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An analytical solution for the undrained horizontal-torsional resistance of

mudmats

X. Feng?, M.F. Randolph! and S. Gourvenec!

ABSTRACT

Rectangular mudmat foundations are frequently used for supporting subsea structures for
offshore oil and gas developments. The self-weight of the subsea structure and mudmat often
mobilise a relatively small proportion of the vertical bearing capacity and horizontal-torsional
sliding generally represents the governing load case. However, the effect of torsion on mudmat
capacity is not explicitly considered in current guidelines for geotechnical design of offshore
foundations. In this paper, upper bound plastic limit analysis is used to develop explicit
expressions for the combined horizontal and torsional capacity of skirted mudmats. The results
of the limit analyses are compared with results from finite element analysis, and with other
published solutions. A method is proposed for estimating the translational sliding resistance
from the interaction diagram for biaxial horizontal loading and a unique expression is proposed
to define the normalised H-T failure envelope. The effect of foundation aspect ratio, foundation
embedment ratio, skirt-soil interface roughness, direction of horizontal loading and degree of

soil strength heterogeneity are investigated systematically.

KEYWORDS

footings/foundations; bearing capacity; clays; failure; offshore engineering; torsion
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INTRODUCTION

Mudmat foundations are employed extensively to support subsea infrastructure, such as
manifolds, pipeline end terminations and in line structures. Mudmat foundations for subsea
infrastructure are typically square or rectangular in plan and consist of a top cap and an
arrangement of peripheral and internal skirts. The external loads transmitted to subsea mudmats
are often in six degrees-of-freedom. In addition to the self-weight of the foundation and
supported structure, thermal expansion and contraction of the pipelines and jumpers, which
connect to the foundations at vertical and bi-axial horizontal eccentricity, lead to significant
horizontal load (H), moment (M) and torsion (T). The vertical load mobilisation is generally
small, and the dominant loads are typically the resultant H (acting at an angle to the foundation
sides) and the induced torsion. This contrasts with platform foundations, where higher vertical
load mobilisation acts in combination with horizontal load and overturning moment. Even
though horizontal-torsional sliding may often represent the governing load case in practice, the
detrimental effect of torsion on the horizontal capacity is not explicitly described in current
offshore guidelines for shallow foundations (e.g. API, 2011; ISO, 2003). The effect of torsion
on horizontal capacity was considered by Finnie and Morgan (2004) on the basis of an
artificially reduced strength at foundation sliding level. More recently, a “failure envelope’
approach was used to assess the combined H-T loading capacity of subsea foundations
considering intact contact between the external skirt walls and the soil (e.g. Murff et al., 2010;
Nouri et al., 2014). A general ellipse for describing the H-T failure envelopes was proposed by
Nouri et al. (2014), but the exponents were not explicitly defined as a function of foundation
and soil conditions. Furthermore, a “‘gap’ along the vertical skirt-soil interface, with water being
sucked in once the normal effective stress reduces to zero, may be initiated by the significant
torsion, horizontal load, overturning moment, or scour, which may jeopardise foundation
capacity (Acosta-Martinez et al., 2010; Mana et al., 2013).

In this paper, the horizontal-torsional capacity of mudmat foundations is investigated by upper
bound plastic limit analysis (PLA) and finite element analysis (FEA). The advances of the
current work over previous published work (Murff el al. 2010; Nouri et al., 2014) are the
proposed general expressions that fully define the failure envelopes for translational sliding and
torsional sliding and quantify the complex effects of foundation aspect ratio and embedment
ratio, skirt roughness, direction of horizontal loading, soil strength heterogeneity and gapping
adjacent to the mudmat skirts. The expressions developed enable initial design calculations for
subsea mudmats subjected to any combination of coplanar translation and torsion, avoiding ad

hoc PLA to define the interaction diagrams for a specific project.
3
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BOUNDARY VALUE PROBLEM

The boundary value problem considered in this study is undrained failure of a rectangular
mudmat with width-to-length ratios B/L of 0.5, 0.75 and 1, and skirt embedment ratios of d/B
=0.05, 0.1 and 0.2. The shear strength of the soil was modelled as either uniform with depth or
increasing linearly with depth according to sy = kz, where k is the shear strength gradient with
depth, z. For this particular problem, the critical shear strengths are those at skirt tip level, suo,
and the average value over the depth of the skirts, suavg. The shear strength profiles considered
cover a range for syavg/Suo Of 0.5 to 1. Full skirt-soil contact and gapping along the active edges

of the foundation skirt are considered.

PLASTIC LIMIT ANALYSIS

Upper bound plastic limit analysis was carried out to provide estimates of the horizontal-
torsional resistance independently from the results of FEA. The approach requires a
kinematically admissible mechanism for which work done by external forces is equated to the
internal plastic work. The unknown force is evaluated and subsequently minimized with respect

to parameters defining the mechanism geometry.
Soil failure mechanisms

The kinematically admissible mechanism for purely translational sliding under biaxial
horizontal loading, or Hx-Hy loading, is shown in Figure 1, including shear failure across the
foundation base, passive bearing failure of soil against the leading edges (wedges indicated by
solid lines) and active bearing failure of soil against the trailing edges, if activated (wedges
indicated by dashed lines). The form of the deformation mechanism is an extension of that used
for strip foundations (Bransby & Randolph, 1999). The kinematic mechanism under H-T
loading is built on that proposed by Murff et al. (2010), but with a gap allowed along the active
(trailing) edge skirts. The distributions of passive and active failure vary with the location of
the rotation centre, (Xc, Yc) with a general failure mechanism shown in Figure 2 where the centre
of rotation falls within the foundation footprint. If the rotation centre falls outside the footprint,
passive or active wedges may run along the entire length of particular sides. The difference
from translational sliding is that the shear failure is torsional and the soil wedges are continually
deforming regions. The horizontal displacement, u will vary along the wedges (shown in Figure

1), resulting in internal shear.
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Gapping

Geometrically similar wedges are assumed to form along the passive and active zones of an
embedded foundation in soil with sufficiently low shear strength ratio sy avg/y'd, where y' is the
effective unit weight of the soil, and d is the skirt depth. For shear strength ratios above a critical
value, a gap may develop with detachment of the skirt from the soil in the active zones. In this
case, the mechanism will involve only the passive wedges. The upper bound estimate of the
shear strength ratio necessary for stability of an unsupported plane strain soil wedge is

Su,avg
4 > 0.25 (1)

!

Y

with Sy avg being the undrained shear strength at skirt mid-depth. This is within 6% of the best
‘exact’ plane strain solution of 0.27 (Martin, 2011). The stability ratio for plane strain compares
with that for unsupported axisymmetric excavations in soft clay of 0.25 and 0.18, for excavation
depth to diameter ratios of 0.1 and 0.5 (Britto & Kusakabe, 1982). A gap is unlikely to be
initiated in a deposit with a shear strength ratio less than this value since the soil strength will

be insufficient to support the exposed face of the gap.

FINITE ELEMENT ANALYSIS
Geometry and soil model
The ABAQUS 6.11 finite element package was used for all analyses.

The soil was modelled as linear elastic, perfectly plastic obeying a Tresca failure criterion. The
elastic properties were defined by undrained Young’s modulus E = 1000s, and Poisson’s ratio
of v = 0.49 (i.e. almost incompressible). The meshes extended 3B from the edges of the
foundation and 3B beneath the level of pile skirt tips, with horizontally constrained nodes at the
sides, and fully constrained nodes at the base. A half view of the fully three-dimensional FE
mesh is shown in Figure 3 for the case of d/B = 0.1, B/L = 0.5. The full mesh comprised 82,100
8-node, brick hybrid elements, with a particularly thin layer of elements (= 0.3%B thick)
immediately beneath the foundation base level and concentrated in the region of soil adjacent
to the foundation edge (= 0.4%B thick) to assist with translational and torsional sliding

mechanisms.

The mudmat was modelled as a perfect rigid body, with the load reference point taken as the

centroid of the top cap, which aligns with the mudline. The underside of the mudmat was fully

5
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bonded with the subsoil. Two different interfaces between the side surface of the mudmat and
the soil were considered (i) rough side (R) with no separation from the soil, i.e. fully bonded;
(it) smooth side (S) allowing for detachment from the soil, i.e. enabling initiation of, but not

prescribing, a gap behind the trailing (active) skirts.
Probing failure envelopes

This study focuses on failure envelopes arising from interaction of the horizontal and torsional
loading in the absence of other loads. The mudmat is permitted to translate in the vertical
direction and rotate about a horizontal axis (i.e. in a vertical plane) while the probe tests are
being performed in the FEA. Load-controlled fixed-ratio probe tests with different
combinations of horizontal load and torsion were mainly employed to detect the failure
envelopes, offering straightforward comparison with results of PLA. The loading path from a
load-controlled probe terminates when it reaches the H-T failure envelope, indicated by failing
the convergence check. Very small load increments are necessary for a load-controlled probe
as failure is approached in order not to overshoot the failure envelope. Displacement-controlled
fixed-ratio probes tests were also adopted, providing independent checks of the failure

envelopes obtained from load-controlled probe tests.

RESULTS
Pure horizontal capacity

Under pure horizontal load parallel to one of the sides, the direction of motion of mudmat
sliding 6y is identical with that of the load, 6. Only soil wedges along the long sides of the
mudmat normal to the horizontal load are activated. The plastic work on the displacement
discontinuities and due to potential energy changes can be determined from Table 1 and
equation (8) (presented later) by substituting 6, = 0 for H applied parallel to the short side of
the foundation, B, or 6y = n/2 for H applied parallel to the long side of the foundation, L. By
equating the external work input to the internal work, the ultimate horizontal loads can be

expressed as:

qult d
=1+N_ —
As, "B (22)
H d
yult
M 14N, = 2b
As,, YL (20)
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Where
! S 4s
N px — L + 6a‘skirt(tanﬁ + Ej + (2 - 6) Y d - + 6 9 o -1 (33—)
sinf3 cosP L 2S04 ) S 3SINBL s,
! S 4s
Ny, = .Lwaski{tanmﬁ}(z—s) 74 P, O _GfBuen _y)  (3p)
sinf cosP B 25,9 ) Swo 3SINB B s,

where askirt = SKirt friction ratio, i.e. the ratio of the limiting shear stress along the skirts to the
soil undrained shear strength, 6 = 1 or 2 for a one- or two-sided mechanism respectively. In
general, one-sided mechanism pertains to formation of gaps and two-sided to absence of
gapping. For an infinitely long strip foundation, i.e. B/L = 0, the equation simplifies to the

solution given by Bransby & Randolph (1999).

For a smooth rectangular foundation (askit = 0) embedded in uniform soil (Suavg/Suo = 1) and

allowing for gaps (6 = 1), equation (3) reduces to

1 1 d yd

= + —+
P sinBcosp  sinB L 2s,,., (42)

_ 1 N 1d N y'd m
P sinBcosp sinBB  2s,,, (4b)

For a rough rectangular foundation (askirt = 1) embedded in normally consolidated soil (Su,avg/Suo
= 0.5), assuming a two-sided failure mechanism is applicable (6 = 2), and equation (3) reduces

to

+tan[3+B 2

d

= — 4 —_
P sinp cosP L 3sinfL (52)
——+tanB+£+ 2 _d 5b
¥ sinp cosp B 3sinp B (5b)

The values of B for the optimised solutions are summarised in Table 2 for a rectangular (B/L =
0.5) and square foundations under the corresponding boundary conditions specified in
equations (4) and (5). Given that the value of 3 is practically 45° for the oskirt = 0, Suavg/Suo = 1

case and 35° for the askirt = 1, Suavg/Suo = 0.5 case for all aspect ratios, equation (4) yields
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d y'd
N, =2 +1.41E+ 25, (6a)
d v'd
N,, =2+141—+ 25,0 (6b)
and equation (5) gives
N, =2.83+E+1.169 (78)
L L
L d
pr :2.83+E+1.16E (7b)

For an embedded foundation, the horizontal capacity consists of base shearing resistance and
the additional resistance provided by the peripheral skirts, as indicated by equation (2). The
horizontal capacities along the x- and y-axis derived by PLA for foundations with B/L of 0.5
are presented in Figure 4 together with the results of FEA for the prescribed conditions adopted
for equations (4) and (5). The base shearing resistance derived from the FEA was approximately
5% higher than the theoretical solution of unity due to shearing across the finite thickness layer
of elements beneath the foundation in the FEA rather than shearing across an infinitesimally
thin plane in the PLA. However, the discrepancy in overall resistance reduces as the skirt depth

increases, due to slight over prediction using PLA of the resistances in the wedges.
Pure torsional capacity

The failure mechanism under pure torsion is as shown in Figure 2, with the rotation centre
located at the origin, i.e. Xc = yc = 0. For an optimised solution, the failure mechanism needs to
be symmetrical, i.e. B1 = B3 and B2 = B4, where B1, B2, B3 and P4 are the slope angles of the soil
wedges. The torsional solutions derived by PLA for foundations with B/L of 0.5 are presented
in Figure 5 together with the results of FEA for the same boundary conditions considered for
calculating the horizontal capacities (shown in Figure 3). The torsional base shearing resistance
obtained from FEA is 8% higher than the theoretical solution derived by Murff et al. (2010) for
a surface foundation (to = Tur/ALsuw = 0.30), again due to shearing across a finite thickness

layer at tip level.
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Translational sliding under combined biaxial horizontal load

The resultant horizontal load transmitted to subsea mudmats from attached pipelines and
jumpers acts at an angle from the short or the long side of the foundation. The horizontal
capacity in a given loading direction can be determined from failure envelopes in the Hx-Hy
loading plane. For a given angle of resultant horizontal load, 6 = tan}(Hy/Hy), the kinematic
mechanism shown in Figure 1, with associated plastic work, was used to give a prediction of
the unknown load. Thus for Hx the work equation is

H, (cos0, +tand-sind, Ju=> AW - AW (8)

where AW = the total plastic work on the displacement discontinuities. W, is the work done

by the self-weight of soil, given by

12

AW, = (8- 2)”’;I (Lcoso, + Bsino, u (9)

The plastic work contributions AW on the displacement discontinuities are summarised in Table
1. The minimum upper bound value of the unknown load was obtained by optimising the
variables B1, B2 and 6y. The two-sided failure mechanism should be symmetrical giving Bz = B1
and PB4 = B2. The Hx-Hy failure envelopes derived from the PLA are compared to those from the
FEA in Figure 6. The contours of the equivalent plastic strain obtained from FEA presented in
Figure 7a and b correspond to the points A and B in Figure 6 for the cases when the horizontal
load is applied in the direction of 6 = 45°, and show the one- and two-sided soil failure
mechanisms adjacent to the mudmats, reflecting the assumed mechanisms in Figure 1 for the
PLA. The PLA and FEA solutions generally agree well; the PLA results fall slightly under the
FEA results with the difference mainly arising from the over-prediction of the mobilised base
shear resistance due to shearing in a finite thickness layer of elements in the FEA (as described

above for pure horizontal sliding capacity).

For a surface foundation, the optimised horizontal capacity is achieved when the direction of
motion of foundation sliding is identical to that of the horizontal load, 6, = 6. Ultimately, a

circle is obtained to represent the failure envelope, expressed as

H 2 H 2
As As
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This reflects the basal sliding resistance of an embedded foundation being equal to the product

of base area and soil shear strength at foundation level, irrespective of the loading direction.

Figure 8 shows the failure load for a given direction of motion of slide for embedded
foundations. By assuming a direction of motion 0y, the two components of the failure load can

be expressed as
H, = As,cos0, + AH, (11a)
H, = Assind, + AH, (11b)

where AHx and AHy are the additional capacity provided by the skirts along the short side and
long side of the foundation, respectively. Therefore, the failure envelopes for basal sliding of

the embedded foundations can be expressed as

2 2

_ H, - AH

AT L Y e i (12)
As As

The Hx-Hy failure envelopes can then be determined after the interaction diagram for AHx-AHy
loading is established for given direction of motion 6y. For foundations with smooth skirts, the
interaction between the components of the additional capacity provided along the short side and
long side of the foundation is insignificant and independent of the direction of motion 6y (Figure
9a), i.e. AHx = AHxut = NpxdLSuo, AHy = AHyut = NpydBsuo, where AHxut and AHyyrt are the
ultimate additional capacities along the x- and y-axes, which can be determined
straightforwardly using the skirt bearing capacity factor given by equation (3). Therefore, the

value of 0' (see Figure 8) is determined as
0'= tal'l-l(AHy/AHx) = tan-l(prB/prL) (13)

The corresponding Hx-Hy failure envelope can then be determined straightforwardly by using
equations (3) and (10). The interaction becomes more evident for the case of rough skirts
(Figure 9b) because of the resistance contribution induced by the interface shearing between
the skirt and adjacent soil. However, the failure loads on the normalised AHx-AHy plot for the
case of rough skirts were found to be independent of the foundation embedment and soil
strength heterogeneity, as shown in Figure 10. A unique elliptical expression was proposed for
predicting the interaction between the two components of the additional capacity provided by
the skirts.

10
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2.3 2.3
_ Ah, —(1-
(%J J{%} =1 (£ <Ah, Sl;l-(,‘SAhy <1) (14)

where Ahx and Ahy are the normalised additional capacity, defined respectively as Ahx =
AHx/AHxuit and Ahy = AHy/AHyui. The effect of the aspect ratio, B/L, typically 0.5 to unity in
field conditions, on the shape of the normalised AHx-AHy failure envelopes is considered by a

parameter &, given by

£-07-022 (15)
L
The Hx-Hy failure envelopes for embedded foundations consist of three zones as shown in
Figure 11. Zone 2 corresponds to the soil failure mechanism presented in Figure 1 and
dominates the whole failure envelope. The very small segments of Zone 1land Zone 3 indicate
that the foundation translates along x- and y-axis, respectively. The parameter & defines the
position of transition of soil failure mechanisms from Zone 1 to Zone 2 then Zone 3 as the

direction of horizontal load 0 increases from 0° to 90°.

The additional capacity of AHx and AHy can then be solved on the AHx-AHy plot for a given
angle 6', which is a function of the direction of sliding 6, and foundation aspect ratio B/L (Figure

12), expressed as

0= O.BG[GU +%j+ 0.15 (16)

The intercepts at the vertical axes on the plots shown in Figure 12 are the values of 0' at the
transition of failure mechanisms from Zone 1 to Zone 2.

To this stage, the general ellipse of the Hx-Hy failure envelopes for embedded mudmat
foundations can be established following the procedure presented in Table 3 based on the
interaction diagram in Figure 8. For practical use, the shape of Hx-Hy failure envelopes can be

explicitly described by

q r
H
[ H, j 4 —L | =1 (17)
qult |_|yult

The shape of failure envelope is insensitive to the foundation aspect ratio and skirt roughness.

The exponents of g and r can be determined by

11
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S (18a)
q=2+ 2(4ﬂ—1]9
uo B
18b
r=2+ 6g (18b)
B

The quality of the curve fitting is shown in Figure 13 and Figure 14 for mudmats with rough

skirts and smooth skirts, respectively.
Torsional sliding under combined horizontal-torsional load

For a prescribed loading path, T/H = e, in the H-T loading plane, the kinematic mechanism
(Figure 2) with associated plastic work was used to give a prediction of the unknown load, e.g.

H, at failure by optimising the unknown variables Xc, Yc, B1, B2, B3 and Ba.

The work equation is
Hcost -y, 0+ Hsind - X0+ T- o =X AW — AW,; (19)

where AW = total plastic work, as documented in Table 4. The integration limits and the
distribution of activated active and passive soil wedges vary for different locations of the
rotation centre, and for different prescribed conditions. W, is the work done by the self-weight

of soil wedges, given by (see derivation in Appendix A):

Min(L + 2y, 2L )Max(L + 2y,4y. )+ Min(B + 2x¢,2B)Max(B + 2x ,4x¢ )+

y'd? }D
[Max(L — 2y ,0)]* + [Max(B — 2x,0)]? (20)

AW, = (8- Z)T{

Figure 15 compares the H-T failure envelopes derived from PLA and FEA, with the discrepancy
generally less than 6%. The contours the equivalent plastic strain at points C and D on Figure
15 for given load path of T/(BH) = 1 are shown respectively in Figure 16a and b for the one-
and two-sided soil failure mechanisms, validating the assumption adopted in Figure 2 for the
PLA. Figure 17 presents examples of normalised H-T failure envelopes for foundations with
B/L of 0.5. The shape of the failure envelopes is independent of skirt roughness, regardless of
the angle of horizontal load. Figure 17 also shows that the effect of foundation embedment is
insignificant for the case of 6 = 0°, i.e. H parallel to B, but becomes more pronounced for the
case of 6 =90°, i.e. H parallel to L, and d/B = 0.2. The normalised H-T failure envelopes are
insensitive to the degree of soil strength heterogeneity, as shown in Figure 18. Therefore, the

angle of the horizontal load and foundation aspect ratio are the principal influencing factors on
12
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the shape of the failure envelopes, as depicted in Figure 19. The shape of the normalised H-T
failure envelope can be described by the elliptical expression proposed by Finnie and Morgan
(2004)

H m T n
HuIt Tult

where Huri is the ultimate horizontal capacity in the resultant direction of the horizontal loading,

(21)

which can be determined from the Hx-Hy failure envelopes using the procedure described in the
section ‘Translational sliding under combined biaxial horizontal load’. The exponents of m and
n are a function of the foundation aspect ratio, B/L and the angle of the horizontal load, 6. The

exponents may be expressed as

a0 T
m=0.7J{E 0.53[1 n) +(Ej 033[1 nj (228)
L L
a0
n = 2.12tanh 0.78[%)“2(l 2 +0.41 (22b)

Figure 19 shows the normalised H-T failure envelopes for varying angles of horizontal load 6
= 0°, 45° and 90°, and for foundations with aspect ratio of B/L = 0.5, 0.75 and 1.0, with
predictions using equations (21) and (22). The values of m and n approach 1.75 for square
foundations, as proposed by Finnie & Morgan (2004) for circular foundations, irrespective the

angle of horizontal loading.

COMPARISON WITH PREVIOUS SOLUTIONS

The H-T failure envelopes for a rectangular mudmat with rough skirts derived from the current
PLA are compared in Figure 20 with the solutions from Murff et al. (2010) for B/L = 0.5, d/B
= 0.1, sw/Suavyg = 1, Suavg/y'd = 1.67 (y'd/swo =0.6) and loading angles of 45 and 67.5°.
Comparisons with solutions from Nouri et al. (2014) were made for rectangular and square
mudmats with very shallow skirts and angles of horizontal loading of 6 = 0° or 90°. Close
agreement with the previous solutions presented is achieved for the intact contact condition,
where no gap occurs adjacent to the “active’ regions of the skirt. Figure 20 also shows the H-T
interaction diagram including loss of contact due to the presence of a gap. The capacity is

reduced by approximately 17% for pure horizontal loading and 22% for pure torsional loading

13
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compared with the case for no gap presented in Murff et al. (2010). Significant reduction in
horizontal and torsional was also evident due to the presence of the gap for the cases
investigated by Nouri et al. (2014). The failure envelopes predicted from equations (21) and
(22) are plotted in Figure 20 together with the PLA results, confirming the accuracy of the
proposed expressions in determining the failure envelopes for cases of arbitrary angles of the

resultant horizontal load.

CONCLUSIONS

The response of skirted rectangular foundations to biaxial horizontal loading and combined
horizontal-torsional loading was investigated by plasticity limit analyses and the results were
compared with finite element analyses. An approach, based on the interactions between the
base shearing and skirt bearing failure, is proposed to determine the ultimate translational
resistance under biaxial horizontal load. For combined H-T loading, a general expression is
presented for predicting the normalised failure envelopes. The shape of the normalised H-T
failure envelope is affected by foundation aspect ratio and angle of horizontal loading, but
insensitive to skirt roughness and soil strength heterogeneity. The effect of foundation
embedment becomes significant when the horizontal load is applied parallel to the long edge of

rectangular foundations.

The proposed procedure for determining the failure envelopes enable an automated design tool

to assess the translational and torsional sliding of mudmats.
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362 NOTATTION

A bearing area of mudmat
B width of mudmat
d skirt depth
Hy horizontal load along the x-axis
Hxult ultimate horizontal capacity along the x-axis
Hy horizontal load along the y-axis
Hyuit ultimate horizontal capacity along the y-axis
k shear strength gradient
L length of mudmat
m, n exponents for the general ellipse for the normalised H-T failure envelopes
Npx skirt bearing capacity factor in x-direction
Npy skirt bearing capacity factor in y-direction
Su undrained shear strength of soil
Su,avg average undrained shear strength of soil over the depth of the skirts
Suo undrained shear strength of soil at skirt tip level
T torsion
Turt ultimate torisonal capacity
Wyn work done by the self-weight of soil for translational sliding
Wyt work done by the self-weight of soil for torsional sliding
Xc x-coordinate of the rotation centre in the upper bound mechanisms
Ye y-coordinate of the rotation centre in the upper bound mechanisms
Olskirt skirt friction ratio
B1, B2, B3, Pa slope angles of the soil wedges in the upper bound mechanisms
Y effective unit weight of the soil
d number of sides to upper bound mechanism
AHyx additional capacity along the x-axis
AHy additional capacity along the y-axis
AHxutt ultimate additional capacity along the x-axis
AHyuit ultimate additional capacity along the y-axis
AW plastic work at discontinuities and deforming regions
0 angle of resultant horizontal load from the x-axis
0' angle of resultant additional horizontal capacity from the x-axis
Ou direction of motion for translational sliding
€ a parameter for the interaction between AHx and AHy.
363
364 APPENDIX A DERIVATION OF THE WORK DONE BY SELF-WEIGHT OF SOIL
365 WEDGES UNDER COMBINED H-T LOADING
366  The derivation of the work done by the self-weight of the soil wedge W1 shown in Figure 2 is
367  demonstrated as below.
368  The self-weight of the slice of soil shown in Figure 1b is
’ ' 1 2
369 Aw:yA\/:yEd cotp, -dy Al
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where AV is the volume of the slice of the soil.

The magnitude of the vertical displacement is

u, = u tanp, = o(y, - y)tanp, A2
If the centre of rotation falls within the foundation footprint, the integration limit is (-L/2, yc).

Otherwise, the soil wedge W1 runs along the entire length of long edge of the foundation and
the integration limit becomes (-L/2, L/2).

Therefore, the work done by self-weight of soil wedge W4 is integrated as

142

in in d
AW, = (3-201 P, v = (- 2Py, -y anp, L3 -cotp, <y

_(B-2pyd® 1 v
= > wz(y y.)

(3-2)y'd? A
o) = B Min(L+ 2y, 2L Max(L + 2y, 4y, Jo

The work done by the self-weight of the soil wedges of W2, W3 and W4 can be calculated in the

same manner as W1. Equation (16) is then obtained by summing them together.
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Table 1 Plastic work for combined Hx-Hy loading

Discontinuities

Plastic work

Foundation
base

AW, = UAS

Ends of soil
wedges

N

AW,

e

cos0,,

sinB,

i 4s
N s!neu g gl
SinB, A Sy

Slopes of the
wedges

W

AW, = 28ud[

LcosO,

sin2p,

Bsin6,
+— Su avg
sin2p, )

Skirt walls

N

AW,, = <3uotskmd(L\/(coseutanﬁl)2 +sin0, + B\/(sineutanBZ)2 +¢0s20, jsu,avg

Table 2 Optimised solutions of the wedge angle for calculating the skirt bearing capacity

factor
Soil profile | K" Embedment ) gy =05 BIL =10
roughness ratio
X-axis y-axis X- and y- axis
d/B = 0.05 B=45.25° | p=45.49° | B =45.49°
Suavg/Suo=1; | askin =0 d/B =0.10 B=45.49° | B=45.96° | B =45.96°
d/B =0.20 B=45.96°| B=46.84° | B =46.84°
d/B =0.05 B=35.45°| B=35.63° | p=35.63°
Su,avg/SuO =0.5; | askit =1 d/B =0.10 B =35.63° B =35.98° B = 35.98°
d/B =0.20 B=135.98°| B=36.65° | p=36.65°
Table 3 Steps for determining the Hx-Hy failure envelopes for embedded rectangular
mudmats
Step | Mudmats with smooth skrits Mudmats with rough skrits

the basal sliding resistance by Asuocos6u and Asuesindy, respectively.

1 Assume a direction of foundation sliding 6y and calculate the x- and y- component of

AHyurt = NpydBsuo according to equation (3)

2 Calculate the ultimate additional capacity provided by the skirts AHxurt = NpxdLsuo and
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3 The additional capacity is independent
of the direction of foundation sliding.
Hence, AHyx = AHxurt and AHy = AHyuIt

Determine the value of 6' for given 6y using
equation (14). Substitute AHy/AHx = tan 0'
into equation (12) and solve the unknowns

AHy and AHy.

4 Calculate the failure loads Hx and Hy on the failure envelopes for the embedded
foundations for given direction of sliding 0y using equation (9). The load angle of 0 is
then calculated as 6 = tan"}(Hy/Hy).

envelopes.

5 Vary the value of Oy and repeat steps 1 to 4 to constitute the whole Hx-Hy failure

Table 4 Plastic work for combined H-T loading (Figure 2)

Discontinuities and
deforming regions

Plastic work

Foundation base

AW, = os, .[-Bgz .[1—52 \/(X — X, )2 + (y Y. )2 dxdy

Ends of soil wedges

AWgq

1 wd?[4y; +3Max(L—2y,.0)]( 4Suavg Lk
12 SiﬂBl Suo uo

12 sinB,

w

u0

2 4
AW _ig)d [ 4xc+8Max(B+2Xc,O)][ su,avg _1jsu0

Aw. - L od?[4(8-1)y, +Max(L —2y,,0)]( 45, a 1k
e3 12 5in[33 Suo uo

AW - L od?[-4(3-1)x, + 5Max(B +2X,,0)]( 4Suag An
e4d T 12 SinBA Suo uo

Slopes of the
wedges

1 od[Max(L +2y, 4y, Min(L + 2y, ,2L)+ (8 - 1)L - 2y, Max(L - 2y, ,0)]s

Awsl = - u,avg
4 sin2p, '

_ 1 wd[Max(B-2x,,—4x, )Min(2B,B - 2x,) + (5 —1)(B + 2x, )Max(B + 2x,.,0)]
4 sin2p, vave

AW,

1 od[(L - 2y, )Max(L - 2y,,0)+ (3 - )Max(L + 2y, 4y, Min(L + 2y, 2L )]

AW, =
By sin2p, tavg

_ 1 od[(B+2x, )Max(B +2x,,0)+ (3 -1)Max(B - 2x,,~4x, )Min(B - 2, 2B)]

AW, S
sy sin2p, vave

Skirt walls

Z

Note: For

oda; .S
AW, :ﬁﬁ“'“ghﬂ/\(; +Z7 Y YZ+22 427 In((\/YZZ +22 +Y2)/(\/Y12 +22 +Y1))]
1

where Y, = (-L/2-y,)tang,; Y, =[(6-1)L/2 -y, )+ (2-8)min(L/2-y,,0)} Z=B/2-x,

_ odogs

W,, Tﬁw’[\(z\/vf +7% Y, [YE+ 22 +22|n((,/Y22 +22 +Y2)/(1/Y12 +2° +Y1))]
2

whereY, =[(6 1)~ B/2—-x_ )+ (2—8)Max(- B/2 - x,,0)}tanB,; Y, = (B/2 —x)tanB,;Z=L/2+vy,

A

odog,,S
AW,i5 :72;:;1;“ EKZ\/Y; +Z2 =Y Y2 2% +2° |n((\/\(22 +Z%4Y, )/(\/Yf +2° +Y1))]
3

whereY, =[(6-1f-L/2 -y, )+(2—-8)Min(L/2—-y,,0)}tanB,; Y, = (L/2 -y )tanB,;Z=B/2 + X,

19




425

426

An analytical solution for the undrained horizontal and torsional Feng/Randolph/Gourvenec

resistance of mudmats

August 2016

comparison with
FEA,6=11is
presumed only for
Olskirt = 0in PLA.

odolgy;,S
AW, :#ﬂ“’“gk\/\(ﬁ +2% Y Y227 422 |n((\/\(22 +2? +Y2)/(\/Y12 +22 +Yl))]
4

whereY, = (-B/2-x_)tanB,;Y, = [(6-1)B/2 - x, )+ (2—8)Max(-B/2—-x_,0)tan,;Z=L/2 +y,

Deforming regions

2 _5)Mi 4
Aw,, = L od [8L+(2. S)Mm(L,zyc)][ Su,avg _1}”0
12 sinBy

Suo
2 ~5)Min(B,~ 4
AW, = % wd’[8B+(2 'S)Mm(B, 2xc)][ Sy g _1jsu0
SInBZ SuO
2 (o _ : 4
AW, = 1 od’[5L (2_ S)Mln(L,Zyc)]( Suavg 1}%
12 sinp, Swo
2 (o _ . _ 4
AW, = L od [3B-(2 _5)Mm(B, 2xc)]( S _1}“0
12 sinf, Sw
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FIGURE CAPTIONS

Figure 1 Failure mechanism under biaxial horizontal load

Figure 2 Failure mechanisms under combined horizontal-torsional load

Figure 3 FE mesh for rectangular mudmats d/B = 0.1, B/L = 0.5

Figure 4 Pure horizontal sliding resistance

Figure 5 Pure torsional sliding resistance

Figure 6 Comparison of Hx-Hy failure envelopes obtained from PLA and FEA (B/L = 0.5)
Figure 7 Soil failure mechanisms obtained from FEA for biaxial horizontal loads

Figure 8 Interaction diagram for the biaxial horizontal loads

Figure 9 Interaction between the two components of the additional skirt bearing capacity
(B/L =0.5)

Figure 10 Normalised AHx-AHy failure envelopes for foundations with rough skirts
Figure 11 Zones and the point of transition defining the Hx-Hy failure envelopes
Figure 12 Interaction between the angle of foundation motion (6y) and loading angle (6")

Figure 13 Prediction of the normalised Hx-Hy failure envelopes for mudmats with rough
skirts

Figure 14 Prediction of the normalised Hx-Hy failure envelopes for mudmats with smooth
skirts

Figure 15 Comparison of H-T failure envelopes obtained from PLA and FEA (B/L =0.5)
Figure 16 Soil failure mechanisms obtained from FEA for horizontal and torsional load

Figure 17 Effect of skirt roughness and foundation embedment on normalised H-T failure
envelopes

Figure 18 Effect of soil shear strength profile on normalised H-T failure envelopes (6 = 90°)

Figure 19 Effect of foundation geometry and direction of horizontal loading on normalised
H-T failure envelopes

Figure 20 Comparisons between current PLA and proposed expressions with previous
solutions
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0.6 -

Torsionalresistance, to= Ty t/ALSyo
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Murff etal. (2010)
0.1 - 1: Sy avg/Suo = 1, S: allowing gap
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468  Figure 5 Pure torsional sliding resistance
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a) One-sided, Hy/Hx =1 (6 = 45°) b) Two-sided, Hy/Hx =1 (6 = 45°)

470  Figure 7 Soil failure mechanisms obtained from FEA for biaxial horizontal loads
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o
w
o
,
N
N

o
w

1 E
0.25 ——d/B =0.05; Sy avgf/Suo=1 0.8
02 —8—d/B=0.1; S ag/S0= 1
s @/B=0.2; Sy avgSu0= 1 0.6 - —4—d/B=0.05, syavg/Su0=1
o5 —8—d/B=0.1, Syavg/Su0=1

Additionalhorizontal load, AH,/Asyo
Additionalhorizontal load, AHy/As,o

04 —4—0/B=0.2, Syavg/Suo=1
o1 d/B=0.05, Sy avg/Suo= 0.5
02 1 d/B=0.1, Syavg/suo=05
005 - d/B=0.2, S avg/Su0=0.5
0 : : : : . - - 0 ' C
0 01 02 03 04 05 06 07 0 05 ! 1
Additionalhorizontal load, AH,/As,o Addionalhorizontalload, Att/Asuo

25



An analytical solution for the undrained horizontal and torsional Feng/Randolph/Gourvenec
resistance of mudmats August 2016

a) Suavg/Suo = 1, S: allowing gap b) Suavg/Suo = 0.5, R: no gap

473  Figure 9 Interaction between the two components of the additional skirt bearing capacity
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481  Figure 13 Comparison of H-T failure envelopes obtained from PLA and FEA (B/L = 0.5)
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a) One-sided, T/(BH) =1 (6 =0°)

b) Two-sided, T/(BH) = 1 (6 = 0°)

Figure 14 Soil failure mechanisms obtained from FEA for horizontal and torsional load
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486  Figure 16 Effect of soil shear strength profile on normalised H-T failure envelopes (6 = 90°)
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502  c¢) Comparison with Nouri et al. (2014): B/L = 1; d/B = 0.071(B/d = 14)

503 Figure 18 Comparisons between current PLA and proposed expressions with previous

504 solutions
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