 

6    5.94× 109 2.1× 108     

TH/D 1× 10− 12  30 3 

2   
4  

5.94× 109 6 2.1× 108  

8   
10  

TE 1× 10− 12 5.94× 109 30 

3 
6 
10 
15 

6 2.1 × 107

11.5 × 107

2.1 × 108 

*permeability values of used to achieve perfectly drained and fully undrained 
responses. 
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established by Ciantia and Di Prisco (2016). The calibration was con
ducted by adjusting the yield surface parameters to match the yield locus 
shape with experimental yield points as depicted in Fig. 4a. The plastic 
potential parameters were calibrated from the d − η* plot shown in 
Fig. 4b referring to the same drained triaxial tests under various 
isotropic confining pressures (120, 250, and 450 MPa). To calibrate the 
elastic and hardening parameters stress–strain curves of the same 
triaxial tests were used. Fig. 4c and Fig. 4d show such the model 

response against the experimental results. 
The constitutive model presented in this paper is capable to broadly 

capture the triaxial experimental data on the Berea sandstone. For a 
better match with experimental data, more complex yield and plastic 
potential surfaces can be used. For example, Buscarnera and Laverack 
(2014), using the Lagioia and Nova (1995) surface, fitted the high 
confinement Berea sandstone response better. It should however be 
noted that in the numerical simulations of RA pullout, stress paths are 
typically in the low confinement zone (Fig. 9), hence yielding is typically 
occurring in the dilatant shear part (η* > MCS) where the model captures 
the available data more accurately (Fig. 9). As the goal of the paper is to 
investigate hydro-mechanical effects on RA pullout response a simpler 
model was chosen. 

The calibrated constitutive model parameters are listed in Table 2. 
For the rock-anchor contact behaviour, an elasto-plastic law was used. 
Following Genco et al. (2022) the penalty parameter was selected to 
prevent numerical instability. The interface friction angle δ was varied 
for the analyses performed. The values of δ were taken such that typical 
rock steel interface values, such as the ones in Table 1, could be 
matched. 

The numerical programme is summarised in Table 3 with the 
following sets of analyses:  

– Pull-out simulations with rock permeability ranging from 1 × 10− 18 

m/s to 1 × 10− 3 m/s (Vc ranging from  ≃ 6x105 to ≃ 6× 1015) with 
reference interface friction angleδ = 10◦, 20◦, and 30◦

– Pull-out simulations with embedment depth ratio ranging from 2 to 
10, and fingers inclination respect to the vertical axis (α) from 3 to 
15◦ with anchor Young’s moduli of 2.1 × 107 kPa, 11.5 × 107 kPa, 
and 2.1 × 108 kPa 

4. Results 

4.1. Rate effect investigation on RA performance 

This section explores the role of rate of loading on RA performance. 
As already mentioned, rate effects are analysed by maintaining a con
stant pullout velocity (0.045D/s) while varying rock permeability. 

Fig. 5. Evolution of normalised vertical pull-out capacity (in black) and mean 
excess pore water pressure on the anchor fingers (in blue) with Vc at 10% D of 
axial displacement for δ = 10◦

, 20◦

, and 30◦ . 

Fig. 6. Distribution of the effective (σʹ
n), tangential stress (τ), and excess pore water pressure (Δu) acting on the anchor along the bottom part of the rock anchor for 

rock permeability of (a) k = 1 × 10− 8 m/s (Vc ≃ 6× 105), (b) k = 1 × 10− 9 m/s (Vc  ≃ 6× 106), and (c) k = 1 × 10− 10 m/s (Vc  ≃ 6× 107), for the partially drained 
regime and reference interface friction angle. 
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Variable interface friction angles δ were also examined. Permeability 
was assumed isotropic, varying from 1 × 10− 18 m/s to 1 × 10− 3 m/s, 
ecompassing the entire spectrum of drainage conditions and reflect the 
sandstone hydraulic properties as reported by Zhu and Wong (1997). In 
this way both undrained and perfectly drained regimes were considered. 
To quantify rate of loading, the normalized velocity Vc proposed by 
Randolph and Hope (2004) was used: 

Vc = vD/ch = λγwvD/σ’
v0(1 + e0)k (9)  

v is the pull-out velocity, D the anchor shaft diameter, ch the horizontal 
coefficient of consolidation, λ the compressibility index, γw the bulk 
water density, e0 the initial void ratio, σʹ

v0 the effective vertical stress 
and k the permeability. To capture the impact of interface friction on 
HM-RA behavior, three distinct interface friction angles (10◦, 20◦, and 
30◦), were considered, based on experimental findings by Ziogos et al. 
(2021) 

Fig. 5 summarizes the results of the parametric analysis, displaying 

Fig. 7. Excess pore water pressure contours and Darcy’ flow water vectors in the vicinity of the bottom part of the rock anchor for rock permeability values of (a) k =

1 × 10− 8 m/s (Vc  ≃ 6× 105), (b) k = 1 × 10− 9 m/s (Vc  ≃ 6× 106), and (c) k = 1 × 10− 10 m/s (Vc  ≃ 6× 107), for the partially drained regime and reference 
interface friction angle and embedment ratio adopted. 

Fig. 8. Jacobian of the deformation gradient contour colourmap in the vicinity of the bottom part of the rock anchor for rock permeability values of (a) k = 1 × 10− 8 

m/s (Vc  ≃ 6× 105), (b) k = 1 × 10− 9 m/s (Vc  ≃ 6× 106), and (c) k = 1 × 10− 10 m/s (Vc  ≃ 6× 107), for the partially drained regime and reference interface friction 
angle and embedment ratio adopted. 
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the normalized total pull-out capacity (Fy) and change in mean excess 
water pressure (Δu) acting on the anchor fingers against Vc at 10 %D of 
anchor displacement. The pullout force is normalised for confidentiality 
issues. When Vc is greater than ≃ 6 × 1010 the pull-out velocity ratio and 
the rock permeability are such that the response is undrained (i.e. this is 
evident in Figs. 7 and 8). On the other hand, when Vc is lower than ≃ 6 ×

105 the rock permeability is low enough to induce a drained response. 
Whereas, for Vc between these values a partially drained response is 
evident. Therefore, as shown in Fig. 5, as Vc increases (i.e. reducing the 
rock permeability) the pull-out capacity transitions from drained to 
undrained regime. 

The findings distinctly show the impact of drainage conditions on RA 

capacity, demonstrating a decrease from drained to undrained states 
regardless of the interface friction angle adopted. 

A notable reduction in pull-out capacity of approximately 15%, 10%, 
and 6% is registered in this regime for δ = 30◦, δ=20◦, and δ = 10◦

respectively. The reduction in RA capacity with decreasing interface 
friction angle is highlighted, reaching up to 55% when transitioning 
from δ = 30◦ to δ = 10◦. The analysis also reveals a large increase in 
excess pore water pressure in partially drained condition, with Δu in
crements up to 15% registered as the interface friction angle increases. 
This underscores the significant influence of both the interface friction 
angle and excess pore water pressure on the pull-out capacity, empha
sizing the necessity of incorporating these factors into design 

Fig. 9. Stress paths related to three points (Point A, Point B, and Point C respectively from left to right) of the region of interest for permeability values of (a) k =

1 × 10− 8 m/s (Vc  ≃ 6× 105), (b) k = 1 × 10− 9 m/s (Vc  ≃ 6× 106), and (c) k = 1 × 10− 10 m/s (Vc~ ≃ 6× 107), for the partially drained regime and reference 
interface friction angle and embedment ratio adopted with schematic of the location of the three points. 
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methodologies for RAs systems. 
Fig. 6 shows the normal, tangential stresses, and excess of pore water 

pressure, at the bottom part of the anchor, for the rock permeability 
values examined within the partially drained regime for the reference 
interface friction angle at 10% D anchor displacement. This figure shows 
the distribution of the stresses along the bottom part of the anchor that 
contribute to the pull-out capacity due to the frictional nature of the 
large strain interaction problem. The plots presented herein are scaled 
enabling the comparison between the rock permeability values exam
ined. Additionally, it is observed the presence of a peak value of the 
stresses at the edges of the anchor fingers describing a concave distri
bution regardless of the rock permeability value. The maximum value 
was observed at the top edge of the conical part of the anchor indicating 
the concentration of stress in an adjacent rock portion because of the 
axial anchor displacement. Furthermore, the interface friction angle 
adopted affects the orientation of the contact forces as expected. It 
should also be noted that at the bottom edge of the anchor the excess of 
pore water pressure distribution assumes negative values, conversely 
than the mid and top part of the anchor irrespective the rock perme
ability. This is further investigated in the subsequent paragraph. 

4.1.1. The coupled HM response of RAs under axial loading 
This section reports the spatial distribution of the excess pore water 

pressure, contractive or dilative response, and the stress paths in the 
partially drained regime for the RA pull-out case examined at 10% D 
anchor displacement. Assuming as reference interface friction angle δ =
30◦ and embedment depth H/D = 6, the results highlight how strain 
propagation impacts the pore water pressure distribution, causing the 
formation of the deep failure mechanism (based on the value of 
embedment depth assumed). Fig. 7 illustrates the variations in excess 
pore water pressure and the Darcy’s flow water for permeabilities of k =

1 × 10− 8 m/s (Vc  ≃ 6× 105), k = 1 × 10− 9 m/s (Vc  ≃ 6× 106), and k =

1 × 10− 10 m/s (Vc  ≃ 6× 107), focusing on a Region of Interest (ROI) 
extended radially up to 2D and axially up to 3.2D representing a zone in 
proximity of the conic part of the anchor. 

A key observation is the formation of negative changes of pore water 
pressure in parts of this ROI, with magnitude increasing as the rock 
permeability is reduced. This negative excess of pore water pressure is 

confined to a narrow zone at the outer edge of the fingers, peaking at 
that edge. 

It should be noted that, the pore water pressure changes that develop 
at the bottom edge of the anchor, particularly in the undrained sce
narios, reach high negative values (up to − 80 MPa). This happens 
because of the stress dilatancy rule of the MCC model that may over
estimate realistic dilatancy values as η* increases. In fact, failure in this 
region occurs because of shear at very low P’ (see the stress paths were in 
Fig. 9) where the model dilatancy reaches very high values (η∗ ≃ 10). 
Therefore, dilatation which is observed at the bottom edge of the anchor 
tends to localise at the outer edge of the fingers of the anchor increasing 
the pore space volume and hence explaining the distribution of negative 
pore water pressure changes, whereas contractive behaviour is evident 
at the centre of the conic part of the anchor. The negative pwp generated 
would still have a limit imposed by cavitation (− 120 MPa at ambient 
conditions (Magaletti et al., 2021)) which is however not reached in any 
of the simulations. Nonetheless these high negative values would any
ways be unrealistic as i) permeability increases due to rock dilatation 
and ii) rock damage generates preferential paths for water. These two 
important features that for sake of simplicity are not accounted in the 
model, would enhance dissipation and, if taken into account, most likely 
prevent the generation of these very large negative pressures. 

The formation of a bulb of increased pore water pressure is more 
evident for the intermediate rock permeability value, which remain 
relatively stable in size during the analysis, whereas reducing the rock 
permeability results in a more localised distribution as shown in Fig. 8. 

The presence of negative excess pore water pressure can be further 
explained showcasing the volumetric plastic strain expressed by the 
contour of the Jacobian J of the deformation gradient depicted in Fig. 8. 
When the value of J is higher than 1 it implies dilatation, when lower 

Fig. 10. Comparison of the effective stress path of Points A, B, and C, respec
tively from left to right at the different rock permeability values examined. 

Table 4 
Table summarising the main results for varying H/D (fixed α) for displacement 
of 45%D.  

H/D E α Fymax 

(− ) (kPa) (◦) (− ) 

2 

2.1× 108 3 

0.94 
4 0.99 
6 1.00 
8 0.99 
10 0.99  

Fig. 11. a) Normalised pull-out capacity with the axial displacement and b) 
normalised pull-out capacity with the normalised embedment depth for four 
levels of displacements (5% D, 10% D, 25% D, and 45% D). 
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than 1 it contraction. Therefore, dilatation which is observed at the 
bottom edge of the anchor tends to localise at the outer edge of the 
fingers of the anchor increasing the pore space volume and hence 
explaining the distribution of negative pore water pressure changes, 
whereas contractive behaviour is evident at the centre of the conic part 
of the anchor. To complete the coupled HM characterization and 
quantify the evolution of the excess pore water pressure, the stress paths 
were plotted at three points (Point A, Point B, and Point C) localised at 
the bottom, mid, and upper part of the cone anchor illustrated in Fig. 9. 
The points were selected as representative of the dilatant and con
tractant zones. This figure shows the initial and final yield envelope of 
the S-MCC model presented (outlined by continuous black lines). The 
total and effective stress paths are depicted in the figure (using dotted 
blue and continuous red lines, respectively). The presence of negative 
excess pore water pressure is highlighted from the stress path at the 
Point A for different rock permeability values examined. Specifically, 
the total stress path is herein located at left of the effective stress path. 
The distance between them indicates the excess of pore water pressure 
which at the Point A increases from 10.1 MPa to 54.16 MPa from the 
lowest to the highest rock permeability value considered. On the con
trary, for the Point B and C, which are located inside the bulb of the 

contractive zone, the total stress path lies on right side of the effective 
stress path. Specifically, the distance between them increases reducing 
the rock permeability. Additionally, at Point C the positive value of 
excess pore water pressure increasing from 6.31 MPa to 36.46 MPa from 
the lowest rock permeability to the highest in the partially drained 
regime. A noteworthy observation is the contraction of the yield surface 
in the plastic regime, a phenomenon induced by the rock destructuration 
process leading to the reduction of the Pt. The effective stress path plots 
help in explaining the increase of the pull-out capacity from the un
drained to the drained regime visible in Fig. 6. The main strength 
contribution of the anchor comes from the shear strength mobilization at 
B and C. As visible in Fig. 10b and c, the effective stress path of the 
undrained model is lower than the one of the drained one for both points 
(which contributes to the mobilization of the rock strength). This means 
that the rock can mobilise higher strengths increasing the permeability. 
At point A (Fig. 10a), because of the large negative excess pore water 
pressure, the effective stress path has the opposite trend. However, for 
clear geometrical reasons, the mobilised strength in this zone does not 
contribute to the axial strength. 

4.2. Geometry influence on RA performance 

This section presents the results of the numerical investigation of 
geometry, and its impact on rock anchor performance. Results of rock 
anchor performance for variable embedment depths and variable finger 
inclination angles are herein presented. For all cases k = 1 × 10− 12 m/s 
(Vc  ≃ 6× 109), (undrained regime) was used. To investigate the extent 
of damage in the simulations, a Rock Damage (RD) variable, defined as 
D = 1 − (Pt/Pt0), where Pt0 indicates the initial tensile strength, was 
used. 

4.2.1. Embedment depth effect on the RA performance 
The role of the H/D in determining the load capacity and the failure 

mode of RAs is investigated by varying the embedment depth from 2 to 
10, while keeping the rock permeability and interface friction constant. 
Results are normalized against the maximum value reached by the 
simulations for commercial confidentiality, facilitating the comparison 
of normalised pull-out capacity (Fy) across different embedment ratios. 

Fig. 12. Contour of the rock damage and rock displacement vectors (in red) extracted for three values of embedment ratio: (a) H/D = 2, (b) H/D = 4, and (c) H/D =

6 at the maximum value of axial displacement achieved by the simulations (45% D). 

Table 5 
Table summarising the main results due to varying α (fixed H/D) for 45%D as 
level of displacement.  

H/D E α Fymax 

(− ) (kPa) (◦) (− ) 

6 2.1× 108 

3 0.21 
6 0.32 
10 0.55 
15 1.00 

6 11.5× 107 

3 0.21 
6 0.32 
10 0.54 
15 0.98 

6 2.1× 107 

3 0.20 
6 0.30 
10 0.48 
15 0.86  
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Table 4 summarizes the set of simulations performed. 
Fig. 11b illustrates the variation of anchor capacity Fy,max with 

embedment depth, revealing that up to 10% D axial displacement, no 
significant difference in pull-out capacity emerges. This effect is attrib
uted to the elastic behaviour exhibited by the rock-anchor system at 

lower displacement levels, where all load–displacement curves show 
similar stiffness (Fig. 11a). 

At 25% D as displacement level, the influence of H/D begins to 
emerge and an increase in the Fy is observed from an embedment ratio of 
2 to 4 as depicted in Fig. 11b. Beyond this range, a plateau indicates that 
further increasing the embedment depth does not contribute to addi
tional anchor capacity, in line with findings by Cerfontaine et al. (2021). 
However, as axial displacement increases over 25% D, as peak capacity 
is reached or exceed and then the load capacity decreases up to the 
maximum value of displacement achieved, showing a softening behav
iour regardless of the embedment depth considered. 

Fig. 12 shows the rock damage distribution and the displacement 
vectors in the ROI for varying H/D ratios at large displacements (45% 
D). At the lowest embedment ratio (H/D = 2), the classic cone-failure 
mode emerges, extending towards the top boundary of the rock with a 
cone inclination (θc) of approximately 55◦ (assuming the entire rock 
anchor domain). The displacement vectors scaled shown are in line with 
the configuration of the cone pulled out and are directed in parallel to 
the failure surface (represented by the blue dotted line in Fig. 12a). The 
maximum value of the RD registered is 23.5% which is near 

Fig. 13. a) normalised load displacement curves for variable α and b) 
normalized pull-out capacity for four levels of displacements (5% D, 10% D, 
25% D, and 45% D) with schematic of the conical part of the anchor. 

Fig. 14. Contour of the rock damage and rock displacement vectors extracted for three values of α: (a) α = 6◦ , (b) α = 10◦ , and (c) α = 15◦ , at the maximum value of 
axial displacement achieved (45% D). 

Fig. 15. Normalised load displacement curves for variable α and 
Young’s modulus. 
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homogeneously distributed inside the rock cone. A deep failure mech
anism is exhibited once the depth exceeds the H/D of 4. This deep 
mechanism is characterized by the localisation of plastic strains at the 
interface with anchor fingers and not as the wide wedge mechanism 
observed in clays (Charlton et al., 2016). This is further highlighted by 
the rock displacement vectors, that show significant vertical movement 
only in proximity of the anchor fingers (Fig. 12b and c). The RD reaches 
the maximum value near to the outer edge of the fingers for the inter
mediate and highest embedment depth which indicates that the rock 
becomes almost destructured (Fig. 12b and c). The main results in term 
of load capacity are synthesized in Table 4. 

4.2.2. Influence of the anchor finger inclination on the RA performance 
The numerical investigation focuses on exploring how the deep 

failure mechanism changes with geometry and stiffness of the anchor. 
The inclination angle was varied from 3 to 15◦ and different rock anchor 
Young’s moduli were considered (Fig. 15), while keeping rock perme
ability, embedment depth, and interface friction angle constant (as 
detailed in Table 5). The contact domain approach was used to describe 
the rock-anchor contact. 

Fig. 13 illustrates how α impacts the pull-out capacity keeping con
stant the stiffness of the anchor at displacement levels of 5% D, 10% D, 
25% D, and 45% D. An increase in load capacity was observed with the 
inclination of the fingers for all displacement levels considered. The 
stiffness of the load–displacement curves tends to increase with the 
inclination of the fingers as observed in Fig. 13a. 

The configuration of the deep failure mechanism by means of the 
contour plot of the rock damage at 45% D for α angles of 6◦, 10◦, and 15◦

is represented in Fig. 14. The failure mechanism observed remains un
affected by the inclination of the conical part of the anchor. However, 
the radial extension of the damage zone expands with the inclination of 
the lateral face. This extension ranges from 1.5D to 2.5D as α increases 
from 6◦ to 15◦. Despite the inclination, deviatoric plastic strains are 
manly concentrated at the bottom corner of the anchor, attributed to the 
presence of inclined fingers. 

Fig. 15 illustrates the effect of the anchor stiffness and the inclination 
of the fingers on the normalised pull-out capacity up to 45% D as level of 
displacement. This figure indicates a non-linear increase of the anchor 
capacity with the Young’s modulus for the inclinations of the fingers 
considered. Furthermore, the different stiffness of the load displacement 
curves was observed affecting the axial capacity of the rock anchor. 
Finally, the increase of the anchor stiffness and inclination of the fingers 
may lead to the increase of the anchor capacity optimizing the anchor 
geometry and reducing the overall cost of the anchoring system. 

5. Conclusions 

This paper employs a coupled hydro-mechanical continuum formu
lation to explore the influence of rate effects on the axial capacity of a 
novel design for self-installing, steel-groutless anchors adopted for 
offshore renewable applications. The anchor geometry is here simplified 
to a straight shaft with a conical base designed to reflect radially 
expanding rock engagement fingers found at the base of the real anchor. 

The study of rock permeability variation highlights that anchor ca
pacity decreases with normalized pullout velocity when moving from 
the drained to the undrained regime, regardless of the interface friction 
angle. However, this transition may be affected by the formation of a 
zone of negative pore water pressure change at the bottom corner of the 
anchor. It was found that this phenomenon occurs because of shear 
failure at very low Pʹ. The magnitude of Δu will therefore depend on the 
ability of the model to capture the dilative response of the rock, the 
formation of cracks and consequent preferential paths for water and in 
some circumstances (low permeability or fast pullout) the ability to 
incorporate cavitation phenomena that may incur. Further experimental 
and numerical study on this mechanism is encouraged. While interface 
friction also leads to a linear increase in capacity, regardless of the hy

draulic state, this effect is primarily observed in cone pull-out and deep 
failure modes. 

Parametric analysis of the embedment ratio similarly highlights a 
linear trend on the axial anchor capacity, until the failure mode shifts to 
deep-failure and the capacity plateaus. In this scenario, anchor capacity 
is controlled by the inclination of the bottom part of the anchor, with 
wider failure surfaces induced by finger inclination following a linear 
and exponential trend respectively for low (lower than 3◦) and high 
inclination (greater than 3◦) of the fingers at the bottom of the anchor. 
The results presented in this paper show the critical role of anchor ge
ometry on failure distribution, distinguishing between shallow and deep 
failure modes by means of the large strain numerical models performed. 
This distinction is crucial for accurately estimating the load capacity of 
RAs, suggesting that conventional cone pull-out models may over
estimate capacity for deeper embedment. Consequently, a novel design 
approach, attuned to the nuances of deep failure configurations, is 
essential. These findings highlight the potential for geometric optimi
zation of the anchor design, aiming to maximize load capacity while 
potentially reducing the overall costs associated with the anchoring 
system. 
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