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ABSTRACT: Anchors are widely employed to resist tensile loads from structures such as transmission towers, tall
chimneys, offshore structures, etc. Several factors, including soil properties, embedment depth, and the shape and size of the
anchor plate, influence the uplift response. Failure mechanism around the anchor plate can be categorized as shallow and
deep based on the embedment depth to plate diameter ratio. Many approaches based on different slip surfaces exist for
estimating the uplift capacity of shallow anchors; however, the prediction methods are limited in the case of deep anchors.
This study thus proposes an analytical solution to estimate the uplift resistance of deep anchors through a limit equilibrium
approach.

The ultimate uplift capacity of the anchor includes the uplift skin resistance of the shaft and the base plate and the
uplift bearing resistance of the plate. The magnitude of uplift skin resistance of the shaft and base plate will generally be
very small compared to the bearing resistance. Bearing resistance offered by the base of the anchor is predicted by assuming
a peach-shaped logarithmic spiral slip surface model. A small wedge of soil is considered inside the slip surface, with the
assumption that all external forces acting on this wedge are in a state of equilibrium. The predictability of this approach
depends on the initial radius of the logarithmic spiral considered and is correlated to the diameter of the base using an initial
radius factor. The proposed solution is found to be in good agreement with the published experimental results.
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1 INTRODUCTION characterized by localized shear around the anchor and
is unaffected by the soil surface location (Merifield,
2011; Tilak and Samadhiya, 2021). Recently, Hu et al.
(2023) provided a comprehensive review of critical
embedment depth ratios proposed by various authors,
as presented in Table 1. Several experimental studies
have been conducted on horizontal plate anchors.
These studies found that uplift capacity increases with
the increase in embedment depth, size of anchor plate,
number of plates, and soil density (Das and Seeley,
1975; llamparuthi et al., 2002; Liu et al., 2012; Tilak
and Samadhiya, 2021; Roy et al. 2021b; Hu et al.
2023).

Plate anchors have become increasingly popular in
offshore engineering due to their reliability, ease of
installation, and ability to resist significant uplift and
lateral forces. Offshore structures, such as floating
platforms, wind turbines, mooring systems, and subsea
pipelines, are constantly subjected to dynamic forces
from waves, currents, and wind. The anchors provide
passive resistance to the tensile loads by mobilizing
the surrounding soil volume enclosed by the plate
(Murray and Geddes, 1987). Depending on the loading
direction and the type of structure, plate anchors can

be 'lns.talled h.Ol‘lzonte.llly, vertically, - or ,at an Table 1. Critical embedment depth ratios (After Hu et al.
inclination. The installation procedure for a horizontal 553 ).

plate anchor involves excavating the ground to the Literature  Shallow Deep Relative
required depth, placing the anchor, and backfilling the anchor anchor density
soil (Merifield and Sloan, 2006). An anchor is Zhao etal. H/D,<4-6 loose
classified as shallow or deep based on the failure (2010) HID,<7-9 dense

mode, which is determined by the embedment depth -

. . . Mittal and
(H) to plate diameter (D,) ratio. In a shallow failure Mukherjee HID.< 6 HID.> 8
mode, the failure surface extends to the ground (2013) " "
surface, whereas in a deep failure mode, failure is
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HID,<2 loose
Zhang medium
<
(2014) HIDy=4 dense
HID,<5 dense
medium
Hao et al. HID,=6 dense
(2015) HID,>1.5 dense
. loose
Giampa et .
<
al. (2019) H/D,<5 nzledlum
ense
Tilak and medium
Samadhiya  H/D,<4-6 dense
(2021)

There are several theoretical approaches for
estimating the uplift capacity of anchors, each based
on different slip surface assumptions. Majer (1955)
proposed a vertical slip surface model, where the uplift
resistance was calculated as the sum of frictional
resistance along the slip surface and the weight of the
overlying soil. Later, Mors (1959) assumed a truncated
cone model, starting from the base plate and extending
to the surface; however, this model was found to
overpredict the capacity of deep anchors. Clemence
and Veesaert (1977) proposed a similar model, but for
anchors with H/D, > 5, the failure surface extended
only 2D, to 3D, from the base. Balla (1961) introduced
a simplified circular arc model, which was later
supported by Baker and Kondner (1966) for anchors
with H/D, < 6.

A limit equilibrium-based solution for predicting
the uplift capacity of pipelines and strip anchors was
proposed by White et al. (2008), assuming an inverted
trapezoidal failure block with shear planes inclined at
the angle of dilation. Their study was validated against
a dataset of 115 model tests on buried pipelines and
strip anchors at various embedment depths. Later,
experimental tests on pipes and strip plate anchors in
sand conducted by Zhuang et al. (2021) identified two
distinct failure mechanisms: a wedge-type (general
shear) failure and a flow-type (local shear) failure,
depending on the relative density and embedment
depth ratio. Their findings indicated that for strip
anchors in medium-dense sand, a flow-type failure
mechanism occurred at an embedment depth ratio
(H/Dp) of 7, while an HI/D, of 5 exhibited
characteristics of a transitional phase between the two
failure modes.

Roy et al. (2021a, 2021b) investigated the uplift
response of horizontal plate anchors in sand at shallow
depths (H/D, < 4) through numerical analyses using a
bounding surface plasticity model and experimental
studies via centrifuge tests. Furthermore, their study
proposed a modified limit equilibrium solution,

assuming a rigid block failure mechanism extending to
the soil surface, based on finite element (FE) results.
More recently, Kurniadi et al. (2025) examined the
pullout behavior of horizontal circular plate anchors in
sand (H/D, = 3) under varying drainage conditions
using ABAQUS. Their study found that for non-
dimensional uplift velocities (V) between 0.005 and
0.1, the soil remained in a fully drained state.
However, as V exceeded 0.1, both the anchor capacity
factor and negative excess pore pressure increased,
indicating a transition from drained to partially drained
conditions.

The peak uplift capacity (P) was commonly
correlated with a dimensionless breakout factor (Ny),
as defined in Eq. 1. Several empirical equations and
design charts have been developed for N, relating to
embedment depth ratios, based on experimental results
(White et al. 2008; Ilamparuthi et al., 2002; Liu et al.,
2012; Kurniadi et al. 2025).

P
NQf - y'GAH

)

where, y’s is the effective unit weight of soil, A is the
area of the anchor plate, and H is the embedment
depth.

Despite the availability of numerous theoretical
models for shallow anchors, predictive approaches for
deep circular anchors remain limited, emphasizing the
need for further research in this area. This study
presents a semi-analytical method to predict the uplift
capacity of deep horizontal circular plate anchors
using a limit equilibrium approach, incorporating a
logarithmic spiral slip surface model for derivation.
The proposed prediction method is further validated
through comparison with experimental results
available in the literature.

2 PROBLEM STATEMENT
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Figure 1. Problem statement.

Proceedings of the 5th ISFOG 2025



Prediction of Uplift Capacity of Deep Horizontal Circular Plate Anchors

Figure 1 shows the general schematic diagram of the
problem to be analyzed. The ultimate uplift capacity of
the anchor (P,) can be calculated using Eq. 2:

Pu=PSS+Pps+Ppb (2)

where, P is the uplift skin resistance of the shaft; P,g
is the uplift skin resistance of the plate; and Py, is the
uplift bearing resistance of the plate. The magnitudes
of P and P, are generally very small compared to
Ppp, and they can be estimated using conventional
methods for predicting skin friction.

Figure 2. Logarithmic-spiral slip surface model.

The prediction of bearing resistance is a little
complex. Previous studies on deep anchors have
identified a balloon-shaped failure surface confined
within the sand bed under uplift loading (Ilamparuthi
and Muthukrishnaiah, 1999; Ilamparuthi et al., 2002;
Tilak and Samadhiya, 2021; Hu et al. 2023). In this
study, bearing resistance is calculated by assuming a
peach-shaped logarithmic-spiral slip surface model
with a center at the middle of the plate and radius, r
(Eq. 3), as shown in Fig. 2.

r=reftand (3)

where, r, is the initial radius, @ is the angle between
the initial radius and line joining any point on the
logarithmic-spiral, and ¢ is the angle of internal
friction. Xu et al. (2009, 2012) utilized a similar failure
surface in their predictions of the uplift capacity of
enlarged base piles.
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3 PREDICTION OF UPLIFT BEARING
RESISTANCE

The limit equilibrium approach was employed to
derive the bearing resistance expression, based on the
assumption that the moment of all external force
components about point ‘O’ is zero. As discussed
earlier, deep anchors in cohesionless soil may develop
a failure surface resembling a log spiral, indicating an
inherent rotational tendency in the soil mass. To better
capture this behavior, moment equilibrium is
incorporated into the analysis. Additionally, this study
considers a failure mechanism in which shear stresses
are non-uniformly distributed along the failure surface.
Accounting for this variation through moment
equilibrium provides a more comprehensive
representation, as it may not be fully captured using
force equilibrium alone.

To estimate the bearing resistance, a small wedge-
shaped soil volume, defined by an angle Jp,
(ABDB’A") is considered (Fig. 2). The forces acting on
this wedged soil volume include, (a) shear resistance
along the anchor-soil interface; (b) forces along the
logarithmic spiral slip surface; and (c) the weight of
the soil within the wedged volume. Note that, all the
counterclockwise moments were considered positive
in the derivation.

3.1 Forces at Anchor-Soil Interfaces

Consider a section of the plate anchor within the
wedged volume, with the normal and shear forces
acting along the anchor-soil interfaces illustrated in
Fig. 3.

Now, the moment due to the forces acting at the
shaft-soil interface about ‘O’ is given by Eq. 4.

M, = —k,0,Aq, X (% + i) + (ac +

k,0,tan §)Ag,, X g 4)

where, a is the adhesion factor, c is the cohesion, &, is
the earth pressure coefficient at rest, o, is the vertical

stress at mid-depth of the anchor, and A, is the area of
dsp(21-t)

4 )-

Similarly, the moment caused by the forces at the
plate base-soil interface about point O is given by Eq.

5.

the shaft in the wedge (equal to

M, = (ac + k,0, tan §) A, X % S)

where, A,, is the area of the plate in the wedge (equal
o DBty
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Now, the moment due to the forces acting at the
bearing surface of the plate is (Eq. 6).

D
My = apAp,, X ?” + (ac + g, tan §) Ay, x%

(6)

where, o is the bearing stress, and Ay, is the area of

2_ 42
M). Therefore,

the total moment due to the forces at the anchor-soil
interface can be estimated using Eq. 7.

the bearing surface (equal to

M; = Mg+ M, + M, @)
Upon simplification, M; becomes (Eq. 8),

Ml — _kolfzvaﬂ [d(47”02€2”tan¢ _ tz) _

2d*tan§ (2r,e™ "¢ — t) — 4D, %t tan 5| +
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d?)t] + 2°£ 2D, + 3t tan 6](D,? — d?)
®)
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Figure 3. Forces at anchor-soil interface.

3.2 Forces at Logarithmic Spiral Slip Surface

Consider a small area BEE B’ (dA) on the logarithmic-
spiral slip surface (Fig. 4), where the stress state is
assumed to follow the Mohr-Coulomb yield criterion

(Eq. 9).
T, = C+o,tang )

where, o, is normal stress and 7, is shear stress. The
shear and normal forces acting on dA can be resolved
into two components: one along the radial direction
and the other perpendicular to it. The moment of all

forces acting on dA about point 'O’ is simplified and
expressed in Eq. 10.

dM, = —cdAcos¢p Xr (10)
Where, dA is given by (Eq. 11),
dA = r?sin@8pd0 )

cos ¢

Now, to obtain the total moment due to the forces
at the logarithmic-spiral slip surface, dM; is integrated
over the entire height of the wedge (ABEDE 'B’A") and
Eq. 10 becomes,

35ﬁ (e3ntan¢+1)

My =—cn, (1+9tan2¢)

12)

o,dAcosd + 1,dAsing

0 ’
¢uu1119 d =]

s

Figure 4. Forces at logarithmic spiral slip surface.

3.3  Weight of Soil in the Wedged Volume

The weight of the soil within the wedge was
determined by subtracting the combined weight of the
shaft and plate from the total weight of the volumetric
wedge (Eq. 13). The wedge was assumed to be fully
filled with soil and the weight of the shaft and plate
was determined by using the soil’s unit weight (y’s).
Weoir = Wswy — Weg — VVsp (13)
where, W;,i is the weight of soil in the wedged volume,
Wi is the total weight of the wedge, Wi, and W, are
the weight of the shaft and plate in the wedge,
respectively. Moment due to the weight of each
component is calculated by multiplying the respective
weight with their lever-arm distance about the point O.
To find the total weight of the wedge (Wi.),
consider a small volume (dv) of thickness dy,
FBEE'B'G (Fig. 4), and the weight of this small
volume (dW;,) can be calculated using Eq. 14.
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AWsy, = —]/'de (14)

where, dv is given by (Eq. 15).

r,3e39tan égin2g(sin 6 —tan ¢ cos 6) 5Bd6
2

dv =
(15)

Now, the moment due to this weight about 'O can
be estimated by Eq. 16.

Mg, = —y'sdv X 2 x (16)
Therefore, the moment due to the total weight of

the wedge (M) is obtained by integrating dM,, from
0 to m, as shown in Eq. 17.

_ y'sro4'5ﬂ(e4”tan ¢_1)
32 tan ¢(1+4tanZ¢)
(17)

’ 2
M, = —fonysdv XZx =

Similarly, the moments due to the weight of the
shaft (M) and the base plate (M) are given in Eq. 18
and Eq. 19, respectively.

y'sd38p(2r,e™ N ¢ —t)
48

Mgs = (18)
y'sD,3 8Bt
Msp = - ; 2 (19)
Using Eq. 13, the moment due to the weight of the
soil in the wedge (M3) can now be determined by Eq.
20.

Mz = M, — Mgs — Msp (20)
Upon substitution Eq. 20 becomes,
_ , roz}(ezm:tan ¢_1)
Mz = —y's6p [32 tan ¢(1+4tan2¢p)
3 mtan¢ _ 3
d3(2re t) M] @0
48 24

3.4 Moment Equilibrium Analysis (XM,=0)

As mentioned, the moment of the forces acting at the
wedged soil volume about the point "O” would be in
equilibrium, ie., M;+M,+M;=0. After
substituting and simplifying, the bearing stress (a3,) at
the base plate in the wedged volume is obtained as (Eq.
22a and Eq. 22b),
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op =
C{481703(93”“"“¢+1)—a(12m2fae”ta“¢—9m2n+15n)(1+9tan2¢) n

(2+3ntan §)(1-m2)(1+9tan?¢)
ko[lszazez’”a“¢—3mn2—tan8(12m2r'oe"ta“¢—6m2n+12n)]}+
v (2+3ntan §)(1-m2)
3704(e4ntan¢_1
(Dp—d)y’s (tan ¢(1+4tan2¢))
2 (2+3ntan 8)(1-m2)(1-m)

—4m37,e™taNé_m3n_an

(22a)
or

op = cN; + ,N, + 0.5(D, —d)y’sN, (22b)

— . o« e, . — T
where, 7, is the initial radius factor (7;, = D—”); m and n
p

) d t
are geometric parameters (in = . and n = D—); N,
14 14

Ng, and N, are the uplift capacity factors for deep
horizontal plate anchors (Eq. 23a through Eg.
23c). These factors depend on the soil properties and
geometric parameters of the anchor.

N.=
c
487,3(e37 1N b 1 1)—q(12m?%7,e™ BN P —9m2n+15n)(1+9tan?¢)
(2+3ntan §)(1-m?2)(1+9tan2¢p)

(23a)
N, =
ko[12m7,2e2™tand _3mn2_tan §(12m27,e™ AN P —em2n+12n)]
(2+3ntan 8)(1-m?2)

(23b)
—3704(e4ntan¢_1 —4m37,e™tan ¢ _m3pn_4n
N = (tan ¢(1+4tan2¢))
vy (2+3ntan 8)(1-m2)(1-m)

(23¢)

The bearing resistance (P,;) against uplift is now
expressed as shown in Eq. 24:

T (D —d))/’
Py = Z<ch + 0, Ny +~"—— SNV) (D,* —d?)

2
(24)

4  COMPARISON OF PREDICTED AND
MEASURED UPLIFT CAPACITIES

The proposed model was validated using experimental
results from existing literature (Ilamparuthi et al.,
2002; Mittal and Mukherjee 2012; Hao et al. 2019;
Tilak and Samadhiya, 2021; Hu et al. 2023). The
predictability of this approach depends on the initial
radius (r,) of the logarithmic spiral curve. Analysis of
experimental data using the proposed method indicates
that the initial radius factor (i;,) can be expressed as a
function of the embedment depth ratio (H/D,). Figure
5 shows the variation in the initial radius factor with
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different H/D, ratios, as described by the relationship
in Eq. 25.

1.5
1.2 qro= 0.0187H/D, +0.2807
© 0.9 A . s
~0.6 - _—
03 - 0-‘--“"’"’ ‘
0 T T T
3 6 9 12 15
fbl%

Figure 5. Relationship between initial radius factor and
embedment depth ratio.
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Figure 6. Measured and predicted uplift capacities.

Figure 6 presents a comparison between the
measured uplift capacities (P.») of deep circular plate
anchors and the predicted capacities (P,) calculated
using the proposed approach. As shown, the predicted
pull-out resistance values closely matched the
measured capacities. The ratio of predicted to
measured capacities (P./P.») had a mean of 1.34,
based on 41 test samples. To access the applicability
of the proposed method, sensitivity analysis was
conducted by examining the effect of variation in ¢ and
H/D,, on uplift capacity factor, N, (Fig. 7). As evident,
¢ and H/D, have a significant impact on N,, validating
the ability of the proposed method to capture key
factors affecting deep anchor performance.

20 HDp=6
----- H/Dp =28
IS5 Heeeneeeee H/Dp = 10 .
H/Dp=12 !/
=101
v =17 kN/m3
5 4 d=12cm Z
D,=15cm
0

20 25 30 35 40 45 50
Angle of internal friction
Figure 7. Variation in Nywith ¢ and H/D,.

5 CONCLUSIONS

This study proposed a limit equilibrium-based
prediction method for estimating the uplift resistance
of horizontal circular plate anchors under a deep
failure mode. A logarithmic spiral slip surface model
was utilized to characterize the failure surface
accurately. To derive the equation for the bearing
resistance provided by the plate, the moment
equilibrium of all external forces acting on a small
wedge-shaped soil volume along the logarithmic spiral
was analyzed. The uplift bearing resistance is
expressed in terms of uplift capacity factors, which are
influenced by both the soil properties and the
geometric parameters of the anchor. The initial radius
factor (r,) as a function of the embedment depth ratio
was also proposed based on existing experimental
data. The predicted uplift capacity (P,) demonstrated
good alignment with the measured capacity (Pun), with
a mean ratio of P,/P., equals 1.34. The sensitivity
analysis highlights the influence of the angle of
internal friction and embedment depth ratio on uplift
capacity factors, confirming the effectiveness of the
proposed method in accurately capturing the impact of
key geotechnical parameters on deep anchor
performance. However, given the limited number of
experimental results available for deep circular plate
anchors, further experimental and numerical studies
are recommended to validate these findings
comprehensively.
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