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ABSTRACT

The effect of foundation embedment ratio and soil-skirt interface roughness on the
consolidated undrained capacity of skirted circular foundations under planar loading in
normally consolidated clay has been investigated through coupled three-dimensional finite
element analyses. Results are presented as failure envelopes, and changes in shape and size of
the normalised VHM failure envelopes are described as a function of relative magnitude and
duration of applied preload. The results show that embedment ratio and interface roughness
affect the load distribution within the soil mass, but that consolidated undrained capacity
under planar loading scales proportionately with the (unconsolidated) undrained capacity of
the foundation. This latter feature enables the results to be neatly synthesised into a relatively
straightforward method for use in engineering practice for prediction of gain in undrained

VHM capacity due to preload and consolidation.

Key words: skirted foundation; consolidation; combined loading; bearing capacity; soil-

structure interface
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INTRODUCTION

Skirted foundations are a type of shallow foundation used offshore that consists of a surface
plate fitted with skirts that penetrate into the seabed confining a soil plug. Skirted foundations
are used extensively offshore for supporting structures ranging from large gravity base
structures (GBS) to relatively small subsea structures and have potential to support arrays of
offshore wind turbines (Svano & Tjelta, 1996, Yun & Bransby, 2003, Byrne & Houlshy
2003, Jostad & Andersen, 2006, Mana et al., 2010, Vulpe et al., 2013). Skirted foundations
are required to achieve embedment in an offshore environment as groundworks or burial are

not usually practical.

Foundation embedment ratio, defined as the ratio of skirt depth to foundation plate diameter
(d/D), and soil-skirt interface roughness, defined as a proportion of the undrained strength in
the soil mass (asuSu) affect the distribution of self-weight loading on the surrounding soil
(Gourvenec & Randolph 2010). For the case of a rough soil-skirt interface, part of the
foundation load is carried by skirt friction resulting in lower pressures beneath the base plate
compared to the case of a smooth soil-skirt interface for which the entire foundation load is
carried as base pressure. The proportion of load carried by skirt friction increases with
increasing embedment ratio of rough skirted foundations. This results in lower excess pore
pressure generation in the soil beneath the foundation and subsequent lower consolidation
settlement and gain in undrained shear strength for the case of a rough soil-skirt interface
compared with a smooth soil-skirt interface, all other things being equal. The effect of
embedment ratio and soil-skirt interface roughness on the consolidation response of skirted
foundations has been considered for a homogeneous elastic half space (Gourvenec &
Randolph 2010), but these analyses by definition, cannot address the effect of consolidation

on changes in capacity.
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The effect of consolidation on the undrained vertical capacity of shallow foundations has
been previously investigated (Zdravkovic et al. 2003, Lehane & Jardine 2003, Lehane &
Gaudin 2005, Chatterjee et al. 2012, Gourvenec et al. 2014, Vulpe & Gourvenec 2014, Fu et
al. 2015). A limited number of studies have addressed combined load capacity following
consolidation for surface foundations (Bransby 2002, Vulpe et al. 2016), shallowly embedded
rectangular subsea frames (Feng & Gourvenec 2015) and pipelines (Chatterjee et al. 2014).
The effect of interface roughness and moderate embedment on consolidated undrained

combined load response of shallow foundations has not been previously considered.

In this paper, a generalised framework method for predicting the consolidated undrained
capacity of circular skirted foundations under planar loading as a function of relative
magnitude and duration of preload, foundation embedment ratio and soil-skirt interface
roughness is proposed. This study builds on a hardening law approach based on critical state
soil mechanics presented by Gourvenec et al. (2014), which has been applied to other
boundary value problems involving consolidated undrained multi-directional loading (e.g.

Chatterjee et al. 2014, Feng & Gourvenec 2015, Vulpe et al. 2016).
FINITE ELEMENT MODEL

The program of 3D small-strain finite element analyses was performed using Abaqus

commercial finite element computer software (Dassault Systemes, 2012).

Numerical model

3D finite element meshes of skirted circular foundations with embedment depth to foundation
diameter ratios d/D = [0, 0.10, 0.25, 0.50] were modelled. A skirt thickness to foundation
diameter ratio ts/D = 0.005 for all embedment ratios was considered. The ts/D modelled in
this study is typical of steel skirted foundations in the field (e.g., Bye et al. 1995). Due to

symmetry along the vertical centreline of the foundation, only half of the problem was
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modelled. Figure 1 illustrates a typical finite element mesh used in the analyses. The soil was
represented by first-order full integration stress—pore fluid continuum elements (namely,
C3D8P elements from the standard Abaqus library). The mesh boundaries extend a distance
equal to 10 times the foundation diameter horizontally from the foundation edge and
vertically from the mudline. The extent of the boundaries was shown to be sufficient so that
no soil deformations or pore water pressure changes were observed at the constrained
boundaries of the mesh and the failure mechanisms were unaffected. The boundary around
the model circumference was constrained against out-of-plane displacement and the base of
the mesh was constrained in all three coordinate directions. The free surface of the mesh,
unoccupied by the foundation, was prescribed as a drainage boundary; the other mesh

boundaries and the foundation were modelled as impermeable.

The skirted foundations were represented as rigid bodies with a single reference point (RP)
located at skirt tip level along the centreline of the foundation (Figure 2) and were assumed
“wished-in-place”. Installation is therefore not explicitly modelled, but stress changes around
the skirts due to tip bearing and skirt-soil interface shearing are captured during subsequent

loading of the foundation.

The skirt internal wall-soil interface was prescribed as fully-bonded; the skirt outer wall-soil
interface was prescribed as either fully-bonded (i.e., rough in shear and no separation
allowed) or fully-smooth (frictionless). The skirt internal wall-soil interface was assumed
fully-bonded based on centrifuge experimental evidence (Chen and Randolph, 2007) and
particle image velocimetry analyses (Mana et al., 2012) where the internal soil plug remained
fully attached to the skirt compartment due to suction. Gaps along the soil-skirt interface are
expected to form and remain open on overconsolidated soil deposits (Britto and Kusakabe,

1982; Supachawarote et al., 2005; Mana et al., 2013). Thus, separation was not permitted
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under tensile normal forces since only normally consolidated soil was considered in this

study.

The models were benchmarked against available theoretical solutions of ultimate limit states
under pure vertical load (Martin, 2003; Martin and Randolph, 2001), horizontal load and
moment (Randolph and Puzrin, 2003) for the surface foundation. The skirted foundation
models could not be directly validated due to a lack of theoretical solutions. The surface
foundation mesh was continuously refined in the areas critical for the multi-directional failure
mechanisms to develop until no further improvement of the results was obtained. Once the
surface foundation mesh was validated, the same meshing procedure was applied for the
skirted foundations. This procedure resulted in FE models with between 50,000 and 75,000

elements depending on soil heterogeneity and embedment ratio.
Soil parameters

The coupled elasto-plastic pore fluid — stress behaviour investigated in the current study is
described by the Modified Cam Clay (MCC) critical state model (Roscoe and Burland, 1968).
The MCC parameters were obtained from element testing on kaolin clay (Stewart, 1992) and
are summarized in Table 1. The implementation of MCC in Abaqus uses a Mises surface in
the m-plane and associated flow was adopted for the plastic potential by defining the flow
stress ratio as unity. Normally consolidated clay conditions were considered in this study as
relevant to many deepwater seabeds. The in situ void ratio and in situ undrained shear

strength profile of the normally consolidated clay are determined as follows.

The soil is considered to be one-dimensionally normally consolidated, with the in situ earth

pressure coefficient given as

K, =1-sin¢ 1



145  where ¢ is the critical state friction angle, determined from the model parameters A, x and
146 Mgs. The in situ effective stresses (o, and o,) vary accordingly to the prescribed soil unit

147  weight (Table 1).

148  The initial size of yield surface of the critical state model is defined as

2
(s ] pops +%= 0

149  where pc¢', po’ and go represent the preconsolidation stress, initial effective mean stress and

150  deviatoric stresses; Mcs is the slope of the critical state line

_ 65|n¢ 3
® 3-sing

151  The subscript “cs’ is used to distinguish the label from that adopted for moment, M.
152  The initial void ratio of a soil element is given by
eo=e1—1<p'0—(7\—1<)lnp'C 4

153  where A represents the slope of the virgin consolidation line and critical state line and « is the

154  slope of the recompression line.
eg=er+A—-x)ln2 5
155  with er the void ratio on the critical state line when p’ = 1 kPa.

156  The relationship between the undrained shear strength of the soil, sy, and the in situ effective

157  vertical stress, c'v is given by (Potts and Zdravkovic, 1999)

2\ 6
S_ezg(e)cos(e)ﬂ[ﬁJ '
o, 3 2
158  where
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with 6 = -30° the Lode angle for triaxial compression conditions.

A surcharge equivalent to 1 m of soil overburden, c'vo, Was imposed on the soil mass at the
free surface in order to avoid zero shear strength at the mudline (Sum). The shear strength

profile of normally consolidated clay with linearly increasing shear strength is defined by

Sy = Sum + KsuZ 9

where s, represents the shear strength of the soil at depth z. For the MCC parameters and
surcharge adopted in this study, the shear strength gradient ks, = 1.75 kPa/m and the shear
strength at mudline sym = 4.79 kPa. The magnitude of the unconsolidated undrained bearing
capacity and relative gain in consolidated undrained capacity varies accordingly to the
resulting soil heterogeneity index ksu = KsuD/Sum. Nonetheless, the generalized theoretical
framework presented in this study is shown to incorporate the effect of soil overburden in
predicting the relative gain in consolidated undrained capacity of circular foundations (Vulpe

et al. 2016).
PROGRAM OF ANALYSES

The study presented in this paper investigated the consolidated undrained response of skirted
circular foundations under multi-directional loading as a function of normalised magnitude
and duration of self-weight preload, embedment ratio and soil-skirt interface roughness. Over

3,500 fully coupled 3D FE analyses were performed in this program.

Initially, analyses were carried out to determine the unconsolidated undrained vertical bearing

capacities (Vuu) for each embedment ratio d/D and soil-skirt interface condition. The soil was
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brought to failure in undrained conditions through displacement-control. The vertical

displacement was applied to the foundation RP (i.e. concentrically at skirt tip level). Failure

was defined as when a plastic plateau was observed in the load-displacement response, i.e.

continued plastic strain at constant applied load.

Subsequently, analyses were performed to determine the uniaxial and multi-directional

capacity for each foundation embedment ratio interface condition as a function of relative

magnitude and duration of preload. In summary:

A vertical preload (Vp) was imposed, in undrained conditions, as a fraction of the Vyy
relative to the foundation system, taking values of Vp/Vy = [0.1, 0.7] at intervals of
0.1.

Full primary consolidation was prescribed by allowing the excess pore water pressure
resulting from the applied relative preload to dissipate. Periods corresponding to 20,
30, 50 and 80% of the full primary consolidation were subsequently considered.

The soil was brought to failure in undrained conditions by imposing displacement-
controlled probe tests on the skirted foundation at the RP level. Failure was sought
under uniaxial vertical (V), horizontal (H) and moment (M), and in combined VHM
space. Failure under uniaxial loading was defined as when a plastic plateau was
observed in load-displacement response, i.e. continued plastic strain at constant
applied load. Failure under combined loading was defined by the terminating point of

the associated probe test.

A list of notations for resultant loads is given in Table 2. The sign convention for this study is

summarized in Figure 2 and follows the recommendations outlined by Butterfield et al

(1997).

RESULTS
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Excess pore water pressure generation

Excess pore water pressure is generated in the soil around a foundation upon application of a
preload. Figure 3 illustrates the initial contact pressure across the base plate of a skirted
foundation with embedment ratio of d/D = 0.25 for both rough and smooth soil-skirt
interfaces. Contact pressure is taken as the initial increase in excess pore pressure Aui
normalized by the applied bearing pressure v, (vp = Vp/A where A represents the cross-
sectional area of the base plate), for discrete relative preload levels Vp/Vy = 0.1, 0.4 and 0.7.
The initial excess pore pressure ratio increases with increasing applied relative preload
irrespective of interface roughness. A smaller relative contact pressure is observed beneath
the base plate for the rough-skirted foundation as part of the preload is carried by the
interface friction along the skirts. In contrast, the preload is carried exclusively by the base

plate and skirt tip for the smooth-skirted foundation.

The proportion of relative preload carried by base bearing is influenced by embedment ratio
d/D. Figure 4 shows the initial contact pressure in a soil element located at the mudline at the
centreline of the base plate. The results from the current study are plotted against the contact
pressures observed beneath a surface circular foundation (Vulpe et al. 2015). Rough skirted
foundations with greater embedment ratio will carry more relative preload as skirt friction
through a higher surface contact area than for lower embedment ratios. As a result, the
relative contact pressure decreases with increasing embedment ratio for the rough soil-skirt
interface. In contrast, for a smooth soil-skirt interface, the contact pressure increases with
increasing embedment ratio as the applied pressure is carried only by the base plate and skirt
tips. At low embedment ratios, a portion of the applied load is shed laterally into the
surrounding soil reducing the contact pressure. This lateral shedding also takes place for

rough-skirted foundations but is masked by the effect of skirt friction.

Consolidation response

10
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The time required to achieve partial or full primary consolidation is expressed through the

dimensionless time factor T as

T= Cvozt 10
D

where cyo is the initial coefficient of consolidation

o _kl+e)n, 11
vo 7\4}’

w

with k representing the permeability and yw = 9.81 kKN/m?3 the unit weight of water, t is the
actual time passed following application of preload and D is the foundation base plate
diameter. Notations T, T30, Tso, Tso represent the dimensionless time required for 20, 30, 50
and 80% of the full primary consolidation to occur. Full primary consolidation is denoted by

Too.

Figure 5 shows the time-settlement response of a skirted circular foundation with embedment
ratio d/D = 0.25 for relative preloads of Vp/Vu = [0.1, 0.7] at intervals of 0.1 for both rough
and smooth soil-skirt interfaces. Only the consolidation settlement wc is shown, i.e., the
initial settlement following preload application is deducted from the total settlement. The
consolidation settlement increases with applied relative preload irrespective of soil-skirt
interface conditions and embedment ratio. The consolidation settlement of the smooth skirted
foundations is consistently higher than for the rough skirted foundations for all levels of
relative preload. This arises as a result of the rough soil-skirt interface carrying a proportion
of the preload by friction, resulting in lower contact pressure under the base plate and lower
excess pore water pressure generated compared to the same foundation geometry and loading
conditions for a smooth skirted foundation. The higher excess pore water pressure generation,
due to the one-dimensional nature of consolidation within the confined soil plug, results in

higher settlement.

11
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The influence of embedment ratio on consolidation settlement is illustrated in Figure 6 for
rough-skirted foundations under a range of relative preload levels. The dimensionless
consolidation settlement is shown to increase with increasing embedment ratio for the same
relative preload. The effect of embedment ratio on the consolidation settlement response
becomes more pronounced at higher relative preloads. Although the same relative preload
Vp/Vuw is applied, the absolute magnitude of Vp increases with increasing embedment ratio
(since Vy increases with increasing d/D) and a higher excess pore water pressure is
generated. The consolidation settlement for all embedment ratios is similar for very low

relative preload since little excess pore water is generated.
Gain in shear strength of soil following consolidation

Preloading followed by consolidation leads to an increase in soil shear strength in the vicinity
of a foundation. Figure 7 shows the effect of the magnitude of relative preload and
embedment ratio on the increase in undrained shear strength following full primary
consolidation. The increase in undrained shear strength is illustrated through contours of

enhanced in situ soil strength, sy /sy, defined by

su,f — exp( €, — & j 12
S, . A

where syi and syf are the initial (pre-consolidation) and final (post-consolidation) shear

strength, respectively, eo and ef are the in situ and final void ratio, respectively, and A = 0.205
is the virgin compression index for kaolin clay (Stewart, 1992). The greatest gain in
undrained shear strength is achieved at foundation edges (for d/D = 0) and around the skirt tip
(for d/D > 0) and diminishes with distance from the zone of maximum gain. Higher excess
pore pressure is generated under higher relative preload levels, Vp/Vy,, resulting in higher
relative gain in shear strength with increasing relative preload. The extent, or bulb, of excess

pore pressure generation is essentially independent of the level of preload (simply scaled by

12
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depth as a function of the surface value). However, greater excess pore pressure generation
translates into greater gains in strength at a given depth. The zone of gain in shear strength
extends deeper with increasing embedment ratio since longer skirts carry loading deeper into
the soil, but the extent of the zone of influence beneath tip level is essentially independent of

d/D.

The effect of soil-skirt interface roughness on the gain in shear strength throughout the soil
domain is illustrated in Figure 8 for a range of foundation embedment ratios. The gain in soil
strength is concentrated beneath tip level for a smooth skirted foundation while strength
increase is observed adjacent to the rough foundation skirts. As such, the magnitude of gain
in shear strength inside the skirt compartment and around the skirt tip is lower compared to
the same areas for the smooth skirted foundation counterpart. The extent of the bulb of
relative gain in shear strength below the skirt tip is very similar for both rough and smooth

soil-skirt interfaces.
Consolidated undrained uniaxial capacity
Full primary consolidation

The relative gains in vertical, horizontal and moment uniaxial capacity of circular skirted
foundations after vertical preloading and full primary consolidation are shown in Figure 9 -
Figure 11. The figures show relative gain in uniaxial capacity as the ratio of consolidated
undrained capacity to unconsolidated undrained capacity (see Table 2 for notations). The
term uniaxial is used to define loading in a singular direction following vertical preloading,
for example, loading to failure in the horizontal direction concurrently with the applied
relative preload (but no additional vertical or moment loading). The relative gain in capacity
increases with increasing relative preload for all loading directions. The relative gain in

uniaxial vertical and horizontal capacity decreases with increasing embedment ratio, but no

13
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clear trend in moment capacity can be linked to embedment ratio. The relative gain in
capacity can be explained by the overlap between the zones of gain in shear strength and the

governing failure mechanism in the soil mass, as illustrated in Figure 12.

The highest relative gain in capacity is associated with horizontal loading (Figure 10),
followed by moment loading (Figure 11) and the lowest relative gains are associated with
vertical loading (Figure 9). The failure mechanisms under uniaxial horizontal loading (Figure
12b) are the shallowest compared with other loading directions while the failure mechanisms
under uniaxial vertical loading (Figure 12a) extend deepest into the soil mass, intersecting the
zones of least gain in soil strength. The relative gain in horizontal capacity is greater for
rough skirted foundations than for smooth skirted foundations for all levels of embedment
ratio d/D > 0 as the failure mechanism extends laterally into the soil mass where little or no
increase in shear strength is obtained for smooth skirted foundations. The relative gain in
moment capacity is also greater for rough skirted foundations, but to a lesser degree as the
failure mechanism extends slightly outside the skirt external wall into stronger soil. On the
contrary, the relative gain in vertical capacity is marginally larger for smooth skirted
foundations — the failure mechanism for smooth skirted foundations cuts through zones of

higher increase in undrained shear strength during failure under vertical loading.
Critical state framework for predicting uniaxial gains

The increase in consolidated undrained uniaxial capacity can be estimated through a
theoretical method based on critical state soil mechanics (Gourvenec et al. 2014). The
mobilised soil is treated as a single ‘operative’ soil element, scaled to account for the non-
uniform distribution of stress and strength increase across the soil domain. The operative
increment in plastic stress (i.e. leading to plastic strain), Aop’, following preloading can be

estimated as

14
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where A is the bearing area of the foundation, and fs is a factor to account for the non-

uniform distribution of stress in the affected zone of soil.

The resulting increase in strength of the affected solil, i.e., the ‘operative shear strength’, is

then calculated as
ps, =fR(A0'y )=, f,R| 2
S, =Tgy G )= TsTauly X 14

where the shear strength factor fsy scales the gain in strength of the ‘operative’ soil element to
that mobilised during subsequent failure and R is the normally-consolidated strength ratio of
the soil (Equation 6), which is 0.279 for the parameters given in Table 1. Separate scaling
factors fs and fsy allow the response in over consolidated conditions to be captured, but in the
present normally consolidated conditions there is effectively a single scaling parameter, fofsu.
The scaling factors fosfsy for circular surface foundations was defined by Vulpe et al. (2016)
for uniaxial vertical, horizontal and moment capacity and are summarized in Table 3. The
scaling factor fsfsy is uniquely defined for circular foundations and is independent of actual
foundation size, MCC soil properties and applied soil overburden stress (Vulpe et al. 2016,

Feng & Gourvenec 2015).

An additional scaling factor to account for the non-linear effect of the embedment ratio fy is

introduced in this study

Vp By
fd =0y V_ 15

Changes in capacity scale with changes in operative strength, so that

15
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Coefficients aq and Bq are defined for both rough and smooth skirted circular foundations as a

function of embedment ratio for each uniaxial capacity through polynomial functions.

17

Values of coefficients aq and Bqg are given in Table 4.

Comparison between the finite element results and the critical state soil mechanics
framework (Equation 16) - defined as ‘theoretical prediction’ in this study - shows good

agreement (Figure 9, Figure 10 and Figure 11).

Figure 13a and 13b illustrate in a critical state framework the stress-volume changes of a soil
element at the mudline beneath the centreline of the base plate of the surface circular
foundation following preloading, consolidation and undrained failure due to uniaxial vertical
loading. The results are shown in effective mean stress (p’) — deviatoric stress (q) space and
effective mean stress (Inp’) — void ratio (e) space. The effective mean stress p’ represents the
spherical stress responsible for volumetric deformations (compression) within the soil mass
and is proportional to applied preload level and the deviatoric stress q is the stress relevant to
ultimate limit state where the deviatoric stress at failure (gs) is defined as twice the undrained
shear strength of the soil sy. The stress path representation in Figure 13 enables the coupling
of the compression, evidenced by a decrease in soil void ratio, and shear response of the soil

to be observed. It is evident that void ratio reduces with increasing preload leading to higher

16
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mobilizable deviatoric stress (analogous to undrained shear strength) following consolidation.
Thus, the increase in undrained shear strength is proportional to the decrease in soil void

ratio.

Partial consolidation

Waiting for full primary consolidation in a field situation is often impractical and as such, the
maximum potential gain in capacity may not be achieved. However, partial consolidation can
significantly enhance soil shear strength and hence capacity. Figure 14 illustrates the
evolution of the proportion of maximum potential gain in undrained vertical and horizontal
capacity as a function of consolidation time for both rough and smooth skirted circular
foundations with d/D = 0.50. A simple equation linking the consolidation time, represented
by the non-dimensional time factor T, and the proportion of maximum potential gain (i.e.

following full primary consolidation) is proposed:

ch,p _Vuu ch,p - Huu Ivlcu,p - I\/qu _ 1
ch_Vuu ch_Huu Mcu_Muu 1+( T J i 18
miT50,$

with Tsy, =M Ty, (non-dimensional time required for 50% of the potential maximum

uniaxial capacity to occur). The partial relative gains in undrained uniaxial capacity, Vcup,
Hcup and Mcyp may be determined from Equation (18). The non-dimensional time factor for
50% consolidation settlement, Tsogs, is given in Table 5 for each embedment ratio and soil-
skirt interface roughness. The fitting coefficient mi, where i = V, H or M, accounts for the
difference between achieving 50% consolidation settlement and 50% of the potential
maximum gain in capacity and is given in Table 6 for each loading direction. It results that

50% of V¢ is achieved 20% faster than the equivalent consolidation settlement while the gain

17
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in horizontal and moment capacity lags about 15% behind the consolidation settlement. The

fitting coefficient ni = -1.20 irrespective of foundation embedment ratio or loading type.

Equation (18) represents a conservative assessment of the potential maximum gain in uniaxial

horizontal and moment capacity for rough skirted foundations. A better fit may be achieved

by

ch,p_Huu I\/Icu,p_lvluu . 1

ch_Huu ’ Mcu_Muu 1+Vp/Vuu T " 19
0.7 {mT,

Figure 14 indicates good agreement between the FEA results and the relative gains in

undrained uniaxial capacity derived from Equations (18) and (19).
Consolidated undrained VHM capacity

Failure envelopes in horizontal and moment load space (H-M) for various levels of relative
vertical preload followed by full primary consolidation are compared with the unconsolidated
undrained case in Figure 15 for both rough and smooth skirted foundations with d/D = 0.5.

The failure envelopes are presented in dimensionless form as h = H/Hyu versus m = M/My.

Preloading without consolidation leads to a reduction in available HM capacity (Figure 15a
and b) while capacity following preloading and consolidation leads to an increase in available

HM capacity (Figure 15c¢ and d).

The results in Figure 15 also show that the shape of the normalised HM failure envelope for
any given relative preload is similar for the consolidated undrained and unconsolidated
undrained cases, as has been observed for other foundation geometries (Vulpe et al, 2016,
Feng & Gourvenec 2015). Therefore, the consolidated undrained failure envelopes may be
constructed by scaling the undrained unconsolidated failure envelope by the normalised

consolidated undrained uniaxial capacities hcy and mey respectively.
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Approximating expression

An approximating elliptical expression describing the unconsolidated undrained failure

envelope of shallow foundations can be expressed as

‘ m : hm
T~ | * 2 Tzl
] +[m J N ma 20

The form of the equation was originally proposed for prediction of unconsolidated undrained

capacity of shallow strip foundations under general loading (Gourvenec and Barnett, 2011).
The equation was afterwards adapted for prediction of unconsolidated undrained capacity of

skirted circular foundations (Vulpe et al. 2014, Vulpe, 2015).

Coefficients o and 3 are the fitting parameters dependent on the foundation embedment ratio,
soil shear strength heterogeneity index and soil-skirt interface. Values of o and B are
summarized in Table 7 for skirted circular foundations with rough soil-skirt interface and in
Table 8 for skirted circular foundations with smooth soil-skirt interface. These fitting
parameters are repeated here from Vulpe (2015) for convenience. The effect of vertical

preloading, explicitly absent from Eqn. 20, is accounted for through the definition of the

ultimate horizontal and moment capacity for the applied preload, h" and m*

v 414
h* 21_[ p j
VUU

21

The expressions for h and M represent the lower limits of the failure envelopes in vertical

and horizontal or vertical and moment load space. Values of h,, /h", where hmax represents

the maximum horizontal mobilization as a result of horizontal-moment loading cross-
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coupling, which are required to satisfactorily reproduce the shape of the failure envelopes, are
given in Table 9 for the rough and smooth interfaces, respectively. Curve fits using the
approximating expression (Eg. 20) scaled by the normalized consolidated undrained uniaxial
horizontal and moment capacities. Hew/Huu and Mcw/Muwy, (EQ. 16) show good agreement with

the FE results (Figure 16).

Failure envelopes for partially consolidated conditions can be determined from the failure
envelope after full primary consolidation by applying horizontal and moment scaling factors

h,,/h

cu,p cu

and m,,/m,,, respectively. Failure envelopes for varying degrees of consolidation

for a given relative preload and embedment ratio predicted by the finite element analyses are

shown in Figure 17 and compared with the approximating expression showing a close fit.

A summary of the methodology to determine the partially and fully consolidated undrained
capacity of rough and smooth skirted circular foundations under multi-directional loading is

presented in Table 10.
CONCLUDING REMARKS

Results of small-strain finite element analyses have quantified the effect of embedment ratio
and soil-skirt interface roughness on the multi-directional undrained capacity of skirted
circular foundations as a function of relative magnitude and duration of self-weight

preloading.
The following conclusions may be drawn from this study:

e Gain in capacity is governed by the interaction of the zone of increase in undrained
shear strength of the soil and the kinematic mechanism at failure. Greatest relative
gain in capacity was achieved under pure horizontal load, as the failure mechanism

cuts through soil of highest gain in undrained shear strength. The lowest relative gain
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was achieved under pure vertical load since the failure mechanism intersects zones of

lowest shear strength increase.

e The gain in undrained shear strength, and consequently capacity, is dependent on the
distribution of stress in the soil from the applied preload, which is shown to be a
function of soil-skirt interface roughness. Stresses are transferred to skirt tip level for
the smooth skirted foundations leading to gains in shear strength being concentrated
in the zone beneath tip level. Rough skirts carry a portion of the applied preload, with
stresses transferred into the soil mass adjacent to the skirts leading to gains in strength

laterally, adjacent to the rough foundation skirt.

e The consolidated undrained failure envelope may be determined by scaling the
unconsolidated undrained envelope by the respective uniaxial consolidated undrained

horizontal and moment capacities following full primary consolidation.

e The failure envelope following partial consolidation may be determined by scaling the
fully consolidated undrained envelope by the partially consolidated values of uniaxial

undrained horizontal and moment capacities.

Approximating expressions for uniaxial and combined capacities under pure vertical,
horizontal and moment loading have been set out for prediction of consolidated undrained
capacity for any degree of consolidation and relative preload for smooth and rough sided
circular skirted foundations. The ability to scale the normalised unconsolidated undrained
failure envelope to account for full or partial consolidation enables the results of this study to

be synthesised into a relatively straightforward methodology for use in engineering practice.

The finite element results have shown that the majority of the gain in bearing capacity

happens in the early stages of consolidation such that significant gains can be achieved in
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practical time frames. The results presented in this paper are valid for normally consolidated
soil deposits that generate positive excess pore pressure during shearing — encompassing
many soft, fine-grained deposits. The proposed methodology can be applied to other soil
conditions provided that proper considerations are specifically accounted for the particular

soil investigated.

This study has highlighted the potential conservatism in foundation design of using the in situ
value of undrained shear strength of the soil in predictions of capacity. Foundations are often
laid on the seabed for a period of time prior to operation during which the soil in the vicinity
of the foundation will consolidate under the foundation self-weight, resulting in enhanced
shear strength. Efficiencies in foundation size can be realised by taking into account the

consolidation gain in undrained shear strength of the soil.
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NOTATION

A Cross-sectional area of the base plate
Cvo In-situ coefficient of consolidation

d Skirt length

22



€o
er
fo
fq
fsu
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hcu,p

hmax

Heu
ch,p
Huu

Ko
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Mecu
Mcu,p

mi, Ni

Mes
Meu
Meup
Muy

Po
P,

Jo
gr

RP

Su

foundation diameter

In-situ void ratio

Final void ratio

Stress factor

Depth factor

Strength factor

Normalized horizontal load (H/Huy)

Normalized consolidated undrained pure horizontal capacity (Hcu/Huu)
Normalized consolidated undrained pure horizontal capacity (Hcup/Huu)
Normalized maximum allowable horizontal load (Hmax/Huu)

Uniaxial (unconsolidated)horizontal load

Consolidated undrained horizontal capacity following full primary
Consolidated undrained horizontal capacity following partial consolidation
Unconsolidated undrained horizontal capacity

Soil permeability

In-situ earth pressure coefficient of normally consolidated deposit

Shear strength gradient

Normalized moment (M/Muu)

Normalized consolidated undrained pure moment capacity (Mc/Muy)
Normalized consolidated undrained pure moment capacity (Mcup/Muy)
Fitting coefficients

Uniaxial (unconsolidated) moment

Slope of the Critical State Line (CSL)

Consolidated undrained moment capacity following full primary
Consolidated undrained moment capacity following partial consolidation
Unconsolidated undrained moment capacity

Effective mean stress

Initial effective mean stress

Preconsolidation stress

Deviatoric stress

Initial effective deviatoric stress

Deviatoric stress at failure

Normally consolidated undrained strength ratio

Reference point

Undrained shear strength
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Tso
Tsog
Tso,s

VCU
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479

480

481

Final (post-consolidation) shear strength

Initial (pre-consolidation) shear strength

Undrained shear strength at mudline

Time

Skirt thickness

Non-dimensional time factor

Time for 50% consolidation to occur

Non-dimensional time required for 50% of the potential maximum uniaxial
Non-dimensional time factor for 50% consolidation settlement

Applied bearing pressure

Uniaxial (unconsolidated) vertical load

Consolidated undrained vertical capacity following partial consolidation
Consolidated undrained vertical capacity following full primary
Vertical preload

Unconsolidated undrained vertical capacity

Consolidation settlement

Fitting coefficients

Depth factor fitting coefficients

Friction ratio of skirts

Operative increment in in plastic stress

Excess pore water pressure

Initial excess pore water pressure

Critical state friction angle

Unit weight of water

Slope of the recompression line

Slope of the virgin compression line

Soil heterogeneity index

In-situ vertical effective stress

In-situ horizontal effective stress

Lode angle
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Table 1. Soil properties used in finite element analyses

Parameter input for FE analyses Magnitude
Index and engineering parameters
Saturated Bulk Unit Weight (kN/m3) 17.18
Permeability (m/s) 1.310%0
Elastic parameters (as a porous elastic material)
Recompression Index (k) 0.044
Poisson’s Ratio (v') 0.25
Elastic shear modulus (G) 50p'o
Tensile Limit 0
Clay plasticity parameters
Virgin compression Index (A) 0.205
Stress Ratio at Critical State (Mcs) 0.89
Wet Yield Surface Size* 1
Flow Stress Ratio™ 1
Intercept (es, at p'=1 kPa on CSL) 2.14

“The wet yield surface size is a parameter defining the size of the yield surface on the “wet” side of critical state, B. (B = 1 means that the

yield surface is a symmetric ellipse).

“The flow stress ratio represents the ratio of flow stress in triaxial tension to the flow stress in triaxial compression

Table 2. Definition of notation

Vertical Horizontal Rotational
Load V, (preload) H M
Uniaxial
(unconsolidated) Vuu Huu Muy
undrained capacity
Normalized load Vo = Vp/Vw h = H/Hy, m = M/My,
Consolidated
undrained pure V, H M

cu

uniaxial capacity

cu

cu

Normalized
consolidated
undrained pure
uniaxial capacity

VCU = VCU /VUU

hCU = HCU/HUU

mcu = MCU/MUU
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Table 3. Stress and strength factor fsfsu for surface circular foundations for critical state interpretation

Loading
direction fofsu
\ 0.43
H 0.88
M 0.57

Table 4. Coefficients ad and Ba for defining the depth scaling factor fq for critical state interpretation, Eqn

17
Soil-skirt
interface Loading
roughness direction 0d,1 0d,2 Bd1 Ba,2
\ -1.32 1.1 1.34 -0.44
rough H -2.77 2.99 0.73 -0.38
M 0.4 -1.79 1.42 -1.18
\ -0.71 0.53 1.56 -2.23
smooth H -3.11 3.75 0.12 0.04
M 1.17 -3.12 0.43 0.21

Table 5. Non-dimensional time factor for 50% partial consolidation settlement, Tsos

rough smooth
d/D interface | interface
0.1 0.28 0.28
0.25 0.34 0.32
0.5 0.4 0.35

Table 6. Fitting coefficient mi, where i =V, H, or M, for determining the gain in capacity following partial

consolidation for rough and smooth skirted circular foundations

my 0.8
My 1.2
Mm 1.2
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Table 7. Fitting parameters for approximating expression for unconsolidated undrained failure envelope

for skirted circular foundations with rough soil-skirt interface.

o B
d/D
Ksu 0 0.1 0.25 0.5 0 0.1 0.25 0.5
0 1.63 1.89 2.10 1.83 -0.05 -0.16 -0.44 -0.66
6 2.00 1.70 2.15 1.96 0.06 0.08 -0.22 -0.53
20 2.46 1.66 2.10 2.04 -0.01 0.27 -0.11 -0.49
60 2.89 1.75 2.10 2.03 0.13 0.40 -0.07 -0.46
100 3.12 1.76 211 2.03 0.13 0.44 -0.07 -0.46

Table 8. Fitting parameters for approximating expression for unconsolidated undrained failure envelope

for skirted circular foundations with smooth soil-skirt interface.

o p
d/D
Ksu 0 0.1 0.25 0.5 0 0.1 0.25 0.5
0 1.63 1.94 1.97 1.73 -0.05 -0.01 -0.26 -0.58
6 2.00 1.65 211 1.76 0.06 0.26 0.01 -0.42
20 2.46 1.66 2.16 1.94 -0.01 0.40 0.13 -0.33
60 2.89 1.76 2.11 1.93 0.13 0.53 0.20 -0.30
100 3.12 1.82 2.29 1.94 0.13 0.56 0.18 -0.30

Table 9. Values of h,, /h, for vertical load mobilisation 0 < Vy/Vuy

foundations with rough and smooth soil-skirt interface roughness

rough soil-skirt interface

smooth soil-skirt interface

Ksu Ksu
d/D 0 6 20 60 100 0 6 20 60 100
0 1 1 1 1 1 1 1 1 1 1
0.1 1 1 1 -1.07 | -1.1 1 1 -1.09 | -1.19 | -1.22
0.25 | 1.11 | 1.03 | 1.01 1 1 102 1 1 1 1
05 (137|117 {115) 113 | 112 | 117 |10 101 | 1.01 | 101

< 1 for skirted circular
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Table 10. Summary of proposed procedure.

Activity

Reference

Step 1

Calculate uniaxial unconsolidated undrained capacities, Vu,,
Huw and My, for particular foundation geometry and shear
strength soil profile.

Vulpe, 2015

Step 2

Calculate normalised preload vp = Vp/Vyu.

Step 3

Calculate the normalised consolidated undrained pure
uniaxial capacities Ve, hew and mg, for the particular
foundation geometry, relative preload and interface
roughness.

Equations 13 - 17 and Table 3 and
Table 4

Step 4

Calculate the normalised loads h and m for the selected
foundation geometry and desired H and M loads.

Step 5

Calculate the normalised loads h* and m* for the selected
foundation geometry and level of vertical preload Vp/Vy..

Equation 21

Step 6

Plot normalised unconsolidated undrained VHM failure
envelope from approximating expression in h/h* and m/m*
space for the desired Vp/Vy, d/D, soil heterogeneity and

soil-skirt interface roughness.

Vulpe, 2015

Step 7

Plot the VHM failure envelope for the fully consolidated
undrained condition by scaling the normalised undrained
unconsolidated curve by the normalised consolidated

uniaxial capacities, h,, and M, , determined in Step 3.

Step 8

Calculate heyp and meyp for the desired consolidation time
and for the particular foundation geometry and interface
roughness. Scale the fully consolidated failure envelope
(from Step 7) by heyp/ hewand mey p/ mey factors.

Equations 18 and 19 and Table 5
and Table 6
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665  Figure 1. Example of finite element mesh (d/D = 0.50)

666

667 Figure 2. Foundation geometry, reference point and soil shear strength profile

668
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669 Figure 3. Effect of embedment on the initial excess pore pressure distribution beneath the base plate
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670 Figure 4. Effect of embedment on the initial excess pore pressure ratio underneath the base plate at the

671  centreline
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673 Figure 5. Effect of preload and interface roughness on the foundation time-settlement response, example

674  shown for d/D = 0.25
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676 Figure 6. Effect of embedment ratio on foundation time-settlement response at the centreline of skirted

677  circular foundations with rough soil-skirt interface
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Figure 7. Effect of relative preload on gains in undrained shear strength after full primary consolidation,

example for foundations with rough interface. Contours of final to in situ undrained strength, suf/Sui =

1.2, 1.4 etc
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Figure 8. Effect of soil-skirt interface roughness on gains in undrained shear strength after full primary

consolidation, examples for relative preload Vp/Vuu = 0.7.
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Figure 9. Normalised gain in undrained uniaxial vertical capacity after vertical preloading and full primary
consolidation for (a) rough interface and (b) smooth interface. Theoretical prediction using Equation 16 also
shown.
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Figure 10. Normalised gain in undrained uniaxial horizontal capacity after vertical preloading and full primary
consolidation for (a) rough interface and (b) smooth interface. Theoretical prediction using Equation 16 also
shown.
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Figure 11. Normalised gain in undrained uniaxial vertical capacity after moment preloading and full primary
consolidation for (a) rough interface and (b) smooth interface. Theoretical prediction using Equation 16 also
shown.
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691 Rough interface Smooth interface

692 Figure 12. Failure mechanisms under pure vertical, horizontal and moment loading following preloading
693 and consolidation of skirted circular foundations with embedment ratio d/D = 0.5 for the discrete level of

694  preload Vp/Vuwu =0.7

695
696
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697 Figure 13. Stress paths at the centreline of the foundation (d/D = 0) during loading and consolidation: a)

698  p'-qspace; b) e-In(p’) space
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700 Figure 14. Normalised consolidated undrained uniaxial capacity after partial consolidation as a fraction

701 of the normalised consolidated undrained uniaxial capacity after full primary consolidation for smooth

702  skirted foundations.
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708 Figure 16. Normalised consolidated undrained envelope after full primary consolidation under varying

709 preload levels compared to curve fits for; a), ¢), rough interface; and b), d) smooth interface.
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712 Figure 17. Normalised consolidated undrained envelope after partial consolidation under varying preload levels

713  compared to curve fits for; a), ¢) rough interface; and b), d) smooth interface.
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