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Uplift capacity of horizontal anchor plate embedded
near to the cohesionless slope by limit analysis
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Abstract. The effect of nearby cohesionless sloping ground on the uplift capacity of horizontal strip plate anchor
embedded in sand deposit with horizontal ground surface has been studied numerically. The numerical analysis has
been carried out by using the lower bound theorem of limit analysis with finite elements and linear optimization. The
results have been presented in the form of non-dimensional uplift capacity factor of anchor plate by changing its
distance from the slope crest for different slope angles, embedment ratios and angles of soil internal friction. It has
been found that the decrease in horizontal distance between the edge of the anchor plate and the slope crest causes a
continuous decrease in uplift capacity of anchor plate. The optimum distance is that distance between slope crest and
anchor plate below which uplift capacity of an anchor plate has been found to decrease with a decrease in normalized
crest distance from the anchor plate in presence of nearby sloping ground. The normalized optimum distance
between the slope crest and the anchor plate has been found to increase with an increase in slope angle, embedment
ratio and soil internal friction angle.
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1. Introduction

Anchors are often used as the sub-structural tensile members that transmit the tensile force
from the superstructure to the surrounding soil. The shear strength of the surrounding soil is used
to resist this uplift force. Examples of such structures include transmission towers, dry-dock,
submerged pipelines, tunnels etc. A number of research investigations have been performed by
many researchers following different approaches to estimate the uplift capacity of anchors
embedded in homogeneous sand deposit or layered sand deposit. These different approaches are:
(1) the limit equilibrium method (Meyerhof and Adams 1968, Meyerhof 1973, Rangari et al. 2013),
(2) the method of stress characteristics (Rao and Kumar 1994), (3) the elasto-plastic finite element
analysis (Rowe and Davis 1982, Sakai and Tanaka 2007, Andresen et al. 2011, Bildik et al. 2013,
Niroumand and Kassim 2014a, b, ¢, Keskin 2015), (4) the upper bound limit analysis (Kumar
1997, 2001, 2003, Merifield and Sloan 2006, Kumar and Kouzer 2008, Yu et al. 2014), (5) the
lower bound limit analysis (Basudhar and Singh 1994, Merifield and Sloan 2006, Merifield et al.
2006, Khatri and Kumar 2011, Bhattacharya and Kumar 2014, 2016); (6) 1-g small scale
laboratory model tests (Das and Seeley 1975, Murray and Geddes 1987, Bouazza and Finlay 1990,
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akai and Tanaka 2007, Niroumand and Kassim 2014a, b, ¢, Keskin 2015) and (7) centrifuge model
tests (Ovesen 1981, Dickin 1988). Except the investigations carried out by Kumar (1997), Bildik
et al. (2013) and Yu et al. (2014) most of the research investigations determined the uplift capacity
of the horizontal anchor plate embedded in sand with horizontal ground surface.

Kumar (1997) investigated the pullout capacity of strip anchor plate embedded in sandy slope
by using upper bound limit analysis with an assumed failure mechanism where anchor plate was
placed horizontally and parallel to the inclined ground surface. Bildik et al. (2013) performed
finite element analysis with usage of an elasto-plastic hyperbolic model named as Hardening Soil
Model (HSM) in PLAXIS. The analysis was performed for three different embedment ratios, say
H/B equal to 2, 5 and 8 for soils of different relative densities where H and B are embedment depth
and width of the anchor plate, respectively. Bildik et al. (2013) studied the effect of nearby slope
on the uplift capacity of anchor plate placed at the crest of the slope (i.e., /B = 0 where s is the
distance between slope crest and nearest edge of the anchor plate of width B) considering different
values of slope angle and wide range of soil friction angle. The variation of reduction of uplift
capacity with non-dimensional crest distance was reported up to s/B = 5 and for one slope angle.
No discussion was made on (i) the optimum crest distance where uplift capacity becomes free
from the effect of the nearby sloping ground; and (ii) the effect of slope angle on this optimum
non-dimensional crest distance. Yu et al. (2014) have used three upper bound approaches, say
upper bound mechanism, block set mechanism and numerical upper bound limit analysis with
finite elements to determine the pullout capacity of anchors embedded in sandy slopes and studied
the effect of embedment ratio, slope angle and anchor inclination on the pullout capacity of anchor.

From the literature it is understood that there is a gap in the study of the uplift capacity of the
horizontal anchor plate embedded in sand near to sloping ground to determine the optimum
distance between anchor plate and slope crest for different type of sands and for different
embedment depth. The position of the anchor plate relative to the position of nearby sloping
ground plays an important role and may vary with different values of slope angle and the soil
friction angle.

In the present work, an attempt has been made to determine the uplift capacity of strip anchor
plate located near the cohesionless slope by employing lower bound theorem of limit analysis with
finite elements and linear programming. The lower bound solution can be used in the design
related problems to find out safe estimate of the ultimate bearing capacity of foundations (Sloan
1988, Lyamin and Sloan 2002, Kumar and Khatri 2008) and ultimate uplift capacity of anchors
(Merifield and Sloan 2006, Merifield et al. 2006, Bhattacharya and Roy 2016). The main objective
of the present work is to study the effect of the presence of sandy slope on the uplift capacity of
horizontal anchor plate embedded in horizontal ground surface nearby the cohesionless slope and
to determine the optimum distance (o) between slope crest and the anchor plate where the effect
of nearby slope does not cause any reduction in anchor’s uplift capacity. It is achieved by varying
the position of the anchor plate relative to the position of the slope crest up to the distance where
no effect of the sloping ground is observed. The effects of the distance between the anchor plate
and slope crest (s) and the angle of the slope () have been studied for different embedment ratios
(H/B) ranging from 3 to 7 and different angles of soil internal friction (¢#), namely 30°, 35°, 40°
and 45°. The failure patterns have also been studied for anchor plate placed near to the sandy slope.

2. Problem definition

A strip anchor plate of width B is embedded horizontally in cohesionless soil medium with
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Fig. 1 Schematic diagram of the problem

horizontal ground surface near to a sandy slope. The thickness of the anchor plate is assumed to be
negligible compared to its width (B). g is the slope angle of the nearby sloping ground with respect
to the horizontal surface as shown in Fig. 1. The anchor plate is placed at a depth of H, measured
vertically from the horizontal ground surface. The distance between the crest of the sloping ground
and the nearest end of the plate from the crest is assumed to be s which varies from 0 to 11B. It is
to determine the magnitude of the collapse load, P, per unit length of the plate where the
direction of pullout is kept perpendicular to the plate. The soil medium is assumed to follow the
Mohr-Coulomb failure criterion and an associated flow rule. The magnitude of P, is determined
for different values of embedment ratio (H/B), angle of soil friction (¢), slope angle () and
distance between the slope crest and the anchor plate (s). The interface friction angle between the
anchor plate and adjoining soil mass (&) is kept equal to ¢.

2.1 Domain, finite element mesh and stress boundary conditions

The problem domain JKLMN, as shown in Fig. 1, is chosen for the analysis. In this domain JK
represents the slope with a slope angle £ and JN represents the horizontal ground surface near to
the slope. The anchor plate is placed along the horizontal line EF. The horizontal distance (S)
between the slope crest and the left edge of the anchor plate is varied between 0 and 11B
depending on the values of ¢, H/B and S. The horizontal distance (Lg) between the right edge of
the anchor plate and the vertical boundary NM is varied between 20B and 150B whereas the
vertical distance (D) between the horizontal anchor plate (EF) and the bottom boundary (LM) of
the domain is varied between 4B and 18B such that the yielded elements do not approach towards
right and bottom boundaries of the chosen domain and its further increase in size does not affect
the magnitude of the collapse load.

The stress boundary conditions that are imposed in the analysis are shown in the Fig. 1. The
values of normal (o,,) and shear () stresses are equal to zero along the stress free both horizontal
as well as sloping ground surfaces NJ and JK, respectively. Along the top and bottom interfaces
between the anchor plate and the surrounding soil, the following stress boundary condition is
imposed
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|Txy| < (_Uy) tan § 1)

Here o, represents the normal stress acting on the anchor-soil interfaces and the negative sign
with o, is used as the tensile stresses are considered to be positive in the analysis. The sign
convention followed for this analysis is also presented in Fig. 1.

The chosen domain is discretized into a number of three noded triangular elements. The sizes
of the elements are chosen in a way such that sizes are decreased towards the edges of the anchor
plate. Typical finite element meshes for H/B =5, ¢ = 30°and £ = 20° with s/B = 0 and 5 are shown
in Fig. 2 where N, E and D, represents the total number of nodes, elements and stress
discontinuities, respectively. The values of N, E and D. increases with increase in values of H/B, ¢
and .

3. Analysis
3.1 Numerical formulation for lower bound limit analysis with finite elements

The lower bound limit analysis in combination with finite elements and linear programming
has been performed to determine the uplift capacity of strip anchor. The methodology proposed by
Sloan (1988) for the plane strain problem has been used here to perform the analysis. The nodal
stresses (oy, o, and T,,) are considered as the unknown variables. The following element
equilibrium conditions are satisfied everywhere in the soil domain

0 0

99x + ITxy _ (2a)
dx dy

Jt do.

—y Yoy (2b)

0x dy
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Where yis the unit weight of soil mass.

Statically admissible stress discontinuities are permitted along the interfaces of all the adjacent
triangular elements. The continuity of shear and normal stresses are ensured along every stress
discontinuity line. The following Mohr-Coulomb vyield criterion are satisfied everywhere in the
cohesionless soil domain

F= (0 —0,) +412, —[~(0x + 0,)sing]” = 0 (3)

The original Mohr-Coulomb yield function was linearized by a regular polygon of p- sides
inscribed in the parent yield circle (Bottero et al. 1980) in order to use linear programing. The
value of p has been taken equal to 21 following Kumar and Khatri (2008). The magnitude of the
collapse load P, per unit length of the anchor plate is determined by integrating the normal stresses
acting along the top and the bottom interfaces of the anchor plate by using the following
expression

B, = j (—oydx) — f (—oydx) (4)
Top interface Bottom interface

The magnitude of P, is then maximized subjected to a set of equality and inequality linear
constraints as stated below

Maximize the objective function: —{c}"{o} (5a)
Subjected to (i)equality constraints: {Ag,}{o} = {bey} (5b)
(ii) ineuqality constraints: {Aieq {0} < {bineq} (5¢)

The LINPROG function available in MATLAB R2012b was used to perform the linear
optimization.

3.2 Definition of the uplift capacity factor (F,)

The uplift capacity of a strip anchor plate of width B and embedded at a depth of H below the
horizontal ground surface can be expressed in terms of a non-dimensional uplift capacity factor,
F, as defined below

Y yBH

(6)

4. Results and comparison
4.1 Variation of uplift capacity factor (F,)

The variations of uplift capacity factor (F,) of horizontal anchor plate with its distance from the
slope crest in non-dimensional form (s/B) are presented in Figs. 3-7 for different values of H/B, S
and ¢. Results indicate that the uplift capacity of anchor plate depends upon the normalized crest
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Fig. 3 Variation of F, with s/B for different values of g and H/B = 3 with (a) ¢ = 30°, (b) ¢ = 35%;
(c) ¢=40°and (d) ¢ = 45°
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distance (s/B), embedment ratio (H/B), inclination angle (/) of the nearby sloping ground, and soil
internal friction angle (¢#). The following observations are made from the results presented in Figs.
3-7:

* The results show that the nearby sloping ground causes a reasonable reduction in the uplift
capacity of the anchor plate. The uplift capacity has been found to be minimum when the left edge
of the anchor plate (which is eventually the nearest edge of the anchor plate to the slope crest) and
the slope crest lie on the same vertical plane, i.e., at /B = 0. The uplift capacity of the anchor plate
increases with an increase in s/B for all values of g, H/B and ¢. The normalized distance between
the slope crest and the anchor plate at which the effect of the nearby sloping ground on the uplift
capacity of the anchor plate diminishes is called the normalized optimum distance (So,/B). The
maximum value of uplift capacity is equal to the uplift capacity of the anchor plate embedded in a
sand deposit with horizontal ground surface in absence of any nearby sloping ground. Therefore
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the effect of sloping ground on the uplift capacity of the anchor plate is encountered for
0 < s/B < son/B. The values of sq,/B found in Figs. 3-7 for different combinations of H/B, fand ¢
are provided in Table 1.The value of normalized optimum spacing (s,,/B) has been found to be
higher for higher value of slope angle (f). Similarly the normalized optimum distance (So/B)
between the slope crest and anchor plate also increases with an increase in H/B keep keeping S and
¢ are unchanged.

*The reduction in the magnitude of uplift capacity increases with an increase in slope angle (5)
kept other parameters unchanged.

+For any combination of H/B and S the magnitude of the minimum value of F, and normalized
optimum distance (Sox/B) between slope crest and the anchor plate depend on the value of soil
friction angle (¢#). Minimum value of F,has been found to be lower for lower value of ¢ whereas
Sopt/ B has been found to be higher at higher value of ¢ for a particular combination of H/B and £.

*The uplift capacity factor (F,) for all values of s/B increases with an increase in H/B for any
particular value of ¢and S.
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Table 1 so,/B for different combination of H/B, ¢ and £
Sopt/ B

H/B ¢=30° ¢=35° ¢=40° ¢ =45°

B=10° g=20° p=10° p=20° B=30° f=10° f=20° Bf=30° B=10° B=20° f=30° B=40°
2.0 25 2.8 3.0 35 2.8 35 3.8 35 3.8 4.0 4.8
4.0 4.0 3.7 4.0 4.4 4.5 4.8 5.0 4.6 5.0 5.4 6.0
4.5 5.0 4.5 5.0 6.0 5.0 6.5 7.2 5.6 7.0 7.4 8.0
5.0 5.3 5.0 6.0 7.2 6.5 7.0 8.0 7.6 8.0 8.2 9.0
6.0 6.2 6.6 8.0 9.0 8.0 8.0 9.0 8.4 9.1 10 11.0

~N o o bW

4.2 Comparison of F, for strip anchor embedded in sand

4.2.1 In absence of sloping ground nearby (8= 0°)

The present computational work has been validated by comparing the calculated F, value for
horizontal strip anchor embedded in sand deposit at a reasonably distance (> sq,) away from the
sloping ground with the numerical and experimental F, results provided by (i) Merifield and Sloan
(2006) by using upper and lower bounds solutions; (ii) Murray and Geddes (1987) by using upper
bound method with an assumed failure mechanism; and (iii) Murray and Geddes (1989) by
performing a series of 1-g laboratory model tests. The comparison has been presented in Fig. 8. No
nearby slope was modelled or considered in the domain reported in literature to determine the F,
values. The present numerical result matches well with the available lower bound solution
(Merifield and Sloan 2006) and always lies below the upper bound solution reported in literature
by Merifield and Sloan 2006 with maximum 10% difference. Maximum difference of 1% between
the two lower bound solutions has been noticed at ¢ = 40°. The present lower bound solution is
found to be marginally on the lower side in comparison to the upper bound solution provided by
Murray and Geddes (1987) based on a straight line failure mechanism. The maximum difference
between present results and the upper bound solution provided by Murray and Geddes (1987) is
around 1.7%. However the experimental results based on 1-g small scale tests reported by Murray
and Geddes (1989) has been found to be on the higher side of the present results with maximum
difference of 15.5%.

4.2.2 In presence of sloping ground nearby (3 = 0°)

A comparison between present lower bound solution and the solution suggested by Bildik et al.
(2013) based on an elasto-plastic finite element has been shown in Table 2 for three different
values of slope angles, say S equals to 25°, 30° and 35° with three different values of soil friction
angles at s/B =0 and H/B = 5. The comparison is made in terms of uplift capacity reduction factor
(&) defined below

_ (Pu)in presence of slope nearby

S ()

B (Pu)in absence of slope nearby
Although the lower bound limit analysis performed here is strictly applicable for an associated
flow rule material, the magnitude of the collapse load can be determined approximately (Sloan

2013) for any given value of dilatancy angle () by using the reduced shear strength parameter ¢*
for sand. For non-associated case (0 <y < ¢), the reduced shear strength parameter ¢*, instead of ¢,
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Fig. 8 Comparison of the present numerical work with (a) available numerical works and (b)
available experimental work in literature

for cohesionless material can be calculated based on the expressions given by Davis (1968)

» h COS ¥ COS ¢ 8
tang = ntan ¢, where n_l—sinl//sinqﬁ (8)
The reduced shear strength parameter has been calculated by using Eq. (8) for the comparison
purpose and used for the present lower bound FELA and upper bound FELA reported by Yu et al.
(2014). The trends of the present lower bound solution match well with the solution reported by
Bildik et al. (2013) but the difference between two results are also noted. The present results for
s/B = 0 with H/B = 5 match reasonably well the value reported by Yu et al. (2014) for the case
when anchor plate is fully embedded in sandy slope. It is worthy to mention here that the uplift
capacity reduction factor of the anchor plate embedded in sandy slope should be lower than the
same for the anchor plate embedded in horizontal ground surface with nearby sloping ground at
s/B = 0.
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Table 2 Comparison of the present lower bound solution with existing works in literature

Soil friction Dilatancy

Uplift capacity reduction factor (&)

angle angle  # " Present lower bound analysis'  Bildik et al. (2013)>  Yu et al. (2014)*

25 0.855 0.68 -

35 5
30 0.753 0.62 -
25 0.95 0.70 -

40 10 30 0.90 0.65
35 0.80 0.57
25 0.96 0.72 0.97

45 15 30 0.91 0.66 0.92
35 0.86 0.58 0.90

! Lower bound finite element analysis with the usage of reduced shear strength parameter ¢ calculated by
Eqg. (8) for anchor plate embedded in horizontal ground surface with nearby sloping ground at s/B =0

2 Elasto-plastic FEA considering dilatancy of the soil for anchor plate embedded in horizontal ground surface
with nearby sloping ground at s/B =0

® Upper bound finite element analysis with the usage of reduced shear strength parameter ¢ calculated by
Eq. (8) for anchor plate embedded in sloping ground surface

0 T, alw
2.0 il - .

e ( . L 5
20— . : -20' — = ‘ ‘ -
-60 -40 -20 0 20 -60 -40 -20 20 40
x/B x/B
(@) (b)
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5 W o - I
Q o t N 2 .10 N |
-15 I -15¢ ' 2
-20 . g -20 : s : — 0
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x/IB x/B
(©) (d)

Fig. 9 Proximity of the stress state to plastic failure for anchor plate embedded in sand of ¢ = 30°
at H/B =5 with (a) s/B =0and £ =10° (b) s/B=5and = 10° (c) s/B=0and g=20°and (d) s/B
=5and g=20°

4.3 Failure pattern

The proximity of the stress state, with respect to shear failure, in the optimized statically
admissible stregs field is ezvaluated at the centroids of ezach element, in terms of a/d ratio, where,
a=(or—0y) +(214) and d = [(oy + 0y)sing|". The proximity of the stress state to
plastic failure surrounding the horizontal anchor plate embedded in sand deposit at H/B = 5 with
horizontal ground surface are drawn for (i) s/B = 0 and = 10°, (ii) s/B =5 and g =10°; (iii) s/B =
0 and g =20°and (iv) s/B =5 and g = 20°. The corresponding failure patterns are shown in Fig. 9.
The value of a/d becomes unity for a point to be at plastic state. A very dark red color implies a
fully plastic region with a/d = 1.

A symmetric failure zone about the axis of the anchor plate on its both sides has been observed
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at s/B =5 = s,/B for both = 10°and 20°. The symmetric failure zone starts from both the edges
of the anchor plate and reaches to the horizontal ground surface. The failure zone becomes
asymmetric for the same values of S (say, 10° and 20°) but when s/B = 0. In this case the failure
patterns start from the edges of the anchor plate and incline towards the nearby sloping ground and
intersect it as shown in Figs. 9(b)-9(d). In addition to this, a non-plastic zone with very low a/d
value (dark blue color) has been noticed in Figs. 9(a)-9(d) immediately above the anchor plate
which is symmetric and reaching up to the horizontal ground level for s/B =5 but for s/B = 0 this
non-plastic zone of dark blue color becomes asymmetric, shifted towards the sloping ground with
an inclination.

5. Conclusions

The influence of nearby sandy slope in the magnitude of uplift capacity of horizontal anchor
plate embedded in cohesionless soil deposit with horizontal ground surface has been investigated
here. The analysis has been carried out for a wide range of embedment ratio (H/B), soil friction
angle (¢) and the slope angle (f) of the nearby slope. From the present analysis it has been
concluded that the uplift capacity of the horizontal anchor plate of width B can be reduced
considerably in presence of nearby sloping ground within a normalized optimum distance (Squ/B).
The magnitude of reduction of anchor uplift capacity depends on the normalized distance between
anchor plate and slope crest (s/B) and slope angle () for any combination of H/B and ¢. However,
the uplift capacity of the anchor plate may become unaffected even in the presence of sloping
ground far away than the optimal distance i.e., S/B > Sq,/B.
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