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SYNOPSIS: Low cost, efficient anchors have been developed to provide hurricane moorings in heavily 

congested or confined areas. Model anchors were driven into a sandy beach, and a synthetic clay in 

a test tank, to investigate previously developed plate anchor theory for these simplified concepts. 

With the assurance provided by the model tests, plate anchors in sizes up to 3.65 meters long were 

fabricated from structural steel beams and steel plates and installed at Navy facilities in San 
Diego, California, and Pearl Harbor, Hawaii. Vibratory and impact diesel hammers were used with a 

retrievable follower section to insert the anchors into the bottom. They were then pull tested 

either horizontally or vertically to loads up to 785 kN. This work presents procedures for 

providing versatile, easily fabricated anchors suitable for a variety of situations that can be 

installed with readily available marine construction assets.

INTRODUCTION CONCEPT OF OPERATION

Space limitations, close proximity of other 

moored vessels, and bottom obstructions such as 

utility cables create conditions where conven

tional clump anchors, dolphins, or drag anchors 

are not adequate. Plate anchors, on the other 

hand, can effectively resist loads in any direc

tion, including uplift, and offer extremely high 

holding capacities in relation to their weight/ 

size. For this reason, driven plate anchors are 

being developed to provide hurricane moorings 

for ships or other floating structures in 

heavily congested or confined areas.
A typical anchor configuration is shown in 

Figure 1. The anchor may be fabricated from 

standard structural components up to capacities 

of about 2 MN, depending upon soil strength. 

For capacities above this (at least in very soft 

soils), plate thicknesses above 5 cm are re

quired, and hollow sections such as those used 

in modern drag embedment anchors are 

recommended. Otherwise, the size of the anchor 

is limited only by the size of the equipment 

required to install it. This paper describes 

model and prototype driven plate anchor tests 

conducted to establish design and installation 

techniques for plate anchors in both granular 

and cohesive soils. The technology was applied 

to prototype anchor installations in dense sands 

in San Diego Harbor, California, and in cohesive 

deposits in Pearl Harbor, Hawaii.
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Figure 1. Driven plate anchor concept.

Plate anchors are driven with the plate parallel 

to the direction of driving and then rotated or 

keyed by pulling on the anchor line. This 

orients the plate so that it is no longer 

parallel to the direction of line pull and it 

can generate load capacity by bearing, instead 

of merely skin friction. The installation 

sequence for a pile-driven anchor is shown in 

Figure 2. The anchor is connected to a struc

tural member called a follower and driven 

vertically into the seafloor using a pile- 

driving hammer. The follower is retrieved, and 

the anchor line buoyed off. The anchor is then 

pull tested, either vertically or horizontally, 

to "key" it, prior to applying the service load. 

It is the keyed depth that determines the ulti

mate holding capacity of the anchor.

a) Drive b) Recover c) Proof load 

anchor driver & to set anchor 
follower

d) Anchor 

estab
lished

Figure 2. Driven plate anchor installation 

sequence.

ANCHOR HOLDING CAPACITY THEORY

Techniques for determining the holding capacity 

of embedment anchors are analogous to footing 

theory which uses load capacity factors Nc and

N , see Vesic (1969). The holding capacity
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factors are functions of relative embedment 
depth, D/B, and the soil friction angle, phi. 
The ratio of the plate burial depth, D, to plate 
width, B, is used to distinguish between deep 
and shallow anchor behavior.

Different versions of this general equation 
can be adapted to different soils. For example, 
for cohesionless (c=0) soils, the holding 
capacity, F, may be approximated by the 
simplified relationship:

F = A(ib D Ng ) (1)

where A = the plate area (length x width)

= effective weight of the soil

For cohesive soils, there is a distinction 
between short-term failure with no pore water 
flow, and long-term failure under drained 
conditions. Short-term strength is controlled 
by the holding capacity factor based on shear 
strength, Nc , and the undrained shear strength,

c, of the soil. Statistical analysis carried 
out on model test data from several laboratories 
(see Beard and Lee, 1975) established the 
simplified relationship:

F = AcN

D E SC R IP T IO N  OF TESTS

( 2 )

In addition to full size anchor installations, 
model anchor tests were conducted in cohesion- 
less and cohesive soils. Models of beam-plate 
anchors were vibrated into the sand at a beach 
site and pull tested both vertically and hori
zontally. The model anchors, 12.7, 17.8, and 
22.9 cm long, with a plate length-to-width ratio 
of 2, were installed at depths up to 1.5 meters. 
All anchors had keying arms of 4.0 cm. The 
keying arm, defined as the distance from the 
point of attachment of the anchor line to the 
near face of the plate, is normalized with 
respect to plate length to permit comparing 
anchors of different sizes. The tests were 
conducted to verify keying distance predictions 
and vertical pullout capacities in cohesionless 
soils, and to investigate the increased capacity 
provided by the anchor line under horizontal 
load. The anchors were pull tested with 6-mm 
diameter wire cable, which represents about a 
1/12 scale model of the cable size to be used 
for the prototype installations.
To investigate the plate anchor concept in 

very soft cohesive soil, model beam-plate 
anchors were tested in a synthetic clay. The 
clay, sold under the name "Laponite," was mixed 
with water in a test pit to provide a shear 
strength of about 2.5 kPa. The anchors were 
inserted approximately 1.6 meters into the clay 
and pulled out under both horizontal and verti
cal loads. Anchors with and without keying 
flaps were used with various combinations of 
anchor chain and wire. The tests were conducted 
to determine the importance of keying flaps for 
this type of anchor in soft cohesive soils, and 
to investigate the difference between chain or 
wire under horizontal loading.

With the assurance provided by the model test 
results, simplified plate anchors were fabri
cated and installed in very dense fine sands in 
San Diego Harbor. The anchors were made by 
welding 0.6- by 1.2-meter by 25-mm thick mild 
steel plates to 1.22-meter long sections of

30-cm (12 WF at 120) structural steel beam. The 
anchors were installed with a vibratory pile- 
driving hammer to depths up to 3.35 meters (132 
inches). The anchors were then ptill tested to 
failure, either vertically or horizontally.

For the Pearl Harbor installations, a 3.65- by
1.5-meter "mud" anchor was designed to develop 
the required capacity (900-kN horizontal load at 
the mooring buoy) either keyed in the harbor 
silt where the silt was 18 or more meters deep, 
or unkeyed in the underlying alluvium where the 
mud thickness was less than 18 meters. Six of 
the plate anchors were used to install a six- 
point mooring for nested ships. These anchors 
were load tested by exerting a horizontal force 
of 780 kN between opposing buoys, using a 
barge-mounted winch.

KEYING DISTANCES

Keying distance is the total vertical distance 
the anchor tip moves during the keying process. 
To compare different size anchors, the keying 
distance is normalized by using the ratio of 
vertical movement of the anchor tip during 
keying to the plate length. The envelope in 
Figure 3 is a best fit plot of normalized keying 
distance versus keying arm length (distance from 
the point of . attachment of the anchor line to 
the plate) that was developed during an earlier 
study at NCEL, see Taylor and Beard (1973). 
This envelope represents several series of 
laboratory and field plate anchor tests carried 
out in sands. Superimposed on this figure are 
the results of the vertical pull tests conducted 
on the beach at Port Hueneme, California.

O Beach model tests

Envelope for plate 
anchors in sand 
(Taylor & Beard 1973)

San Diego prototype 
tests in sand

0 0.1 0.2 0.3 0.4 0.5 
Ratio of vertical keying 
distance to plate length 

Figure 3. Keying distances for cohesionless 
soils.

A summary of anchor test results from San 
Diego Harbor is presented in Table 1. Here, V 
and H refer to vertical and horizontal pull 
tests, respectively. Keying distance ratios 
determined from the vertical pull tests are 
indicated on Figure 3 as the very short line 
segment noted. The load capacity data in Table 
1 will be discussed further below.
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Table 1. San Diego Anchor Pull Test Results

Test
No.

Tip

Drive

Depth

(M)

Keying

Distance

(tip)
(M)

Key

Arm-

To-

Length
Ratio

Depth-

To-

Width
Ratio

Maxi

mum

Load

(kN)

N
q

V-l 3.20 1. 15 0.93 3.35 480 33.5
V-2 3.35 1 . 16 0. 93 3 . 60 516 33.5
H- 1 2.44 - - - 311 -

H-2 2.59 - - - 551 -

Trends noted during the synthetic clay tests 

are indicated by the envelopes in Figure 4. As 

shown in the figure, keying distances depend on 

test procedure. For the Pearl Harbor installa

tions, a length of wire cable was inserted 

between the anchor and the anchor chain. Under 
horizontal load, the cable cuts more readily 

through the soft bottom deposits than chain and 

introduces a large component of horizontal load 

to the anchor early in the loading process. 

Therefore, the anchors start out partially keyed 

and do not undergo large vertical movement to 

reach a fully keyed position. Because the mud 

anchors in Pearl Harbor were only loaded hori

zontally, numerical values of vertical keying 

distance could not be accurately determined. 

Nevertheless, observed behavior of the prototype 

anchors appeared to agree with the keying 

distance predictions of Figure 4.
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Figure 4. Keying distances for soft sediments. 

LOAD CAPACITIES

Figure 5 (see Beard, 1979) shows a_series of 

curves of holding capacity factor plotted

versus relative embedment depth for sands having 

different friction _angles. Superimposed on 

these plots are the values, calculated using

Equation 1 and the measured pullout capacities, 

for both the vertical and horizontal beach model 

tests. Load capacity factors calculated for the 

two vertical pull tests performed in San Diego 

Harbor (Table 1) are also plotted in Figure 5.

The model plate anchor tests in the synthetic 

clay tank were also used to back calculate 

values of bearing capacity factor Nc using

Equation 2. However, test conditions in the 

synthetic clay were such that suction under the 

plate did not occur, therefore load capacity was 

not representative of the completely saturated 

conditions expected in the marine environment.

The Pearl Harbor mooring anchors were not 

loaded to failure, therefore ultimate capacity

was not measured. Nevertheless, the anchors in 

the soft silt in Pearl Harbor keyed at the 

predicted loads and maintained the proof loads 

with no further movements, as predicted. The 
large mud anchors driven through the soft silt 

into the alluvium generated sufficient resis
tance, due to a combination of skin friction and 

lateral soil bearing, indicating no movement 
under load.

o Vertical Pull
• Horizontal Pull #

♦ San Diego Tests

0 2 4 6 8 10 12 14 

Relative embedment depth, D/B

Figure 5. Holding capacity factors for

cohesionless soils (Beard, 1979).

DISCUSSION

Plate anchors key because of the couple caused 

by the plate pullout resistance due to skin 

friction and the pull on the anchor line. It is 

noted in Figure 3 that the keying distance 

ratios for the model beam-plate anchor tests on 

the beach fall well below the envelope presented 

by Taylor and Beard (1973). This indicates that 

this beam-plate configuration keys in a shorter 

distance than that observed during previous 

studies. The prototype anchors tested in San 

Diego also plot below the keying distance enve

lope based on previous plate anchor experience. 

Because vertical keying distances could not be 

determined with precision during the horizontal 

pull tests at San Diego, keying distances for 

these tests are not included in Figure 3.

The short keying distances observed in sand 

for the beam-plate anchors are believed to be 

caused by the large soil contact pressure on the 

plate due to soil displacement by the structural 

beam during driving. These high contact stress

es provide high initial resistance to pullout 

and generate a large keying couple.

With regard to anchor capacity, it may be ob

served in Figure 5 that, except for the lower 

embedment ratios where the surface of the beach 

sand had a low relative density (about 50 per

cent), the beam-plate anchors developed greater 

holding capacity factors than indicated by the 

curves. This is also the case for the pull 

tests conducted with the prototype anchors in 

the harbor at San Diego, as shown in Table 1.

These higher holding capacity factors for the 

beam-plate anchors are thought to be due in part 
to the presence of the structural beam which 

results in increased soil density during driv

ing, as noted above. In addition, the soil 

region providing the most resistance to pullout, 
that immediately above the keyed plate, is rein

forced by the structural beam and a huge padeye 

to which the anchor chain is connected. It is 

believed that this very stiff region results in 

the failure planes extending beyond those occur

ring with typical plate anchors and requires 

moving of a larger body of soil during pullout.
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One reason for the very high holding capacity 
factors for San Diego Harbor is the extremely 
high in-situ density of this sand.

The data plotted in Figure 5 show larger load 
capacity factors for horizontal than vertical 
load tests. Using the keying ratios determined 
during the vertical pull tests in San Diego for 
the horizontal tests, holding capacity factors 
were calculated that considerably exceeded the 
vertical ones. This additional anchor capacity 
can be explained by the contribution of the 
anchor chain in the soil, see Taylor (1982).
As shown in Figure 4, keying distances in soft 

cohesive soils depend on loading configuration 
and test procedure. When a plate anchor is 
driven into a cohesive soil, and the follower 
withdrawn, a tube of disturbed soil extends up 
from the anchor to the surface. Under vertical 
loading, the anchor tends to move up through the 
disturbed zone without keying. Such behavior is 
represented by the zone above the C line in Fig
ure 4. It is apparent that if a plate anchor 
driven into cohesive soil is to be loaded ver
tically, it must be fitted with keying flaps. 
The keying flaps can be hinged to fold up during 
penetration but open to oppose pullout under 
load. Keying flaps which open to present an 
area of 5 percent of the plate area have been 
found satisfactory, see Rocker (1977). With 
thixotropic soils, keying performance is im
proved by allowing time for soil strength re
gain.

The mooring anchors driven into the soft 
harbor deposits in Pearl Harbor were loaded 
horizontally, and vertical keying distances 
could not be determined accurately. Never
theless, recognizing this limitation, the pro
totype anchor behavior appeared to agree with 
the keying distance predictions of Figure 4. 
The relationships in Figure 4 are presented both 
for completeness of the proposed technology and 
to invite contributions from others.

Although ultimate load test data were not ob
tained, the Pearl Harbor installations, designed 
using current plate load capacity theory, per
formed as predicted. Therefore, anchor capaci
ties in cohesive soils will be discussed 
briefly.

Short-term anchor failure in cohesive soils 
was studied by Beard (1979, 1980). Based on 
data from several laboratories. Beard notes that 
Nc = 15 is valid for deep (keyed D/B ratios >6)

burial under marine conditions. This factor of 
15 includes full suction developed under the 
plate. (Without suction, the load capacity fac
tor is generally found to be about 9.) Due to 
installation disturbance and other unknown_fac
tors, Beard (1980) recommends a value of N of 
12 be used for the marine situation.

Long-term failure of cohesive soil can be 
treated by including the drained frictional 
strength_ as represented by the frictional load 
factor Ng. Beard and Lee (1975) show better

correlation between several series of model 
tests by using the simplified Equation 2 above, 
which was used for the current work.

For long-term loading there is concern, par
ticularly with overconsolidated clays, that the 
suction forces will dissipate and failure will 
occur at loads less than the short-term 
strength. NCEL's experience with both normally 
consolidated and overconsolidated soils (Beard, 
1979) has shown that anchors with a D/B ratio of 
6 or greater have long-term strengths greater

than the short-term strengths based on a Nc

value of 15. This appears to be due to an in
crease in soil strength, caused by consolidation 
of the soil above the plate, that offsets the 
loss of suction on the underside of the plate. 
For D/B <5 this was reversed, and the ratio of 
long-term to short-term strength decreased with 
increasing overconsolidation ratio (OCR). It is 
believed that at these shallower embedments, 
surface effects prevent consolidation of the 
soil above the plate from offsetting the loss of 
suction.

CONCLUSIONS

This work has shown the feasibility of using 
simplified driven plate anchors to provide high 
capacity moorings for ships or other floating 
structures in heavily congested or confined 
areas. Concepts developed during an extensive 
plate anchor test program have been verified and 
can be conservatively applied to the beam-plate 
configurations recommended herein. Technology 
has been developed for sizing and installing 
these simplified anchors to satisfy a broad 
range of mooring requirements. The major at
tribute of this developed technology is its 
adaptability, and its compatibility with readily 
available marine construction equipment. These 
concepts are being applied to mooring installa
tions by the Navy worldwide.
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