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Abstract— Shallow foundations are underpinned mainly to
prevent harmful settlement, to enhance bearing capacity, or for
seismic retrofit. A new jet grouted anchors is attached to the
existing superstructure, often by means of an even highly
complex load transfer structure. Vertically oriented steel ground
anchor is frequently used to restrain various types of foundation
elements (spread footing, mats, slabs on grade, etc.). In this study,
the effect of different orientation anchor on foundation behavior
under upward load is investigated by finite element analysis.
Meanwhile, this technique influence on settlement of foundation
also explored. Based on FEM results, anchoring could have a
significant inﬂuence on the displacement and bearing capacity of
the shallow foundation and its efficiency depends on anchor
inclination, considerably.
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I.

INTRODUCTION

The need for foundation underpinning arises as when it is
desirable to reduce the settlement or restrain uplift of
structures. In addition, the load-bearing capacity of
foundations may require enhancement because of increased
loads due to, for instance, the construction of an additional
floor ([1]-[3]).
During different periods, various underpinning techniques
have been applied ([4] and [5]). Until the 1980s, the methods
used included, in particular, foundation extension by
deepening and broadening, different kinds of pile work, soil
nailing, and chemical grouting ([6]-[9]). Soil or ground
anchors are a lightweight foundation system designed and
constructed to resist any uplifting force. Vertical uplift forces
may be generated by hydrostatic or overturning forces. The
method is used in underwater applications where the structure
has insufficient dead weight to counteract the hydrostatic
uplift forces. An example application of ground anchors to
resist uplift forces is shown in fig. 1a. Also, existing structures
may require additional stabilization to meet current safety
standards with respect to maximum flood and earthquake
requirements.
Anchors provide additional resistance to
overturning, sliding, and earthquake loadings (Fig. 1b).

b
Fig. 1. Applications of ground anchor in tiedown structures: a) Uplift
slab, b) Tower foundation.

Experimental-based or numerical–theoretical-based studies
are made to find the behavior of soil anchors. Kulhawy, 1985
presented an equation for evaluating uplift capacity as bellow:
Qsu = π D (KN/K0 i=1) (σ′V) i (K0)i tan[φi (δ/φ)i]Δzi (1)
Where: Δzi = thickness of layer i, D = anchor diameter,
and K/Ko = stress modification factor to adjust for
construction influences.
The remaining parameters are
evaluated at the mid-depth of each layer: σ′V = vertical
effective stress, δ = effective stress angle of friction for the
shear surface interface, Ko = in-situ horizontal stress

The advantage of ground anchors for tiedown structures
include: (1) the volume of concrete in the slab is reduced
compared to a dead weight slab; and (2) excavation and/or
dewatering is reduced [10].
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coefficient, and φ = effective stress friction angle for the soil.
The anchor depth and perimeter terms are computed simply
from the anchor geometry, while the vertical effective stresses
are computed from the effective soil unit weight [11]. Saeedy
(1987) indicates that the greater the value of H/D (height to
diameter of anchor) the higher the uplift resistance, but with a
decreasing rate until a constant value of uplift force is reached
[12]. Dickin and Laman (2007) by using physical and
computational studies concluded that the uplift maximum
resistances increase with anchor embedment ratio and sand
packing [13]. Khatri and Kumar (2011) Founded that with a
decrease in anchor width the average ultimate uplift pressure
decreases quite significantly [14]. Bera and Banerjee (2013)
conducted a series of model tests to investigate the influence
of relative density (Dr) of sand, the ratio of embedment depth
(H) of anchor to diameter (D) of bell of anchor, anchor
diameter, and types of sand on uplift capacity of bell-shaped
anchor embedded in sand. They also developed an empirical
model to predict breakout factor (Fq) of bell-shaped anchor
embedded in sand in terms of H/D ratio and relative density
(Dr) [15].
Ground anchored has been achieved considerable attention
in the literature. However, there is little information on the
effect of inclined anchors on shallow foundations. The
purpose of this paper is to investigate the effect of anchoring
and its inclination on the improvement of bearing capacity and
displacement of circular foundation under the both upward
and downward loaded by FE analysis.

Fig. 2. Geometry of model and anchors orientation.

II. ANALYSIS PROCEDURE
In order to evaluate the effects of anchor inclination on
foundation deformation the finite element analysis performed
using Plaxis 8.5 software with axis-symmetric model. The size
of model in X and Y direction is considered greater than 2.5D
and 5D, respectively, that satisfy Bowles recommendation
[16]. Six models provided to analyze, one models for
foundation without anchor, and the others assigned to the
circular foundation with different slope of anchor (m) that are
0.5, 1.0, 2.0, 4.0 and vertical (Fig. 2). The dimensions of the
R, anchor and grouted length are chosen as 1, 3 and 1.25 m.
The 15-node triangular elements are used to model the soil
and other volume clusters. Analysis is performed under load
control by a vertical distributed load boundary condition
applied to the soil surface below the position of the circular
foundation (Fig. 3).

Fig. 3. Meshed geometry

The elastic-perfectly plastic Mohr-Coulomb model was
used for modeling the behavior of sand. This model involves
five input parameters; modulus of elasticity (E) and poison’s
ratio ( ) for soil elasticity, angle of internal friction (φ) and
effective cohesion (C) for soil plasticity and dilatancy angle
(ѱ). Table 1 and 2 presented the properties of sand and grout,
respectively.

TABLE I.
Material model
Mohr-Coulomb

o

φ( )

34

SAND PROPERTIES
ѱ (o)

C (kPa)

TABLE II.

1

4

17

GROUT PROPERTIES

Material type
Elastic

96

γ (kN/m3)

EA (kN/m)

100000

υ

0.3

E(kN/m2)

30000
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III. RESULTS
A. Upward load
In order to determine the ultimate uplift capacity of
anchored foundation in sand, the tangent method was used.
From the load-displacement curves by this method, the
ultimate anchor capacity is determined at the intersecting point
of two tangent lines that pass through the starting and end
portions of the curve ([17] and [18]). All models were
analyzed and upward load-displacement curves for each model
were plotted (Fig.3).
Fig. 4 shows that the installations of anchorage increase
the bearing capacity of foundation under the upward load,
significantly. It’s obvious that the anchor with more
inclination (i.e. vertical and m=4), present the more
displacement before failure.

Fig. 5. Uplift bearing capacity of non-anchored and anchored foundation

Fig. 5 compares the uplift bearing capacity of anchored
circular foundation for different anchor inclination. It’s
observed that, as the anchor inclination increases up to about
m=2, the uplift bearing capacity increases. With further
increase in inclination, the bearing capacity is decreased;
however, the ultimate bearing capacity of anchored foundation
is more than the non-anchored foundation. Aforementioned
figure shows that among the anchored foundations, vertical
and m=2 orientation of anchor have minimum and maximum
effect on increasing uplift bearing capacity, respectively.

B.

Downward load

Fig. 6 indicated that anchors have not considerable effect
on improvement of bearing capacity of foundation under the
downward loads. However, the anchoring decreases the
foundation settlements, noticeably. As apparent, the m=1
slope is most appropriate orientation for limiting the
foundation settlement and the difference of various foundation
settlement increases as load increased.
Fig. 7 presents the settlement of non-anchored and
anchored foundations with different anchor inclination under
160 kPa load. As clear, by increasing the slope of anchor up to
m=1, settlement decreases and after this threshold increases.

Fig. 4. Displacement vs. stress of foundation with different anchor inclination
under upward loading.

Fig. 6. Settlement vs. Stress of foundation with different anchor
inclination under the downward loading.
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Fig. 7. Settlement versus non-anchored and anchored foundation with
different inclination of anchors.

[14]

IV. CONCLUSION
[15]

Based on results obtained from the numerical study carried
out on circular foundation witch anchored with different
inclination in sand, the following conclusions are drawn:

[16]

Presence of anchor enhances the uplift bearing capacity of
foundation and its efficiency depends on anchor inclination,
significantly. Bearing capacity of foundation increases by
increasing the slope of anchors up to m=2 (slope: 2 vertical –
1horizontal) and after this threshold decreases. However, the
strength of anchored foundations is more than the nonanchored cases.

[17]
[18]

Among the anchored foundations, vertical and m=2
orientation of anchor have minimum and maximum effect on
increasing uplift bearing capacity, respectively.
Anchors have not significant effect on the improvement of
bearing capacity of foundation under the downward loads.
However, the anchoring decreases the foundation settlements,
prominently. By increasing the slope of anchor up to m=1
(1:1), settlement decreases and after this threshold increases.
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