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Summary

The design of many engineering structures require foundation systems to resist vertical uplift or

horizontal pullout forces. These types of structures, which may include transmission towers or earth retaining
structures, are commonly supported directly by soil anchors. More recently anchors have been used to provide
a simple and economical mooring system for offshore floating oil and gas facilities. To date the design of these
anchors has been largely based on empiricism. As the range of applications for anchors increases, to include the
support of more elaborate and substantially larger structures, a greater understanding regarding their behaviour
is required. This paper presents preliminary results from laboratory testing of circular anchors in sand and
numerical limit analyses of vertical and horizontal strip anchors in undrained saturated clay. The results presented
are part of a large ongoing research project at the University of Newcastle on the stability of earth anchors.

1. INTRODUCTION

Soil anchors may be positioned either vertically or
horizontally depending on the load orientation or type
of structure requiring support. Anchors are typically
constructed from steel or concrete and may be
circular (including helical), square or rectangular in
shape.

The general layout of the problem to be analysed is
shown in Figure 1.

During the last thirty years various researchers have
proposed approximate techniques to estimate the
ultimate uplift capacity of anchors in various soil
types. The majority of this past theoretical and
experimental research has been concentrated towards
predicting anchor behaviour and capacity within
sand. In contrast, the study of anchors embedded
within undrained clay has attracted only limited
attention.

The University of Newcastle are currently
undertaking a large research project entitled
“Theoretical and Experimental Investigation of Earth
Anchors”. The aim of this research project is to
develop rigorous stability solutions for earth anchors
and to verify these solutions with high quality data
obtained from laboratory pullout tests. Numerical
analysis and laboratory testing will be performed on
anchors in both clay and sand.

Laboratory and numerical studies have been
performed for problems where the embedment ratio

(HIB) varies from 1 to 10. It is anticipated that this
will cover most problems of practical interest.
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Figure 1.(a) Horizontal anchor (b) Vertical anchor.

2. NUMERICAL ANALYSIS OF
ANCHORS

Rigorous bounds on the ultimate pullout load are
obtained by using two newly developed numerical
procedures that are based on finite element
formulations of the upper and lower bound theorems
of limit analysis. These formulations assume a
perfectly plastic soil model with a Tresca yield
criterion and generate large linear programming
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problems. Details of the numerical procedures can be
found in Sloan (1988) and Sloan and Kleeman (1995)
and will not be repeated here.

The advantage of calculating both lower and upper
bound solutions for the pullout load is that the actual
collapse load can then be bracketed from above and
below. This feature is invaluable when an exact
solution cannot be determined, since it provides a
built-in error check on the accuracy of the
approximate collapse load.

Since their proof, the bounds theorems have provided
a useful tool for analysing problems in soil
mechanics. Numerical upper and lower bound
techniques have recently been used to study
numerous problems including the undrained stability
of a trapdoor (Sloan et al, 1990), the stability of slopes
(Yu et al, 1998) and the bearing capacity of
foundations (Merifield e al 1997).

2.1 Background

Most of the results from studies of anchors in clay
either consist of simple analytical solutions or are
derived empirically from laboratory model tests.
These results can be found in the works of Vesic
(1971), Meyerhof and Adams (1968), Meyerhof
(1973), Das (1978,1980), Ranjan and Arora (1980),
and Das et al (1985a,1985b).

In contrast to the results discussed above, very few
numerical analyses have been performed to
determine the pullout loads of anchors in clay, with
the most rigorous study being by Rowe and Davis
(1982). In this study results were presented for both
horizontal and vertical strip anchors embedded in
homogeneous saturated clay. An elasto-plastic finite
element analysis was used incorporating a soil
structure interaction theory at the soil/anchor
boundary. Attempts at using the finite element
method to determine the behaviour of anchors in clay
have been made by others, however very few results
were reported.

The uplift capacity of anchors is typically expressed
in terms of a bearing capacity/break-out factor which
is a function of the anchor shape, embedment depth,
overburden pressure and the soil properties.

2.2 Problem Definition

For numerical convenience, the anchor capacity g,
will be presented in a form analogous to Terzaghi’s
equation which is used to analyse surface footings,
namely ;

q. = ¢.N. + yH ¢))

where N, is referred to as the break-out factor. Past
experimental research has typically used equation (1)
to back calculate the break-out factor from model
anchor pullout tests.
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The analysis of anchor behaviour can be divided into
two distinct categories, namely “immediate
breakaway” and “no breakaway cases”, after Rowe et
al (1982).

In the immediate breakaway case it is assumed that
the soil/anchor interface cannot sustain tension.
Therefore upon loading the vertical stress
immediately below the anchor reduces to zero and the
anchor is no longer in contact with the underlying
soil. This can be seen to represent the case where
there is no adhesion or suction between the soil and
anchor. In the no breakaway case the opposite is
assumed, where the soil/anchor interface can sustain
adequate tension to ensure the anchor remains in
contact with the soil at all times. This represents the
case where an adhesion or suction exists between
anchor and soil. Immediate breakaway conditions are
shown graphically for a horizontal anchor in Figure 2.
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Figure 2. Immediate breakaway conditions.

Any suction force developed between anchor and soil
is likely to be a function of several variables including
the embedment depth, soil permeability, undrained
shear strength and loading rate. As such, the actual
magnitude of any adhesion or suction force is highly
uncertain and therefore should not be relied upon in
the routine design of anchors. For this reason the
analysis of anchors within this paper have been
performed for the immediate breakaway case only.

In addition to the division of anchor behaviour into
immediate and no breakaway cases, they can again be
subdivided into what is known as shallow or deep
anchor behaviour based on the mode of failure. This
is best illustrated by referring to Figure 3. An anchor
is classified as shallow if, at ultimate collapse, the
observed failure mechanism reaches the surface. In
contrast, a deep anchor is one which is not affected by
the location of the soil surface and failure takes place
by localised shear contained around the anchor.

The significance of such a localised failure
mechanism is that the ultimate capacity of the anchor
will have reached a maximum limiting value. This
arises because the undrained shear strength is
assumed independent of the mean normal stress.
Therefore embedding the anchor any further (i.e SH.,,
in Figure 3) will not lead to an appreciable increase
in anchor capacity Q,.
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Figure 3. Shallow and deep anchor behaviour.

In light of the above discussion it is proposed to
re-arrange equation (1) to account for deep anchor
behaviour similar to that outlined by Rowe (1978).
The ultimate anchor capacity in a homogeneous soil
can be written as ;

qu = CuolNe 2
where ;
_— ‘yHa — Qu‘
Nr - Nco + Cuo = Nc' - CuoB (3)
o :
Cu y=0,p=0 ( )

N.. =pullout factor for a deep anchor in
homogeneous clay. For horizontal anchors H, = H
and for vertical anchors H, = H-B/2.

The above equations reflect the complex nature of the
pullout factor N, , as observed by Rowe (1978),
which is a function of the both the embedment ratio
and overburden pressure. This is expressed in terms
of the dimensionless quantity yH,/c., . In terms of
physical behaviour this means that for a given anchor
if the ratio of yH,/c,, is large enough, then the anchor
will behave as a deep anchor even at shallow
embedment depths.

2.3 Results and Discussion

Finite element limit analyses were performed to
obtain an upper and lower bound estimate of the
anchor pullout factor N, for the range of embedment
ratios previously mentioned. These results, along
with the effect of overburden pressure, are discussed
in the following sections. Where possible, past
experimental and numerical results are compared to
results obtained from the current study.

The computed upper and lower bound estimates of the
anchor break-out factor N, are shown graphically in
Figure 10. These results indicate that, for practical
design purposes, sufficiently small error bounds were

achieved with the true value of the anchor break-out
factor typically being bracketed to within 10%.

The lower bound value of the break-out factor N,
obtained from the finite element limit analysis can be
approximated by the following equations ;

N, = 245 1n(2.21%) Horizontal anchors (5)

N, = 2.46 1n(2.87%) Vertical anchors  (6)

Also shown in Figure 10 are the results obtained from
existing numerical ( 10.(a),(c)) and laboratory
( 10.(b),(d)) studies performed on anchors.

The numerical results given above have been limited
to soil with no unit weight, and therefore the effect of
soil weight (overburden) needs to be investigated. If
our assumption of superposition is valid then it would
be expected that the ultimate anchor capacity, as
given in (2) and (3), would increase linearly with the
dimensionless overburden pressure yH,/c,, . The
results from further lower bound analyses of
problems including soil weight have confirmed that
this is the case, with the results for horizontal anchors
shown in Figure 4. This observation is in agreement
with the observations of Rowe (1978).
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Figure 4. Effect of overburden pressure.

Figure 4 indicates that the ultimate anchor capacity
can be considered to increase linearly with
overburden pressure up to a limiting value. This
limiting value reflects the transition from shallow to
deep anchor behaviour where the mode of failure
becomes fully contained around the anchor. At a
given embedment depth an anchor may behave as
shallow or deep dependent on the dimensionless
overburden ratio YH,/Cyo.

For deep horizontal anchors the limiting values of the
break-out factor N_. were found to be 11.16 and 11.86
respectively. For vertical anchors the limiting values
were found to be 10.47 and 11.86. The upper bound
velocity field for a deep anchor is shown in Figure 5
below. This velocity field is similar to the analytical
upper bound mechanism of Rowe which is shown as
a dashed line.
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Figure 5. Velocity field for deep anchors.

3. LABORATORY STUDY OF ANCHORS

3.1 Background

A series of laboratory pullout tests were conducted on
circular plate anchors pulled vertically in dense sand.
These tests were conducted in a large calibration
chamber, with dimensions one meter in height and
one meter in diameter (Ajalloeian, 1996). Various
parameters such as anchor diameter, pullout rate and
elasticity of loading system have been investigated.
A summary of the soil properties and experimental
procedure is also presented

3.2 Experimental Setup

The model anchors used for pullout tests varied in
diameter (d) from 50 — 125mm and were constructed
from 8mm mild steel. The shaft and anchors are
separate bodies with a short thread machined on the
bottom of the shaft to allow the anchor to be screwed
on. This allows a single shaft to be used with different
diameter anchors as the testing timetable continues.
The anchors are held firm by a nut that is screwed
underneath the anchor effectively locking the plate in
place. Larger diameter anchors were chosen
compared with previous research, for a more realistic
set-up and due to the recognised influence of scale
effects on the break—out factor for anchors of
diameters less than 50mm ( Andreadis et al, 1981).

According to the unified Soil Classification System
for engineering purposes, the sand (Stockton Beach
Sand) is classified as a silty sand. Figure 6 shows the
grain size distribution while it’s general soil
properties have been estimated as follows;
C. = 1.32, G, = 2.65, C, = 1.71 kPa,
y = 17.87kN/m?> (where y = density, G, = specific
gravity, C= compression index, C,= uniformity
coefficient).

3.3 Experimental Procedure

Pullout tests were performed on different diameter
anchors at relative depths (H/d) varying from 2 to 14.5
in dense sand, where H is the depth of anchor burial
(Figure 1).  Pullout rates were varied from 1 -
6mm/min to assess the possible effects of the loading
rate on the ultimate pullout load. The sand chamber
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was positioned directly under the Instron (a hydraulic
jack) enabling a vertical load to be applied directly to
the anchor. The Instron allowed a constant rate of
displacement to be applied.
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Figure 6. Particle size distribution.

The load was measured through either one of 2 load
cells of capacity 1kN and 9kN, while the displacement
was measured internally by the Instron. The accuracy
of the Instron for measuring displacement was
checked several times with displacement transducers.

Anchor placement followed the following method;
(1) Sand was rained into the chamber using a hopper
to a predetermined height; (2) The anchor was then
placed horizontally on a levelled out area of sand in
the centre of the chamber; (3) Sand was then rained
into the chamber until the anchor was buried slightly
deeper than the required depth; (4) the excess sand
was then removed.

The minimum height from which the sand was rained
from was 550mm, thus providing a uniform density
throughout the sample (Ajallocian, 1996). The
average density thus obtained for all tests was around
y = 17.87TkN/m?.

34 Results and Discussion

The ultimate capacity of anchors in sand is typically
expressed as ;

Q. = NjyAH ()

where N, is known as the breakout factor, A is the area
of the anchor and H is the depth of burial for each
anchor as shown in Figure 1. The ultimate load O,
is obtained from the load displacement graphs while
N, is obtained from equation (7). Figures 7 and 8
give a summary of the results to date.

Figure 7 shows the breakout factor (N, = Q./y4H)
versus relative depth (H/d) for the various tests
conducted.  The breakout factor N, can be
generalised as increasing steadily up to
approximately H/d = 12, at which point it plateaus out
to an approximately constant value. Results for tests
d=75mm H/d=12 and d=100mm H/d=8.5, are
suspected of being influenced by boundary effects.
From Figure 8 it can be seen that for all diameter
anchors Qu increases steadily throughout the range of
depths tested.
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Figure 7. Breakout factor versus relative depth.
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Figure 8. Ultimate load versus relative depth.
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Figure 9. Typical load versus displacement plot.

(a) Shallow anchor (b) Deep anchor

34.1 Load versus Displacement

The load displacement response of a 75Smm diameter
anchor at a pullout rate of 3mm/min is shown in
Figures 9 (a) and (b).

The shape of these graphs indicate that for 75mm
diameter anchors shallow anchor behaviour occurs at
H/d < 6 while deep anchor behaviour occurs at
H/d = 6. Typically the load displacement response
for shallow anchors (Figure 9(a)) have a distinct
‘peak load hump’ where the load increases to a peak
load, then quickly drops off and finally plateaus out
to an approximately constant load. In comparison,
deep anchors (Figure 9(b)) exhibit no ‘peak load
hump’, where instead the load increases to a constant
peak load.

One of the many features in Figure 9 to stand out is the
load oscillation. This phenomenon was also observed
in previous studies by Murray and Geddes (1987), and
to a lesser extent Rowe and Davis (1982). The cause
of this oscillation is not fully understood but a series
of half anchor tests against a perspex wall are planned
and will hopefully shed some light on the phenomena.
A possible reason for the oscillation could be
localised failure around the anchor.

Selecting the ultimate load @, for shallow anchors
was straightforward and taken as the maximum load
reached. For deep anchors Q, was selected as the
load just prior to a sudden change in oscillation
behaviour, almost the same point where the graphs
starts to plateau out. For deep anchors the actual
maximum load reached during the tests corresponded
with very large displacements and is preceded by
significant and erratic oscillations, these loads may
not be practical from a design point of view

34.2 Pullout Rate

The rate of loading seems to have a significant effect
on the load oscillation for each test. Figure 9 shows
typical load displacement curves for anchors subject
to a pullout rate of 3 mm/min. Significant load
oscillation can be seen to begin before the peak load
has been reached. It was observed that by increasing
the rate of loading from 3mm/min to 6mm/min the
occurrence of the oscillation was delayed to around
the peak load for deep anchors, and until well after
peak load for shallow anchors.

The rate of loading appears not to influence the
ultimate load @, and therefore the break-out factor
N,. However it does appear to influence the severity
of the load oscillation as well as delaying the onset of
the load oscillation.

343 Loading System

All tests were conducted with what was considered to
be a stiff loading system with the exception of a single
test where d=125mm and H/d=5.5. Certain elasticity
is expected due to connections within the loading
system but the degree of this elasticity is considered
negligible. To check the influence of the stiffness of
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the loading system a rubber membrane 30mm thick
was introduced to produce an exaggerated elastic
system. The test indicates that the breakout factor N,
was not affected by the elastic system. However it
was observed from the load displacement response
that plastic deformation of the sand was significantly
delayed.

34.4 Anchor Size

As expected, ultimate loads increased in magnitude
with anchor size as seen in Figure 8. However the
break—out factor N, seems not to be affected by
anchor size.  This gives confidence that boundary
influences and scale effects are not a problem for
anchor diameters up to 125mm. This is because a
very large chamber (Im diameter) was used to
conduct the pullout tests.

4. CONCLUSIONS

4.1 Strip anchors in clay

Rigorous lower and upper bound solutions for the
ultimate capacity of horizontal and vertical strip
anchors in both homogeneous and non-homogeneous
clay soils has been investigated. The results obtained
have been presented in terms of familiar breakout
factors in both graphical and numerical form to
facilitate their use in solving practical design
problems.

The following main conclusions can be drawn from
the numerical results presented :

¢ For most cases in this study, it is found that the
exact anchor capacity can be predicted to within
5-10% using the recent numerical formulations of
the lower and upper bound limit theorems.

® Existing numerical solutions can differ from the
bound solutions by up to + 25% for anchors in
homogeneous soils. The existing solutions are
typically in greatest error when the embedment
ratio (H/B) is relatively large (H/B>4).

® A comparison of the present bounding solutions
with those published from small scale laboratory
tests show encouraging agreement.

@ The ultimate capacity for all anchors was found
to increase linearly with overburden pressure up
to a limiting value. This limiting value reflects the
transition from shallow to deep anchor behaviour
where the mode of failure becomes fully
contained around the anchor. At a given
embedment depth an anchor may behave as
shallow or deep dependent on the dimensionless
overburden ratio yH,/c,,.

4.2 Circular anchors in sand

It seems that N, for anchors pulled vertically in dense
sand is not influenced by factors such as pullout rate,
anchor diameter or elasticity of the loading system.
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However anchor diameter significantly influences
Q. by a ratio proportional to the increase in area as
would be expected.

Further investigations into sands of other densities
and a more extensive look into the influence of
various anchor diameters are in progress.
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