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Large deformation numerical analysis of rock permeability
influence on anchor performance for offshore renewable
applications

A. Genco!, M. O. Ciantia', M. Brown!, M. Previtali', A. Ivanovic? and N. Cresswell?

! School of Science and Engineering, University of Dundee, Dundee, UK
2 University of Aberdeen, Aberdeen, UK
ISwift Anchors, Edinburgh, UK

ABSTRACT: The rapid expansion of Offshore Renewable Energy (ORE) is leading to the development of novel rock an-
choring systems which require a reliable and efficient design method to operate under strong current and tidal action. Hydrome-
chanical (HM) coupled processes, ultimately function of the loading rate and permeability of the rock are crucial for geotechnical
design. As the experimental investigation of rock-structure HM interaction is challenging, numerical modelling is often the only
alternative to advance the reliability of current empirical design methods. The Geotechnical Particle Finite Element Method (G-
PFEM) is herein proposed to numerically assess the Rock Anchor (RA) response under axial loading in variable drainage con-
ditions. A Structured Modified Cam Clay (S-MCC) constitutive model is adopted to represent the mechanical behaviour of a
sandstone. By using a large strain non-local formulation, mesh dependency issues related to inevitable localisation processes are
taken care of. Thanks to a fully HM coupled formulation the effect rock permeability on the evolution of excess pore water
pressures and the mechanical response of a RA during axial pull-out is examined. The result show that these coupled HM effects

play a substantial role on pull-out capacity of RA.

Keywords: G-PFEM; Offshore Geotechnical Engineering; Rock Anchors; Offshore Renewable Energy

1 INTRODUCTION

The deployment of offshore renewable energy is leading
to the development of novel anchoring solutions. The
tidal environment can however exert varying load con-
ditions on floating devices, making the implementation
of reliable and cost-efficient solutions challenging. As
the optimization of the anchoring system can signifi-
cantly reduce the overall cost of the tidal energy systems
(Cresswell and Jeffcoate 2016) the ability to rigorously
model the anchoring system is crucial. In deep water and
hard rocky seabeds, Rock Anchors (RAs) represent an
effective alternative to classic piled and gravity-based
anchorages. The classic design procedures for RAs are
highly conservative, as they are based on empirical rela-
tionships developed using onshore field tests requiring
the assumption/identification of the cone pull-out ex-
pected failure mechanism (Yap and Rodger 1984,
Weerasinghe and Littlejohn 1997, Kim and Cho 2012).
To assess the rate effect on the pull-out capacity of RAs
herein a parametric analysis was conducted varying the
rock permeability. Depending on rock porosity and the
presence of fractures/fissures, the permeability of rock
can typically vary from 1 X 10718 to 1 x 10710 m?

(Bagdassarov 2021). RAs will hence experience envi-
ronmental loads causing the rock to sometimes respond
in a drained, undrained and partially drained manner. As
the water pressure distribution and its temporal evolu-
tion controls the effective stress distribution, Hydro-Me-
chanical (HM) coupled phenomena ultimately deter-
mine the failure mechanism. These HM coupled
processes represent one of the main challenges for off-
shore geotechnical engineering as they are difficult to
analyse through field or experimental physical model-
ling (Brown and Hyde 2008).

It is for this reason that advanced numerical methods
are an attractive tool to support field and laboratory test-
ing for the improvement of RA design. For example, the
Limit Analysis (LA) simulations by Cerfontaine et al.
(2021) showed why current design methods overesti-
mate axial capacity of RAs by identifying the develop-
ment of a deep failure mechanism. Genco et al. (2022)
showed through a combination of the Finite Element
Method (FEM) and LA that the associated flow rule as-
sumption of LA strongly affects the overestimation of
pull-out capacity. Despite these recent numerical ad-
vancements, RA HM coupled analyses in the literature
are scarce. Only recently Genco et al. (2023) performed
large strain HM coupled numerical simulations of the
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axial response of RAs showing that considerable excess
of pore water pression (pwp) distribution develops in the
rock mass despite low loading rates. This work intends
to systematically investigate HM effects on RA perfor-
mance. To this end large strain HM coupled analyses are
performed using the Geotechnical Particle Finite Ele-
ment Method (G-PFEM). The finite strain formulation,
coupled with the continuous remeshing framework em-
ployed by the numerical method is capable of overcom-
ing mesh distortion limitations that usually affect classic
continuum-based methods (Monforte et al. 2018,
Carbonell et al. 2022). To overcome a mesh dependent
response, a non-local finite strain formulation of a Struc-
tured Modified Cam Clay model (S-MCC) (Monforte et
al. 2019) was used. The numerical results obtained con-
firm the strong control of the permeability rate effect on
the RA response under tensile axial load. In some cases,
rock dilation causes negative excess pwp that consider-
ably influence the RA response. The variability of the
interface friction is also investigated numerically show-
ing a major influence on the RA ultimate capacity.

2 THE NUMERICAL MODEL

A novel RA designed for tidal offshore applications
was modelled in G-PFEM to perform the rock permea-
bility assessment. The anchor is made from steel and is
a groutless concept composed of an upper shaft and drill
head component (Cresswell and Jeffcoate 2016). The
pull-out simulations were conducted in rock whilst var-
ying the permeability values to estimate this effect on
the RA axial response. Both frictional and smooth con-
tacts were used in the analyses performed.

2.1 The G-PFEM

The G-PFEM is a continuum-based Updated Lagran-
gian framed method suitable for simulating large strain
soil structure interaction problems (Monforte et al.
2017). The numerical method is open source and full de-
tails are reported in Carbonell et al. (2022b). The large
strain formulation implemented provides the description
of the motion computing static and kinematic variables
referred to the last configuration performed (K. Bathe
1982). The domain is discretized to solve the classic
equations as done in classic FEM, where the mesh nodes
are considered as particles that can move during each
calculation step (Figure 1). The boundary domain is also
constantly updated during the analysis. Mesh distortion,
which usually negatively affects classic FEMs simula-
tions, is also solved by means of the remeshing tech-
nique. New particles are added in the region where the
threshold of a defined plastic state variable is overcome,
increasing the accuracy of the numerical solution
(Monforte et al. 2017, Carbonell et al. 2022).

WL W w

1

Initial cloud C,

Initial volume V,

Initial mesh M,

Cloud at time £, C, Volume at time £, V,

il

C v M.,

Figure 1. Sequence of mesh configurations represented by
"cloud" of nodes updated during the calculation, simulating a
stiff object penetrating in soil from Carbonell et al. (2022b)

Another important aspect handled by the G-PFEM is the
strong mesh dependency effect which leads to no-objec-
tive results in brittle rocks that exhibit strong softening
behaviour (Mdnica et al. 2018). This numerical issue is
fixed through a non-local approach where one or more
state variables can be replicated by their nonlocal coun-
terpart. This method harnesses the regularization tech-
nique by means of the internal length scale parameter
(I.) which prevent this dependency and controls the size
of the localised region. The length scale parameter
should be calibrated from the experimental perspective
according to the thickness of the shear band and the level
of softening (Oliynyk et al. 2021). In this work plastic
strains are considered as non-local variables. A fully
coupled formulation is attained through the mixed dis-
placement Jacobian water pressure (u — @ —p,,) for-
mulation described by Monforte et al. (2017). In this
way it is possible to describe the balance of mass and
linear momentum equations for deformable multiple-
phase porous media. The formulation is defined by the
following equations:

V-(@G+P1))+b=0 in0, x(0,T)
J—6=0 in, x(0,7) (1)
~1/ky Py +V-v+V-v4=0 inn, x(0,T)

where | = det (F) and F is the total deformation gradi-
ent, & = 6(5, V) with V the set of internal variables of

the model, 8 the volumetric deformation, b is the exter-
nal body force tensor, 302, = I, U I (I, U I; = ©)

defines the boundary of the domain, P’ is the effective
Cauchy pressure, I stands for the second order identity

. . d
tensor, p,, is the Cauchy water pressure (p,, = %), ky,
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is the water compressibility, v and v are the solid skel-
eton and Darcy’s velocities, respectively. Further details
on the mixed formulation are detailed in Monforte et al.
(2017).

2.2 The structured Modified Cam Clay model

To model the rock and overcome a mesh dependent
response, a non-local finite strain formulation of a struc-
tured MCC model (Monforte et al. 2019) is used. As for
the original formulation, the yield locus shape is de-
scribed by an ellipse and through a bonding related in-
ternal variable elastic states also in tension regime are
permitted (Figure 2). The yield surface f and plastic po-
tential g read:

f(T, Py, P, Py) = (Q/M(6))” + P*(P* — P})
9T, 05, e Pm) = (Q/M(0),)” + P (P = PZy)

where P' = tr(t')/3, Q = \/3_]2 and 6 represent the ge-
otechnical stress invariants. My controls the vertical ex-
tent of the yield function in the Q:P Kirchhoff stress in-
variant space while M, the slope of the Critical state line
of the plastic potential function in the same Q:P space.
P; , P; and P, are internal hardening variables such that:

PP=P.+P+P,=P+1+c)P 3

P*=P' +P, 4)

where P; acts as preconsolidation pressure of the refer-
ence unbonded material, whilst P, and P, (linear pro-
portional through parameter c¢) indicate the tensile
strength and the increase of the yield stress along the
isotropic path respectively (Figure 2). These two hard-
ening parameters control the evolution of the yield locus
because the effect of the debonding process tends to zero
for unstructured materials (Ciantia 2018). The harden-
ing laws are defined as:

Bo= pob (@) + 2273 1dev @) )

P = =puPe (@) + 4273 Ildev@]l)  (©)

where pg, p:, Xs and y; are constitutive parameters and
IP = 0g /0t the spatial plastic velocity gradient which
depends on T’ the Kirchoff stress. Further details on the
constitutive formulation are available from Monforte et
al. (2019). The constitutive model was calibrated based
upon triaxial test data on Berea sandstone provided by
Wong et al. (1997). The calibration procedure was
adopted following Ciantia and Di Prisco (2016).

The yield surface parameters were obtained matching
the yield locus with experimental data in the triaxial
plane. Whereas the elastic, plastic potential and harden-
ing parameters were obtained using triaxial compression
datain Q — &, and &,,; — &, plots. The calibration pro-
cedure is further described in Genco et al. (2023). The
final calibrated constitutive parameters are reported in
Table 1.

Table 1. Constitutive parameters for the S-MCC model ob-
tained from to the calibration procedure

E v Mg M, Py, Py

(MPa) ) ) ) (MPa)  (MPa)
16800  0.20 1.00 1.25 200.00 5.00
P Ps Pt Xs Xt le

MPa) () ) ) ) (m)
180.00 14.00 14.00 0.10 0.00 0.01
—===00
Q — fo
| e f().pn‘
- ~ dP
/ structure permitted
I' . space
4,
P, P

PI
Figure 2. The yield locus and the plastic potential function for
the structured MCC model

2.3 The Rock Anchor model

The geometry of the numerical problem is represented
in Figure 3. The real RA size has not been stated for
commercial reasons. The aforementioned RA is mod-
elled by using rigid wall and the contact constraints are
imposed by means of a penalty approach. The penalty
parameter was set to avoid ill-conditioned numerical is-
sues following Genco et al. (2023). An elastoplastic
Coulomb law is used to describe the mechanical behav-
iour of rock-anchor interface. Both frictional and
smooth interfaces were considered. For the steel-rock
frictional contact, following Ziogos et al. (2021), an in-
terface friction angle of §=30° was used. The problem
is assumed axisymmetric thus only a slice of the domain
is represented. The model schematised in Figure 3 also
shows the boundary conditions imposed for an embed-
ment depth H/D of 6. This value was set to account the
independence of the load capacity with the embedment
depth following Genco et al. (2022). Initial pwp was set
to zero in the whole domain while it was maintained at
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0 MPa at the top boundary while no flow was permitted
to all the other boundaries. The pull-out test was per-
formed by applying a vertical displacement with a mon-
otonic and constant rate of 0.01 m/s at the top of the an-
chor. This value was selected to reach 10%D
displacement, which is commonly used in design prac-
tice to define the limit load, avoiding an excessive com-
putational time. For this high rate of loading and typical
rock permeability values, undrained behaviour is ex-
pected according to previous simulations performed.

Figure 3. Geometry of the RA numerical model

3 NUMERICAL RESULTS

Numerical results on the influence of permeability on
RA tensile capacity are presented in this section. The
permeability of the rock is assumed isotropic and values
are varied between 1 X 1078 and 1 x 1073 m/s in line
with the experimental data on sandstone of Zhu and
Wong (1997). The analyses also considered two differ-
ent interface friction angles § and Table 2 summarizes
the set of simulations performed. All the results obtained
are normalized by the reference case (6=30° and k =
1 x 1078) because of commercial sensitivity issues.

Table 2. Details of RA pull-out parameter simulations per-

formed

5 k F_,y max IFIx max Fy max ﬁx max
(®)  (m/s) ) (-) ) -)

0 1x10™3 0095 1167 5x107® 5x107°
0 1x10-5 0.095 1.170 3x10™* 3x107*
0 1x10-8 0.098 1.163 0.112 0.098
0 1x10-t2 0.074 00917 1.000 0.881

0 1x10-1 0.074 0917 0.966 0.870
0 1x10-18 0.074 0917 0.966 0.870

30 1x10-3 0972 0967 5x10°6 5x10°
30 1x10-5 0976 0.962 3x10™* 3x107*
30 1x10-° 1000 1000 0098  0.104
30 1x10-12 0906 0767 0878 1000
30 1x10-15 0911 0774 0867 0966
30 1x10-18 0911 0774 0867 0966

Figure 4 shows F'y - u/D and a snapshot of the excess
pwp distributions obtained in the simulation for the
1 x 107> m/s permeability case.

excess

pwp
0.8 [kPa]
- 06 I-11.06

5=

-2.78

—k=1x10"°m/s

0 0.05 0.1
u/D [-]

Figure 4. Force displacement curve and corresponding ex-
cess pwp contour plot at u=10%D

To represent the loading rate, a normalized pull-out
velocity was used following Randolph and Hope,
(2004):

AywvD

Ve = vD/Ch - o' po(1+eg)k

(8)

where v is the pull-out velocity, D the anchor diameter
and cy, the horizontal coefficient of consolidation, A the
compressibility index, ¥, the bulk water density, e the
initial pore index, o', the effective vertical stress and
k the permeability.

1 .._.-"'"-"*"'-._.___1
-0-6=30" MA=--g-=>
08 -m=9=0° ’“ 0.8
-e-6=30",
7706 ~m=-5=0"" 0.6
s n J
-~ = /]
[ u 04>
’
]
0.2 ' 0.2
I--I-:j'--—-_-.-_-

0-_1

10° 1010 qo™

Ve [-]

10°

Figure 5. Effective pull-out capacity normalized (in black)
and the excess pwp resultant nodal forces normalized (in
blue) for § = 30° and § = 0° with normalized velocity ac-
cording to Randolph and Hope, (2004)
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Figure 5 summarises all the results from the parametric
study. The effective normalized pull-out capacity (F';)
after 10%D of displacement is represented as a function
of V.. In the same plot the excess pwp resultant nodal
force normalized by its maximum value (U = },:=" U, )
acting on the anchor is also represented. The results
highlight the clear influence of drained, partially
drained, and undrained response on RA capacity. When
the anchor is pulled at 0.01 m/s for normalized velocity
values ranging from 5.9 X 10°t0 5.9 x 10° the hydrau-
lic regime is partially drained. The consolidation states
are confirmed by plotting the U. The interface friction
angle does not influence the excess pwp resultant con-
tact force distributions at the interface for drained load-
ing while as the response moves to the undrained case,
smooth rock-anchor interfaces show a 10% reduction of
the U at the interface. The figure also shows that, as ex-
pected, & affects the pull-out capacity. In particular, the
reduction of about 90% of capacity is observed between
frictional and smooth contact.

aI?n
—U,

—=F;

1 MN

Figure 6. Distribution of the effective (F',,) and total (F,)
nodal contact forces acting on the anchor along with pwp
nodal forces (Uy) for § = 30° (a, b) and § = 0° (¢, d) with
rock permeability of k=1x10"3m/s (a, ¢) and k =
1 x 107 m/s (b, d) at the end of the simulation (u=10%D).
Vectors of all components are represented to scale (IMN) in
legend

Figure 6 shows the nodal contact force vectors acting on
the anchor for both undrained and drained loading con-
ditions. The results refer to both smooth and rough in-
terfaces (6=0° and §=30°) after a displacement of u =
10%D . The figure also shows the excess pwp nodal
force distribution (U,,) acting on the anchor. Each pwp
nodal forces (U,,) is the integral of the pwp over the cor-
responding segment on the anchor. For undrained load-
ing U,, and in turn the excess pwp have a convex distri-
bution with maximum values at the edges, regardless of
the interface friction angle adopted. These features re-
quire further investigation that may be performed
through systematic stress path analyses and excess pwp
contour distribution evolution during the test.

4 CONCLUSIONS

In this paper the permeability effect on RA axial pull-
out is systematically investigated numerically through
large strain HM coupled G-PFEM simulations. A finite
strain structured Modified Cam Clay model (S-MCC) is
adopted to reproduce an intact sandstone rock. A para-
metric analysis of the rock permeability is carried out,
while maintaining the load rate constant. This is equiv-
alent to keeping the permeability constant but changing
the loading rate. Through a normalized pull-out veloc-
ity, it was possible to identify drained, undrained and
partially drained responses. The reduction of 10% on the
pull-out capacity is observed between the fully drained
and fully undrained regime for the type of rock exam-
ined. RA interface properties are also investigated show-
ing the response is HM coupled as excess pwp distribu-
tions change for different interface friction angle.
Contact force distributions and excess pwp acting on the
anchor show interesting profiles that would require a
more detailed investigation.
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