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ABSTRACT

The Navai Civil Engineering Laboratory has conducted field and
laboratory tests to investigate the eW'or: -equired to remove partially embedded
objects from cohesive seafloor soils.. nis work is intended to aid in proper

S~~selectiorn of eiements for Nacre salvage and rescu-e operations. This report pre-

i sents the resulys of the tests and an analysis of the results. Procedures are given

for Lse by field engineers in predicting forces required to remove objects imme-
diately and in estimating times required when lessor forces are applied. The
accuracy of the for .cs prediction procedure is about plus or minus 50%; the
accracy cf the time prediction procedure is about pl.-s or minus 100%. These
accuraKies are oomparable to those. usually attain3ble with other time-dependent
soil rnecha,'lis problems and csnuld be acceptab-p for typical object retrieval
operatiors.
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i.etigate the effort required to remove partially embedded objects from cohesive safloor soils.

This work is intended to aid in proper selection of elements for Navy salvage and rescue operations.
This report presents the results of the tests and an analysis of the results. Procedures are given for
use by foeld engineers in predicting forces required to remove objects immediately 3nd in estimating
times required when lesser forces are applied. The accuracy of the force prediction procedure is
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INTRODUCTION

General '

Objects either parti3lly or c:mpietely embedded in soil often require
forces greater than their own weirnt to c':slodge them. This additional force
requirement, termed the ,reakout problem, enters into the planning and exe-
cution of many Navy undersea operationr. Among these are the salvage of
sunken vessels and ordnance, the retrieval of bottom-sitting devices or struc-
tures, and the use of embedment anchors. In each of these cases, it would be
desirable to be able to pred:ct iti advance the magnitudes of these breakout
forces so that the elements of the operation wouid be selected and used
appropriately.

The overall problem oi breakout is very extensive. However, it is
possible to divide it into seve.ral subproblems which are less broad and, there-
fore, simpler to study. Division can be made along line-, of object embedment
depth, soil type, and nature of breakout operation.

A convenient division point for the object embedment depth is the
smallest lateral dimension of the object {width). If the object is embedded bv

an amount greater than its width, breakout usually occurs through failure of
the soil above the base of the object. This is the principle of embedment anchor
utilization. If the embedment depth is lesi than the object width, the breakout
force problem is mainly concerned with factors below the object base. This
latter case will be referred to in this report as the breakout of partially embed-
ded objects.

Soil can be roughly divided into two general .yptes: cohesivc and
cohesiunless. Cohesive scoils (clays) are very fine grained and relatively imper-
vious to water flow; cohesionless soils (sands) are coarse grained and very
permeable. Shallow breakou: from cohe;ionless soils generally requires only
very little force in addition to the object weight. The breakout torce required
with cohesive soils, however, may be substantial.

The nature of the breakout operation can be separated into aided and
unaided breakout- Unaided breakout involves solely a direct upward pu!l on

the embedded object; aided breakout includes the performance of other activ-
ities in addition to direct pull. Included are water jetting, excavation beneath
the object, and rolling of the object prior to torce application.

1÷
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This report will consider only unaided breakout of partially embedded
objects from cohesive !.aftloor soils. Breakout of embedment anchors t, 2 and
aided breakout of partially embedded objects3 . 4 are considered elsewhere.
The results presented in this report are intended to serve as a guide to deter-
mine whether aiding is necessary, and, if not, the e fort required for unaided

breakout.

Background

Breakout Testirng at NCE L. Afte the loss of the USS Thresher, the
Naval Civil Engii-eering Laboratory (NCEL) initiated a 3-year program to study
breakout forces as a part of the Deep Submergence Systems Project (DSSP).
The specific objective of this program was to develop procedures for predict-
ing forces required to rescue or salvage sunken vessels such as the Thresher.

Unaided breakout of partially embedded objects from cohesive soils was the
main area of investigation. During the first year of this program, largc scale
field tests were conducted at the Naval Ordnance Test Station, Seal Beach,

ocean bottom simulation facility. Various objects, several shaped somewhat
like submarines, were placed in a highly heterogeneous clayey silt obtained
from nearby borrow areas. The objects were subsequently broken out, and
the time and force required were measured. An unsuccessful attempt was
made to correlate the experimental results through use of fluid mechanics
principles. A major problem involved in making any correlation of these data

was found to be the heterogeneity of the soil. It was impossible to assign any
consistent series of parameters to the soil being tested. The value of these 1ni-

tial tests was tie opportunity they provided to view the breakout mechanism
directly. The tests also provided an opportunity to study the eflects of lifting
an object from one end rather than from its center of maz,. This was apparently

effective in reducing the required breakout force.5

During the second year of the DSSP breakout test program, field tests

were cornducted in about 30 feet of water in San Francisco Bay near the San
Francisco Naval Shipyard at Hunters Po~nt. Objects were partially embedded
in the bottom soih and then lifted free. The required breakout forces were
provided by a counterweight mounted on a moored barge. Each test consisted
oi firs, applying a specified uplift force to a partially embedded obiect and then
measuring the upwa'd displa.ement of the object as a function of time. Some
of the ,oil properties were obtained from laboratory tests on co0. samples and
also from in-situ shear tests conducted with a diver-held vane device. An
empirical equation which related the soil shearing characteristics te the

breakout force-time behavior was constructed. 6

2
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Also durino the second year of the program, a computer model based

on elastoplastic theory was developed for analyzing the breakout problem.

The model was formulated in such a way that the force required for essentially

instantaneous breakout could be related to the object geometry, embedment
depth, and soil shear strength. No time characteristics were considered.2

During the third and final year of the DSSP breakout program, field
tests were conducted in 100 feet of water off the Louisi,;na coast in the Gulf
of Mexico. The same objects used in the San Francisco Bay tests were partially
embedded in the bottom soil and then removed by using inflated pontoons to
provide the required forces. The upward displacements of the objects as func-

tions of time after force application were measured in several of the tests.7

During the latt2r portion of the ti-i,'d year of the program, small-scale
laborztory tests were conducied at NCEL. These involved placing small objects
in a tank containing disturbed cohesive soil obtained from nearby marsh areas.

An uplift force was applied, and the total time required for breakout was mea-
sured. Intermediate object displacements were not measured. 7

After the experimental testing, a report describing the tests and list-

ing the test results was prepared. 7 This report included an empirical equation
relating breakout force, breakout time, object geometry, seil strength, and time
in place before force application. The correlation was not sufficient for pre-

dicting breakout forces with an acceptable degree of accuracy in field
operations.

In FY-70 (fiscal yeAr 1970). an analysis of the previous partially
embedded object breaKout test results was conducted under the sponsorship
of the Naval Facilities Engineering Command. This analysis led to the recom-
mendation that additional small-scale laboratory tests were needed to better
define the breakout problem. These were conducted in the NCEL Seatlocr
Soi;s Laboratory during FY-71 and included apoproximately 90 tests performed
under carefully controlled conditions. The test results have been incorporated
into a general framework, discussed in later seciions oi this report.

Test Work Done Outside NCEL. At least two oiganizatirn. uesides
NCEL have conducted unaided breakout tests involving objects partially
embedded in cohesive soil. The Southwest Research Institute conducted a
series of such tests within a 90-inch-diameter pressure vessel. The results were

::nsidered preliminary and were not analyzed in detail. The authors concluded
that the breakout force is a function of object size, soil type, and in-situ time

and is not a function of the hydrostatic pressure.8

The Lockheed Missiles and Space Company performed a large number

of breakout tests in a reservoir near Santa Cruz, California, and in a test b.'n
filled with San Francisco Bay mud. The tests were begun by placing such

objects as 55-gallon oil drums and scale models of the Navy's DSRV (Deep

.3
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Submergence P isc',e Vehicle) into cohesive soil at either the reservoir or test
bin sites. Th. .*'cts were allowed to remain in place for varyir- times and
then b1z ken out itiher by rapidly increasing the uplift force untii the occur-
rence of breakout or by applying a smaller force and measuring the time

required for breakout. The results were presented in the form of regression
equations relating breakout iorce to object embedment depth. These were
g, /en for different object shapes and in-situ times. No attempt was made to
der;ve genera! equations which could be extrapolated to situations other than
t' ose i-ivestigated. 't -nvas concluded, however, that embedment depth is a
siqi..icý" t parameter in deterr:ining the required breakout force.9

if' ;r W Wavage .'zid Offshore Petroleum I - dustry Operations.
ODu•r --. °,- iJence relauve to the problem of -reeing objects from the
seaflo' _ited. A "mud suction" force is often mentioned in the litera-
ture o, .,%a -,ne salvage operations, but no measurements of such forces seem
to have been made. In the offshore: 3troleum industry, it is often necessary
to extract large mat foundations from the seafloor soils. In v.-me cases, the.

"i.,. :ces required have been measured, but these are difficult to analyze because
the mat e.mbedment depth is generally not known and the lifting process is

usually accompanied by water ietting beneth the mat A good review of the
breakout problems asso-iated with marine salvage and offshore petroleum
industry operations is provided by two NCEL reports.5 ,6

Objectives

The objectives of this report are:

1. To present the results of NCEL breakout tests.

2. ,-o provide an ana!ysis of these data.

3. To ro::romend practical techniques for use by field

engineers in estimating the effort required to ureak out
partially embedded objects irom seafloor soils.

TEST PROGRAM AND RESULTS

As discussed in the Background section. NCEL has conducted five

series of tests to investigate the unaided breakout of pzrtially embedded

objects. They are:

a..1. FY-66 Seal Beacri field tests

2. FY-67 San Francisco Bay field tests

4
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3. FY-68 Gulf of Mexico field tests

r4. FY-68 laboratory tests

5. FY-71 !aboratory tests

Because the soil at the Seal Beach facility was so heterogeneous, the
results were inconsistent and conflicting. The Seal Beach tests, therefore, will
not be considered further in this report.

The sperific procedural de-,ails of the field tests at San Francisco Bay
and Gulf of Mexico 3nd the FY-68 laboratory tests are given by two earlier

NCEL reports.6 "7 The procedures followed in the FY-71 laboratory tests are
~given in Appendix A of this report. The procedures followed in all of these.

test series can be generalized by these steps:

1 The first step in the performance of ;j breakout test is the

placement o, 1he object into the cohesive soil medium. In
the field tests, this was accomplished by merely placing the

objects on the soil surface and allowing them to settle under
their own wcight. In the laboratory tests, the objects were
oressed onto the soil to predetermined embedment depths.
The objects used in the various tests are listed in Table 1.

2. The second step is a waiting period during which the soil
Sarou;.d the object may regain some of the strength lost

during penetration and also during which objects may con-

0ýr tinue to settle. In the San Francisco Bay field tests and
FY-68 laboratory tests, the objects were unsupported dur-
ing this period. In some o. oe Gulf of Mexico field tests,

a constant upward force on a line attached to the object
was applied during the waiting period. In all of the FY-71
laboratory tests, an upward line force approximately equal

to the object we;gh- was applict so that no further settle-
ment would occur during the waiting period. This was

done to maintain the embedment depth as an independent
variable. The lengti of the waiting period will be identified
in this report as %, and the total upward line force applied
to the objects durii:g this period as F 2 .. (A foldout
NOMENCLATURE., aftcr the REFERENCES, gives a

complete list of symbols.) The embedment depih at the

end of this period will be identified as D.

3. The third step is tt-e application of the breakout force. In
the NCEL tests, th s included as many as three different

phz.-?s
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a. Dur;ng the first phase of all of the field jests

and some of the FY-71 laboratory tests, the
upward line force on the objects was increased
gradually until either breakout occurred or a
predetermined value was reached. For the
remaining laboratory tests, the first phase
consisted of a more or less instantaneous
application of the predetermined line force.

b. If breakout did not occur during the first
phase, a second phase was begun during
which the line force was maintained at a

constant value for an indefinite period of
time. Breakout 4jsually occurred at some

point during this phase, with the length of
the time period varying between a few seconds
and several weeks.

c. During a few of the field tests, there was

also a third phase (after the waiting period
of the second phase), which involved a fur-
ther increase in line force to the point of

breakout. This was done whenever it
appeared that the test would otherwise
extend into the night.

To develop an analysis of these data, it is necessary to reduce the
number of pertinent variables to a minimum. This can be done by describing
the load application portion of each test by two quantities, i# breakout force
and a breakout time. In this report, the breakout line force, Fob, will be taken
as that line force applied at the end of the first phase of loading (or throughout
the second phase for those tests wv-.hh continue into the second phase). The
breakout time, tb, will be taken as the length of the second v':onstarit line
force) phase of loading plus one-half of the length of the first (variable line
force) phase during which the iine force exceedsthe buoyar.. weight of theobject.
o The third phase of loading will he ignored because the results of tests

which included a third phase w-.'!d )e tou complicated to analyze otherwise.
Instead, those tests with a third phase will be ronsiJered as tests in which break-
out did not occur under a line force, FQb, applied for a period, th, as defined
above.|a

6.
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A general compilation of the results from the San Francisco Bay and
Gulf of Mexico field tests and the FY-68 and FY-71 laboratory tests is given
in Table 2. Some of the terms require further definition as follows:

B - The smallest lateral object dimension (width). For
spheres and cylinders, this is taken as the object width
at the soil-water interface.

A - Object cross-sectional area. For spheres and cylinders,

this is taken at the soil-water interface.

WS - Buoyant weight of soil displaced ty object (equal to
the buoyant unit weight of soil, -y-, times the volume
of the portion of object embedded in soil, V.).

Wb - Buoyant weight of object.

Ft - Breakout force carried by soil (equal to F~b -Wb +tsJ-

Fq - Downward force carried by soil during waiting period
priejr to breakout loading (equal to Wb -WS - FR.).

D - Embedment depth (awsumred equal to Vs/A tor spheres
and cylinders).

S, - Vane shear strenoth of soil.

The rationale behind the use of Fb and Fq is discussed in the

ANALYSIS section. The value of soil vane shear strength is not giver for
the field tesis because, as will be seen later, the quantity FCq is a beuaer mea-
sure of the in-situ undrained shear strength. Measurements of vene shear
strength at both sites were made, however, and these arc listed in References
6 and 7. The vane shear strength for the FY-68 laboratory tests is derived
from data presented in Reference 7. The vane shear strength is taken az 3.5

psf for embadment depths. D, less than 2 inches and eaual to 5 psf for greater
embedment depths. For the FY-71 tests, vane shear strength was measured
with a hand vane at eight points in the test tank after each test. The results
were averaged according to the procedure outlined in Append'x A to VYeld
one characteristic vane strength for ezch teb:.

ANALYSIS

General

Breakout is a very complex soil mechanicz problem. Two of the
features which make -t so are:

8



I 1. When a net upward force is applied to an embedded object. dnd

the object does not break out immediately, the force must be halanced by
the development of tensile stresses in the underlying soil. Although mnost soils

are incapable of exsting in a state of tension indefinite!y, most cohesive soilsi are capable of resisting tension for moderate to long periods of time, depend-

t ing upon the soil permeability and the overall drainage conditions. Breakout,i itherefore, is a distinctly time-dependent process; practically any nrt upward
force will dislodge a partially embedded object if enough time is allowed to
pass.

2. Breakout is strongly influenced by slight variations and inhomo-
geneities. For example, a single seam of sand connecting the bottom o4 a
partially embedded object with a source of free water could airnrost completely

eliminate the resistance of the soil to net upward forces on the object. Another
object in exactly the same situation without the sand seam night require a very
large breakout force or a long breakout time.

Breakout, therefore, is a complex time-dependent problem not unl;ke
the problem of prdicting the time-settlement history of foundations. This
iatter problem has been researched extensively, and it is still difficult to make

an accirate prediction. Considering that breakout is even more strongly irilu-
enced by slight variations in soil properties and that corsiderab;y less research
has beer, directed towards understanding it. it is doubtful that a truly accurate
technique for predicting breakout force-breakout time characteristics can be
developed. With the amount of test data presently in existence. however, it
is possible to derive somewhat approximate techniques for making first-order

estimates.
In developing these approximate techniques, it is first necessary to

clearly separate the breakout problem into two subproblems: immediate
breakout and long-term breakout.

Immediate breakout is defined in soil mechanics terms as breakout
under short-term, undrained loading conditions. Loading is so rapid that no
sig,;:ficant 3mount of water is allowed to flow into or through the underlying

soil. In practical terms, immediate breakout occurs when the upward load on

the embedded object is increased as ri'pidly as the available equipment will
permit until the object breaks free of the seafloor.

Long term breakout is defined as breakout occurring under the
influence of a force less than the. immediate breakout force. A certain amount
of time must pass betore this smai!er force will accomplish .-vhat the larger force
accomplished in very little t•,ne. Long-term bieakout is of interest because
immediate breakout often requires a large arrmotunt of equipment to achieve.
It may often be more economical to apply a small force and wait fo- a per:od

of time (perhaps several hours or even a few days). In suil r echaniczs term:.
long-term breakout corresponds to partially drained or shear creep loading.

9



It is important to note that for immediate breakou. the quantity
which must be predicted (the dependent variable) ;s the immediate bre3koul
force, whereas fo. long-term breakout the dependent variable is the breakout
time.

The analysis of the breakout problem will begin with the subproblem
of predicting the immediate breakout force.

Immediate Breakout

The immediate breakout of partially embedded objects from cohesive
soils has many elements in common with the short-term bearing capacity of

small footings. In the case of breakout, if water is not permitted to flow into
the space created below the object as it moves upward (as it -Vill not if the

terms of the definition of immediate breakout apply), then the soil isself
must flow into the soace. The shearing pattern of the soil flowing into the

space will be similar to the shearing pattern of soil flowing away from an

object penetrating the ground during a bearing capacity failure. A discussion

of the technical aspects of this analogy is presented in Appendix B. In this
appendix, it is concluded that a rough first approximation of the immediate

breakout force may be obtained with a bearing canacity cquation of the Term

5S .0 !- (1)

where Fib = portion of immediate breakout li,ie iorce carried by soil-

h.reafter referred to as the immediate breakout force

= F•lb - Wb + W,

Fitlb = immediate breakout line force

S = representative undrained shear strength of soil (assumed
equal to S,. the vane shear strength)

L = object iength

Other terms are as defined previously. (See page 8.)
For practically all of the NCE 1. tests, the objects we;e so shaoeJ that

B was equal to L.
For those objects. Equation 1 reduces to

AS = O .0 + 0.2. (2)

10
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Tab!e 2. Test RrsuItc

WaiTetg "Tigie. Wa ti.i Time tmbedr-ent Depth. ObleCt Width. CroAs-SDi SeonalBuaned ht. t W.Test Seies Ter No.1 Obie-ct Slrr'e | w(min) (Ib* Foce D (ftl) (ft) Area, A 1,.2) Buoyan Wegh. n batr

w &O)W fib) Wb (-b)

San Frarc;sco 0 sphere 720 -1.2 6.05 28.72 1.092 14.600
24 cylinder 6.120 -. 76 4.50 79.21 4200 21200
54 cylinrier 2.520 .!M. 4.% 79.31 42980 21.200
51 prr M 2.92 0 2.25 4.00 61.60 4.380 22.200
38 cube 4.0D0 - 3.00 6.16 3795 3.480 20.000
42 cube 5.580 - 1.50 6.16 37.95 5.123 20.000
43 cube 5.760 - 4.83 6.16 37.95 5.498 20.000
50 cube 2.640 - 3.50 6.16 31.95 5.984 20.000
.36 prism 1.0 -- 1.50 400 61.60 2.772 22.200
37 orisn 960 -- 1.75 4.00 61.60 3234 22200
46 prism 14.400 - 2.00 4.0') 61.F'J 3.696 22.200
53 prism 2.580 - 2.83 400 Fi.60 5.229 22.200
14 sphere 1.020 - 1.94 6.36 31.90 1.857 14.600

27 sphere 2.10 - 1.78 6.34 31.50 1.698 14.COO
52 cylinder 1.440 - 1.85 4.51 79.30 4.380 21200
33 cylinder 1 1260 - 2.09 4.51 79.30 4.980 21.200

Gulf of Mexizo 3 cube 128,. - 1.83 6.16 37.95 2.638 20.000
5 cube 813 10.000 0.33 6.16 37a95 475 20.000
6 cube 42 2.000 0.66 6.16 3795 951 20.000
8 sohoe 693 - 1.69 6.30 3127 2.002 14.500
9 spnere 1.357 - 1.52 6.23 30.52 1.75P 14.500

10 sphere 850 - 1.33 6.10 29.22 1.474 14.500
14 sphere 1.308 4.500 1.M3 6.10 29.22 1.474 149500
16 sphe.re 3.750 5.000 1.39 6.1b 29.69 1.569 14.500
17 sphere 240 700 1.15 5.92 27.54 1.205 14,5M0

22 sphere 1.011 600 0.88 5.51 23.88 797 14,500
28 prism 2.812 500 0.Z8 4.00 61.60 2.048 22200

4 cubc 2.965 - 1 0.75 6.16 37.94 1.081 20.000
13 sphere 4.122 - 0.53 4.53 16.0.3 339 14.500
15 sphere 126 - 1.59 6.02 28.50 1.731 14.500-
18 sphere 2.481 • 1.47 5.97 27.97 1.559 14.500
19 ýphere 126 - 1.21 5.76 26.04 628 14.500
20 sphere 7,-9 .- 1.06 6.18 29-95 2.127 14.S00
23 sohere 600 -- 1.03 5.74 25.87 1.008 14.500
25 prism 36.000 - 0.62 4.00 61.60 1.451 22.200
26 pris.n 832 - 0.33 F.00 F1 60 772 222(0

_- cube 2.867 - 1.00 6.16 37.94 1.442 20.000

Fr-68 ",oaraiory 15? c *we- 1.355 - 0.26 0.25 0.0625 0.491 * 1.582
36 .ube 22 - 0.10 0.25 0.0625 0.188 1582

c'• .: 17 - 0.10 0.25 0.0625 0.188 1.582
3A ctlb- I 17 -- 0.0 0.25 0.0625 0.156 1.582
39 cube 15 - 0.11 0.25 0.0625 0.202 1.582

40 c-e J 6 - 0.13 0.25 0.0625 0.234 1.582

'C



ý2. Test Results

Force Carried by SoilBreakout F~orce Soil Vane

a; Displaced Soil Object Weight Brekou! Line During Waiting Peaod°" Be:-kout Time.
2 i•oyant Weight, in Water. Force. F~b Ib (F2b - Wb + Ws) Shear Strengr:n.

Foce Flb ftb) (Wb - W,- FQw) tb (man)W (lib) Wb (Ib) Fb (Ib) SV fib/ft2) F q0b)

14.02 .4.600 18.000 4.492 - 13.508 11

4.200 21.200 24200 7.200 - 17.000 6

4.980 21.200 26.000 9.780 - 16220 7

4-W 22.200 24.600 6.780 - 17.820 13

3.480 20.000 3.30C 13.780 - 16.520 21

5.123 20.000 27200 2.323 - 14.817 121

5.498 20.000 25.300 10.798 - 14.502 71

5984 20.000 22.500 6.484 - 16.016 365

2.772 22200 26.500 7.072 - 19.428 > 130

3234 22200 27.600 8.634 - 18.966 89

3.696 22200 26.300 7.796 - 18.504 > 190
5229 22200 23.900 6929 - 16971 > 250

1.857 14.600 16.000 3257 - '.2.743 285

1.698 14.600 19.600 6.698 - 12902 55

4..380 21200 2b.5=1 8.180 - 16.820 135

4.980 21200 21.700 5.480 - 16220 175

2.638 20.000 36.000 18.638 - 17.362 2

475 20.000 21.500 1.979 - 9.525 0.5

951 20.000 26.000 6951 - 17.049 1.7

2.002 14.500 18.000 5.502 - 12.498 1.5

1.759 14.500 22.000 9259 - 12.741 4

1.474 14.50 22.000 8974 - 13.C26 1.6

1.474 14.500 17.500 4.474 - 8.526 4

1 M 14.500 21.000 806 - 7931 2

1205 14.500 16.600 3.305 - 12.595 3

797 14.500 20.800 7.097 - 13.103 1.5

2.048 22200 26.000 5.848 - 19.652 3

1.081 20.000 26.000 7.081 - 18919 26

339 14.500 17.000 2.839 - 14.161 142
1.731 14.500 16.500 3.731 - 12.769 14.8

1.559 14.500 21.300 8.359 - 12.941 11

628 14.500 15.000 1.128 - 13.872 > 542

2.127 14.500 18.837 6.464 - 12.373 13

"1008 14.500 15.000 1.5b8 - 13.992 > 586

1 A51 22200 24.00C 3.251 - 20.749 304

772 22200 23.200 1.772 - 21.428 94

1.442 20.000 22.000 3.442 - 18.558 124

0.491 1.562 2.34 1.25 5.0 0.0

0.188 1.582 3,10 1.71 3.5 0.1

0.188 1.582 2.80 1.41 3.5 0.1

0.156 1.582 2.40 0.97 35 05

0.202 1.582 2.00 0.62 3.5 47

0.234 1.582 2.00 0.65 3.5 67

cont inued
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Table 2. Continued

I
Test Series Test No.T Omect Shape Line Force Embedment Depth. Object Width. C~oss-Sectional DisPlaced So~ l Object Weig

SS(min) Li D (ft) B (ft) Area. A (ft2 ) Buoyant We:ght. in Water.

F(Ib)W b) Wb(Ib)

FY-68 laboratory 41 cube 175 - 0.09 0.25 0.U625 0.. 1.5&
(conitinued) 44 cube 15 - 0.11 0.25 00625 0.195 1.58:

43 L.u; 20 - 0.08 0.25 0.0625 0156 1.5&
1 c.zbe 830 - 0.18 0.25 0.0625 0.343 1.5&
5 prism 11.480 - 0.18 0.25 0-1250 0.686 3.16
7 cube 232 - 0.25 0.25 0.0625 0.469 1 .rS&

22 cube 1.027 - 0.25 0.25 0.0625 0.469 1 .E,

FY-71 laboratory I- 1 cube 1215 1.39 0.10 0.25 0.0625 026 1.39
I- 2 cube 720 1.39 0.08 0.25 0.0625 0.26 1.391

I- 3 cube 831 1.39 0.10 0.25 0.0625 0.26 1.31M
i- 4 cube 2.760 1.39 0.08 0.25 0.0625 0.21 1.3,4
I- 5 cube 1.350 1.22 0.10 0.25 0.-(25 0.26 1.3(M
1- 6 cube 180 1.39 C 13 0.25 0.0625 0.31 1.39_
1. 7 cube 0 1.39 0.25 0.25 0.0625 0.63 1.39_
1- 8 cube !.450 1.39 0.25 0.225 0.0625 0.63 13.39
i- 9 cube 310 1.39 0.23 0.25 0.0625 0.63 1.394
1-10 cube 3.990 1 39 0.1 0.25 0.0625 0.31 1.391
1-11 cube 150 1.39 0.13 0.25 0.0625 0..1 1 3&4
1-12 cube 3900 10.06 0.17 0.50 02500 1.57 10ý.3
1-13 cube 1.080 8.54 0.25 0.50 0.2500 2.50 10.391
1-14 cube 1.020 9.68 0 ,2 0.5C 0.2500 1.17 10.3,1
1-15 cube 180 9.57 0.08 0.50 0.2500 0.83 10.319•1
1-16 cube 1.020 9.50 0.25 0.50 0.2500 250 10.3,1
1-17 cube 330 9.10 0.10 050 0.25cG 0.96 10.394
1-18 cube 1.2^,) 9.57 0.25 0.50 0.2500 2.50 10.391
1.19 cube A.J20 19.53 0.25 0.75 0.5625 5.62 23.23
1-20 cube 335 18.51 0.08 0.75 0.5625 1.87 23.23
1-21 cube 225 20.57 0.38 0.75 0._.625 8.44 23.23
1-22 cube 1.185 17.79 0.08 0.75 0.5625 1.87 23.23
1-23 cube 1.200 19.57 0.25 0.75 0.5625 5.62 23.23
1-24 -e 240 2057 0.38 0.75 0.5V25 8.88 23.23
1-25 cube 1 ! 10 19.57 0.38 0.75 0.5625 8.44 23.23
1-26 cube 1.150 1.39 0.25 0.25 0.0625 0.03 1.394
1.27 cube 1.045 19.57 0.08 0.75 0.5625 1.87 23.23
1-28 c ibe 255 20.57 0.08 0.75 0.5625 1.87 23.23
1-29 cuoe 1.290 1.39 0.02 0.25 0.0025 0.05 1.394
1-30 cube 1.080 10.57 0.02 0.50 0.2500 0.21 10.394
1.32 cube 1.035 19.89 0.02 0.75 0.5625 0.47 23.23
1-33 cube 1.155 6.36 0.02 0.50 0.2500 0.21 10.394
1-34 cube 270 19.58 0.02 0 75 0.5625 0.47 23.23
U-'5 cube 255 1 39 0.02 0.25 0.0625 0.05 1.391
1-36 cube ý%5 23.17 0.00 0.75 0.5625 0.00 23.23
1-17 cube 36b 9.57 0.00 0.50 0.2500 0.00 10.391
1.38 cube 330 1 -28 000 0.25 0.0625 0.00 1.3M
1-39 cube 330 2.57 0.38 0.50 0.2500 3.75 10.391
1-40 cube 3-900 9.57 0.00 0.50 0-2500 0.00 10.31M

a"---AJ jktk



e2. Continued

•" Displaced Soil Object Weight Break )ut Force Soil Vane Force Car ried by SoileCtional OBreakout Line Sha Strength. D g Waiting Period- Breakout Time.

S(ft2) Buoyat Weight. in Wate:, F)rce. (Ib) Wb + Ws) Ser Strength.•: tW, (Ib) Wb (Ib) !:bFb (1b; Sv (Ib/f,2) (W Fq w(Ib)- l~ b(mn

50.173 1.582 2.20 0.80 3.5 0.4
0.195 1.582 1.14 1) 0.41 3.5 22

5 0156 1.582 1.80 0.37 3.5 -
5 0343 1.582 1.90 0.66 5.0 -- 227

0.686 3.164 3.,0 1.32 5.0 - -.11.460
5 0.469 1.582 2.4tt 1.37 5.0 - 232
5 0.469 1.582 2.18 1.07 5.0 - 38

- 5 0.26 1.396 4.14 3.00 119 - 1.3
5 0.21 1.396 3.93 2.74 12.4 - 1.5
"5 0-26 1.396 5.29 4.16 19.1 - 3.%,
5 0.21 1.396 7.01 5.82 24.C - 3.3
5 0.26 1.396 5.53 4.76 11.7 - 4.4
5 0.31 1.396 536 1.28 129 - 1.7
5 0.63 1.396 6.20 5.42 83 - 34

05 .63 1.396 8.87 7.10 25.0 - 4.5
5 0.63 1.396 10.65 9.87 20.8 - 2.8
5 0.31 1.396 6.14 4.06 17.5 - 2.3
5 0.31 1.396 4.96 387 14.4 - 1.8

1.67 10.396 22.41 13.57 13.9 - 2.5
2.50 10.396 25.29 17.39 12. 1 - 4.7
1.17 10.396 21.64 12.41 11.7 - 1.8

.20 0.83 10.396 17.28 7.71 10.8 - 1.5
2.50 10.396 34.48 27.58 206 - 6.0

0 0.96 10.396 22.77 1333 18.0 - 1.0
30 2.50 10.396 32.83 24.93 22.7 - 6.5

5.62 23230 4308 25.48 14.1 - 90
5 1.87 23.230 42.12 20.76 130 - 1.8
5 8.44 23.230 58.36 43.67 11.7 - 1.8

1.87 23.230 69.91 49.01 18.0 0.9
- 5.62 23.230 73.89 56.29 35.7 - 4.5
5 8.88 23.230 79.32 64.5.3 23.2 - 3.4
5 8.44 23230 57.43 42.6? 13:.8 - 21
5 0.03 1.396 6.28 5.A. 13.3 2.8
5 .87 23.230 37.92 16.57 21.4 1.3
5 '.7 23.230 35.63 14-27 12.7 - 0.5
5 0.05 1.3,5 2.15 0.81 20.5 - 0.3

021 10.396 12.76 2.57 15.0 - 0.5
5 0.47 23230 26.63 3.86 14.4 - 0.8

021 10.396 13.16 2.98 21.3 - 3.5
0.47 23.230 26.73 3.97 25 1 - 1.6
0.05 1.396 2.02 0.67 9.9 - 0.1

5 0.00 23.230 24.75 1.52 13.3 - 0.3
0.00 10.396 11.18 0.78 23.9 - 0.1
0.00 1.396 1.58 0.18 13.0 - 0.03
3.75 10.396 27.35 20.70 17.1 - 1.8
0.00 10.396 11.82 1.42 26.5 1.0

contin••ýd
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Table 2. Continued

I ~ II
I* T V Waiting Time EmbDisnt Depth. Object Width, Cross-secional Displaced Soil Object Weight

Test Series Tst No.* Object Shape Waiting Line Force, 0 Deth b With Arca. A (t 2 ) BLoyant Weiqht. in Water.
I tw (mi) F& (Ib) D M) 8 (ft) Atca. A (it2) W, (Ib) Wb (Ib)

FY-71 laboratory T. 1 cube 3.800 19 53 0.25 0.75 0 5625 5.62 23.230
(continued) T. 2 cube 300 19.53 0.25 0.75 0.5625 5.62 23.230

T- 3 cube 225 9.57 0.25 0.50 0.2500 2.50 10.396
T- 4 ,:ube 960 9.57 0.25 0.50 0.2500 2.50 10.396
T- 5 cube 220 139 0.25 0.25 0.0625 0.63 1.39S
T- 6 cube 150 1.39 0.25 0.25 0.0625 0.63 1.396
T- 7 cu*:e 180 7.57 0.25 3.50 0.2500 2.50 10.396
T- 8 cube 121, 1.39 fn.3 0.25 0.0625 0.31 1.396
T- 9 cube 1.040 9.02 0.25 0.50 0.2500 2.50 10.396
T-10 cube 186 1.39 0.25 0.25 0.0625 0.63 1 396
T- 11 cube 90 20.57 038 0.75 0.5625 8.88 23.230
T-12 cube 365 20.57 0.25 0.75 0.5625 5.62 23.230
T-13 cube 1.200 10.07 0.13 0.50 0.2500 1.24 10.396
T-14 cube 270 10.07 0.10 0.50 0.2500 0.96 10.396
T.15 cube 1.140 22.57 0.25 0.75 0.5625 5.62 23.230
T-16 cube 990 9.57 0.17 0.5(; 0.2500 1.67 10.396
T-17 cube 1.365 9.57 015 0.50 0.2500 1.50 10.396
T-18 cithe 1.035 1.39 0.08 0.25 0.0625 0.21 1.396
T-19 cube 1.035 1.39 0.13 0.25 0.0625 0.31 1.396
T.20 cub, 1 :65 20.57 0.38 0.75 0.5625 8.88 23.230
T-21 cutb. . .C70 1.39 0.08 0.25 0.0625 021 1.396
T-22 cubt 1.050 1.31 0.13 0.25 0.0625 0.31 1.396
T-23 cube 1.080 1.39 0.08 0.25 0.0625 0.21 1.396
T-24 cube 4.050 20.57 0.25 0.75 0.5625 5.62 23.230
T-25 cube 4.020 9.57 0.25 0.50 0.2500 250 10.396
T-26 cube 330 20.57 0.38 0.75 0.5625 8.88 23.230
T-27 cube 286 9.57 0.17 0.50 02500 1.67 10.396
1-.8 cube 300 1.39 0.13 0.25 0.0625 031 1.396
T-2, cube 990 9.57 0.17 0.50 0.2500 1.67 10.396
T-3r cube 270 1.39 0.08 0.25 P.0625 0.21 1.396
T-3' cube 150 20.57 0.25 0.75 0.5625 5.62 23230
T-31 cube 1zi 19.57 0.08 0.75 0.5625 1.87 23.230
T J3 cube 180 1.39 0.13 0.25 0.0625 0.31 1.396

7.34 cube 1.110 19.57 0.01 0.75 0.5625 1.87 23.230
T-3. cube 1.050 9.57 0.17 0.50 0.2500 1.67 10.396
T-36 cube 255 19.57 008 0.75 0.5625 1.87 23.230
1-37 cube 210 9.57 0.25 0.50 0.2500 2.50 10.396
T-38 cube 960 1.39 0.25 1 0.25 0.0625 0.63 1.396
T-39 cube 120 9.57 0.17 0.50 0.2500 1.67 10.396
T.40 cube 90 1.39 0.25 0.25 0.0625 0.63 1.396
T-41 :ube 195 9.57 0.08 0.50 02500 0.3 10.396
T-42 cube 270 9.57 0.02 0.50 0.2500 0.21 10.396
1-43 cube :55 1.26 0.02 0.25 0.0625 0.05 1.396
T-44 cube 1.020 1.43 0.02 0.25 0.0625 0.05 1.396
T-45 cube 1.035 9.57 0.02 0.50 0.2500 0.21 10.396
T-46 cube 6.940 20.39 0.02 0.75 0.5625 0.47 23.230

T-468 cube 75 2.57 0.38 0.75 0.5625 8.8 23.230
T-47 cube 2.580 2.57 0.38 0.50 0.2500 3.75 10.396
T.48 cube 1.440 1.31 0.25 0.25 V.0625 0.63 1.396
T-50 c,,%. 240 1.31 ).25 0.25 3.0625 0.63 1.396
T-51 ,.-be 300 2.57 0.50 j 0.50 0-25•"0 5.00 10.396

I indicates ir.f,-iete breaikout tests. T indicates ionq-term breakoun tests. eFr cases in which bearing cavacity is exceededduring object placement.

2/



E! -

Continued

Displaced Soil Object Weight reakout Lie Breakout Force So Vane urce Carried by Sil
Dipa- ol OjetWihtW uring Wanting Period '* Breakout Time.

Buoyant Weight. in Water. Brea+ Shear Strength. During W- Fed t Tm.
W, (Ib) W(b Force, F b (b) S, Ob/f12I (Wb-W -F 2 w) tb (mn-)

~- W 5 6  b Fb Fq (lb)

5.62 23.230 29.05 11.45 i30 - > 1.44)

5.62 23.230 23.66 16.05 13.2 - 153
2.50 1C.396 19.61 !.1.72 11.7 -

2.50 10.396 19.61 11.72 14.2 55
0.63 1.396 3.89 3.22 ;4.5 - 138
C%63 1.396 3.89 3.22 14.5 - 135
2.50 10.396 14.27 6.37 14.2 - 1.173
0.31 1.396 3.21 2.23 13.5 - 65
2.50 10.396 25.61 16.71 24.5 - 12
0.63 1.396 5.49 4.72 23.4 - 413
8.88 23.230 37.36 22.57 iao - 401
5.62 23.230 42.96 25.36 22.8 - 104
1.24 10.396 14.20 4.97 22.0 - 462
0.96 10.396 13.78 4.35 14.1 - 6
5.62 23.230 28.40 10.79 22.9 - > 4.320
1.67 10.306 13.60 4.76 15.7 - 2.498
1.50 10.396 12.48 3.44 16.4 A- 1.390
0.21 1.396 3.67 2.58 21.3 - 11
0.31 1.396 1.96 ) 98 13.2 -579

8.88 23.233 27.29 12.50 24.3 > 4.560
0.21 1.396 2.31 1.23 13.9 - 507
0.31 1.396 2.44 1.36 12.4 - 275
021 1.396 3.62 2.44 13.0 - 3
5.62 23.230 38.73 21.13 16.1 - 240
2.50 10396 22.26 14.36 23.8 - 129
8.88 23.230 30.91 16.17 14.9 - 16.505
1.67 10.396 17.50 8.66 21.1 - 331

0.31 1 396 4.58 3.50 21.0 - 29
1.67 10.396 24.46 16.62 20.0 - 5
021 1.396 5.20 4.02 18.5 - 1
5.62 23.230 54.76 37.16 19.1 - 5
1.87 23.230 3254 11.19 14.4 - 1
031 1396 3.91 2.83 18.2 - 50
1.87 23.230 28.76 7.41 12.8 - 18
1.67 10.396 19.86 11.02 20.0 - 8
1.87 23.230 35.48 14.13 16.9 -- 3
2.50 10.396 17.80 9.90 14.9 - 221
0.63 1.396 10.31 9.54 20.7 - 3
1.67 10.396 14.56 5.72 18.0 - 496
0.63 1.396 6.56 : 79 20.0 - 155
0.81 10.396 12-97 3.41 22.8 - 76
02! 10.396 10.73 0.54 15.3 - 300
G.05 1.396 1.52 0.17 18.5 - 10
0.05 1.396 1.53 0.19 13.0 - 4.392
0.21 10.396 10.92 G.73 21.0 - 222
0.47 ?3.230 23.80 1.03 23.8 - 8
8.88 23.23) 44.06 29.17 21.9 - 612
3.75 10."96 21.77 15.12 15.3 474

0.63 1.396 4.3,2 3.56 21.0 - " 1.178
0.63 1.396 4.33 3.56 21.0 - 3.657
5.00 10.396 26.76 21.36 21.9 - 16.1 12

ing object placement.
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This relationship summarizes the extent to which previous soil
rmrchanics research can be applied to the problem of breakout. To refine
the process of predicting immediate breakout forces still further, it is neces-
sary to resort to empirical br;.3kout data. This was done by first selecting a
criterion for separating immediate breakout tests from long-term breakout
tests. For the field tests and the FY-69 laboratory tests, a breakout time of
10 minutes was set as the division between the two because this time was
required for load application. For the FY-71 tests, immediate and long-term
tests were conducted differently. The immediate breakout tests were per-
formed by increasing the line load until breakout occurred; whereas the
long-term breakout tests were performed by applying a line force equal
to some fraction of the estimated immediate force.

The data from the immediate breakout laboratory tests were correlated

by plotting the experimentally determined term, Fib/AS, versus D/B, a tech-
nique suggested by the form of Eouation 2. This plot is given by Figure 1.

1&0

10.0

1,.,
0 0
Ca. 2

ZO -

10 0 FY-71 laboratory teust
0 FY-68 laboratory te

04

el •S. = vane •bear Uengh

0.0 1.2 0.4 0.6 0.8 1.0 1.2

Nor.-lized Enbedment Depth.

Figure 1. Normalized immediate breakout force versus normalized embedment

depth-laboratory te&s.



A slightly different technique was followed for the field tests. It may
be explained by considering first that a relationship similar to Equation 2 holds
for the bearing capacity of partially embedded objects: 10

SP = 6 0.0+0.22) (3)

where P = maximum downward force the object is capable of supporting

before bearing capacity failure

This equation suggests an in-situ test for measuring the undrained
shear strength, S. If an estimate of the buoyant unit weight of the soil is
made and the geometry terms A, D. and B are known, the soil strength can
be determined by measuring the bearing capacity force. P.

The object placement phases of the NCEL field tests can be considered
as in-situ tests of this type. Very heavy objects were used, and considerable
object penetration occurred during each placement operation. It is indicated
that the soil bearing capacity was exceeded at the soil-water interface and
that the objects penetrated unti! the soil strength was adequate to support
the object weights. I t can be assumed, therefore, that the bearing capacity,
P, is equal to the obje:t buoyant weight, Wb, less any line force, FRw, applied
during the waiting period.

Equation 3 can be rewritten as

W - FR. -W
AS 6 (1.0 + 0.2

or AS 0+0.22 4)

where Fq = Wb - FR. - W,

= force carried by soil during waiting period prior to breakout
loading

The field test data were correlated by plotting the experimentally
determined term, Fib/FQ. versus D/B. This plot is presented in Figure 2.
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Figure 2. Normalized immediate breakout force versus normalized embedment

depth-field tests.

To present all of the immediate breakout data on one plot, it is

necessary to convert the breakout force terms for field and laboratory test-

ing into the same form. The form of the laboratory test force terms was altered

to that of the field test terms to achieve this objective. The quantity obtained

is identified as Fib/F4, with F4 equal to 6AS [1.0 + 0.2(D/B)]. By referring
to Equation 4, it can be seen that F4 is quite similar to Fq although the method

used to determine it is different. A general plot of FIb/Fý and Fib/Fq ,%'rsus

D/B for all of the immediate breakout tests considered is presented in Figure 3.

By comparing Equations 2 and 4, it can be seen that Flb/Fq or FIb/F;

would 31ways equal 1.0 if Equation 2 were strictly correct f -r breakout. How-

ever, as can be seen, there are significant deviations from 1 .0. for low values oi
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D/B. This deviatio: may be attrib~table to elastic deformations which are
ignored in the development of bearing capacity equations. When uplift forces
are applied to a partially embedded object, the soil-object system will begin
to deform upward" elastically well before actual rupturing of the soil occurs.
If the object is shallowly embedded, these deformations alone might be enough
to allow the object to become detached. For deeper embedments, complete
rupturing of the soil would be required for breakout.

existing soil mechanics relationship

1.0

~0

0. I 'on1

0.4
"F-6 laoatr teas

* I t - -

0 0FY-78 laboratory tests
,•-• lab1 Woratory tests

0.0II
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Normalized Emecdment Depth, D

Figure 3. Normalized immediate breakout force versus normalized
embedment depth-field and laboratory tests.

The exact reon for the observed behavior is not important. What
is important is that all of the immediate breakout force data points appear to
fall within a band which can be represented by one equation and can thereby

18
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provide a basis for accounting for time effects. It is signiticant that the data
are bounded by the upper limit, Fib/Fq equal to 1.0, and that a decrease in
normalized embedment depth results in a systematic decrease in the normal-
ized breakout force. The trend of the data suggests an exponential form; the
coefficients of the appropriate exponential equation we-e obtained through
trial and error in such a manner mat the number of points outside the plus-
or-minus-50% band was minimized. The res'iltir I empirical equation for
predicting the force required 'or immediate breakout is

F ob F"b = 1.0 - 0.97e- 2 .7 51D/a) (5)
Fq -' F,

This equation ic. plotted in Figure 3 along with the lines of plus or
minus 50% of the predicted breakout force. This band includes 88% of the

data points.
A discussion of how to apply Equation 5 practically to pradict the

required immediate breakout force is given in the SUGGESTED PROCEDURE
and SAMPLE PROBLEM sections.

Long-Term Breakout

Predicting the time required for extracting objects with a force less
than the immediate breakout force is somewhat more difticult than piedicting

the immediate breakout force itself. Existing soil mechanics knowledge pro-
vides little information on the subject, and virtually no empirical data exist
other than the results of the NCEL tests. A further complication arises from
a general lack of knowledge as to *he mechanism which leads to breakout under
long-term conditions. It is necessary, therefore, to resort to empirical data cor-
relation tempered with observational information on the mechanism to produce
a usable nrediction technique. Along these lines, the long term laboratory tests
of FY-71 were given first consideration because of their large rumber the variety
of parameters considered, and the extent of control.

The qualitative characteristics of long-term breakout were determined
observationally and by measuring the upward object deflection as a functiri
of time after load application and the depths of the holes left by objects which
were broken out. The characteristics determined were:

1. After the ai.plication of a line force, F~b, less than the estimated
immediate breakout line force, FQ1b, but greater than the object weight, a
s.omewhat -apid, upward object motion occurred over a period of about 5
mmn--:es. This initial displacement appeared to vary directiy with the force
applied relative to the estimated immediate force.
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2. Cracks, surrounding the object and extending out from the object
corners, formed during the initial displacement phase. The extent of cracking
appeared to vary with the relative force level.

3. The soil near the object moved upward and outward away from
the object. The soil farther away from the object moved downward. An
elevation view of an object immediately after the initial displac-.ment phase
is shown below.

fF~b soil surface before

force application

4. After the initial displacement, the object moved upward very
slowly until finally becoming detached from the soil. Cracki.g became
more extensive as time progressed.

5. The depth of the hole left , :er breakout, relative to the mitial

object embedment depth, varied inversely with the relative force levei. In
fact, for immediate breakout there was virtually no hole; whereas for very
long-term breakout the hole depth approached the originai embedment depth.

6. It is uncertain whether or not the obiect bottom Usually became

detached from the soil before fina! breakout. The quantity resulting from
subtracting the initial embedment depth from the total upward oblect dis-
placement before breakout and adding the final hole depth might equal the
thickness of a water pocket beneath the object. However, this quantity m'ght

as:eec ,:,iiv8a, ilastz•: deformotion aftor br'k.." or evepn erc;sion caused
bywater rushrig in behind the object durin fli.al breakout. nhus quantitv

was usually small but greater than zero. In a few of th3 very long-term tests
(for example. 2 weeks), this quantity was virtualiv zero.

7. The u,Award dispiacem•.nt immediately preceding final breakout
varied directly with the relative iorce level.

On the basis of these qualitative characteristics, a few tentative
conclusions were drawn.



Ja

1. The relative force level appears to be a significant quantity. It wili

be identified in later sections as Ft,/FIb, with Fb equal to tte portion of the
line force, F~b, carried by the soil (assumed equal to F~b - Wb + W.).

2. The complex process of crack rormation ano propaga.ion appears
to olay a major role in determining the breakout response. At least three soilI mechanics concepts could enter into this problem:

a. Undrained creep of the soil Forrounding '-.' object

w tb. Drained creep with water flowing into the soil
with time

c. Water flowing through the soil into an expand-ng
cavity beneath the object

Concepts (a) and (b) seemn more probable, because they would lead
to an expansion of the crack system (as observed), whereas (c) probably would
not. An analysis of concepts (b) and (c) would lead to the conclusion that the

nydraulic gradient, p/D, is an important quantity (p is the gage pressure in the
pore water beneath the object and was assumed equal to Fb/A). An ana:ysis
of concept (a) would lead to the conclusion that the relative force level by
itself is the important quantity in effecting long-term breakout. The inipor-
tav;e of thEs. terms can be determined through empirical data corre;atioA.

3. The object embedment depth appears to be very significant in
determining breakout.

The significant parameters which were varied among the tests included:

Original embedment depth o, o•bject. D

Width of object, B

Hydraulic gradient, p/D

FF Relative force level, Fb/Flb, with Fib estimated from Equat.on 5

The dependent variable of all of the long-term breakout tests was the

breakout time, tb. It ,as felt that the most important independent variable
was tne relative force level, Fb/Flb. Therefore, the tec&"ique followed for
determining the best method for correlating dcta was to plot Fb/Fbb versus
tb, normalized by the geometry paramr.'ers D and B and the hydraulic gra-

dient p/D.
Several normalizing procedures were followed. The terms plotted

versus Fb/F~b included:
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The last term, (ptb/D 2)(B/D)2 . produced the best correlation with
Ft,/FIb for %he FY-71 laboratory tests. A plot of this relationship is presented
in Figure A The dimensions of this normalized time term are time-force per
l3ngth to the fourth power. This term can be nondimensionalized by multi-
plying by a permeability and dividing by the unit weight of water. Such a
nond;mensional term can be rationalized as discussed in Appendix C.

The field and FY-68 laboratory test data were also plotted in the
form of Fb/Flb versus (ptb/D2 )(B/D) 2. as shown in Figure 5. Here the corre-
lation is somewhat weaker and the points tend to lip to the left of the data
points for the .•Y-71 laboratory tests (Figure 4). TrIe shift in the data points
appears attri'butable to a variation in some t;me-related soil property (possibly
permeability) amcnQ the different soils tested. it is felt that ii" tiis property
inete measure,; accurately it could be incorporated into the normrrahized time
ter,'n (as discussed in Appendix C) to improve the quality of the wirrelation.
The permeability of the FY-71 laboratory test soil was measured (0.9 x
10-6 crn/sec), as was the vertical permeabi!it / of core samples obtained at

the Gulf of Mexico test site (1.1 x 10-7 cm/sec). The latter measuentents,

however, are unrepresentative of the overall permeability ch3racteristlic of

that site because the horizonta! permeabitit. was not determined. Because

sand seams were observed in the cores. horizoa!tai seec•ge would assuredly

dominate the long-term soil response. Thefefore. a n'more accurate norrrah-

zation of the data is not possible at present.
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1.U -..-- Indicates test discorcinued 1
before occurrence of breakout

Damied-line band represents
~ Fquation 6plus or minus one- I

1, 0% 9 half log cycle of the normalized
.0 6 \time

u.0.6-

0.4j

1030 le 10 16 17 18 -031

Norm~alized Breakout Time. T -tb ~j8N2 lbmnflgS

Figure 4. Relative force versus normialized breakout time-FY7 V-l logterm
laoratory tests.

i', is f elt. ho-w.ever, that the present conditions are suff icientlyl accuraieL I lot estimating the order of magnitude of breakout time. The Gulf of Mexico
and Sarn Francisco Bay soils are representative of typical dtep-sea deposits, so
correlations based en these data can be extraooilated Io otl:er SiteS. The FY-7"
laboratory daia have a hi; enough correlation to proviz'i d Go0c; indication eA
the prooer form ot the breakout time relatizonship.

The procedure followed was to :it an~ equation tO trie FY-741 test daiz
accurately and then shift this equation slightly by altering one parameter to fit
the field test data. The test data suggested a Io3-log form. thertýiore. a rel~-,
!iconship. for the FY-71 data was determ;.ied to be

log,, j-=C.193 (1Wo 1 T -4.7-4:

wvht!e T =(pth/D 
2 ) (BID) 2
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L This reiritionship was obtained by trial and error to minimize: the
poin~s falling outside the band of the relationship plus or minus one-hali log

cycle of TU. Equation 6 is plotted in Figure 4 along witth the band designating
oius or minus one-half log cycle of T. This band contains 70% of the dlaa

points.

-!.f0I

I. 0 San Francisco Bay field tests1~ ~E6 Gulf of Mexico field teast
0.8 0 FY468 laboratory tests

e -4-o- Indicates test discontinued

0 before breakout

00

0.45

0,2

103 Ioe 106 107  108 lo 1 i

Normalized Breakout Time. T tt (2 k)k 2 l-nn\(o

Figure 5. IFie'ative force versus nriomalizedi breakout time-long-term field

tests and FYV.68 long-term laboratory tests.

By usiNj Equation 6 as a guide, r, similar relationship was ý'-,veioped
for tne. f~e!d test data:

log, ~ - = O.193ilog1 0 T - 3.84) (7)
r-ab

The same criterion was used to Outain this equationr as -was used for

Equation C. Equatioi,. 7 is plotted in Figure 5 along with the bind designatring
plus or minus one half log cycle of T. This oand contains 53% of the data points.
Only 13% of the points fall to the right (um'onservative) side of the band.
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Because it reflects the response of seafloor soils in situ, Equation 7 is
suggested for predicting the time required for the breakout of oartially embed-
ded objects from cohesive seafloor soils in field operations. It is suggested

because it reflects the appropriate permeability conditions, has the form indi-
cated by the more rigorously controlled laboratory studies, and, in any case,
does not differ significant, -from Equation 6. A more complete discussion of
how tc apply it is included :n the SUGGESTED PROCEDURE section.

I
SUGGESTED PROCEDUREi The procedure suggested tor determining the effort required to achieve
unaided breakout of partially embedded objects is shown graphically by the
block diagram of Figure 6 and described by tne following outline. The letter-
number designations included in the blocks refer to sections of the outline. It

is assumed that the object has been located and that its geometry is known or
can be measured.

A. Measure object geometry parameters A, B. and L; embedment
depth, D, and buoyant weight, Wb.

1. A is the horizontal cross-sectional area of the object at the
soil-water interface

2. B is the least lateral dimension (width) at the soil-water
interface.

3. L is the largest lateral dimension (length) at the soil-water
interface.

4. D is the embedment depth. It is assumed equal to V/A,
where V$ is the volume of that portion of the object embed-

ded beneath the soil-water interface.

B. Determine whether this is a partially embedoed object.

1. Calculate D/B. If it is greater than 1.0. embedment is not
considered partial, and anchor-tyoe breakout equations
must be used. 1. 2

2. If D/B is less than or equal to 1.0. the problem is considered
to be one of partial embedment and the relationships of tl,:;
report can be used.

C. Determine the general type of seafloor so.i involved.

1. This can be accomplished eith,!; observationally from a

submersible or ny obtaining a disturbed, grab sample.
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2. If the soil is cohesionless (sand), breakout will not be a
problem. Breakout can be accomplished by applying a

line force equal to the buoyant weight of the object. A
short time may elapse before the object breaks fr-e.

3. If the soil is cohesive (clay), the soil will provide at least
some resistance to breakout, as indicated by the relation-
ships of this report.

D. Estimate the buoyant unit weight of the soil, -'s.

1. This can be obtained accurately from a bulk wet density

test on a core sample.

2. If wore samples are not available, the buoyant unit weight
can be taken as 30 pcf, a typical value for seafloor soils.

E. Determine, if possible, how the object became embedded.
1. If the object was sinking slowly (less than or equal to 2 fps)

when it collided with the seafloor, and the present relative
embedment depth, D/B is greater than 0.25, it is not neces-
sary to measure or estimate the soil strength. Instead, the

foilowing procedure should be used:

a. Calculate F. = Wb - W., where W. = -ys Vs.

b. Refer to Figure 3 (or insert D/B into Equation 5)

and obtain the quantity FIb/Fq.

c. Multiply FIb/Fq by Fq to obtain Fib, the portion
of the immediate breakout force which will be car-
ried by the soil.

2. If the object penetrated the seafloor with a velocity greater
than 2 fps, or if the present relative embedment depth, D/B,
is less than 0.25, it is necessary to estimate the undrained
shear strength of the soil.

a. This can be accompish-d ',y in Wil vane . ests near
the object, laboratory vane tests on core samples, or,
if neither of these courses can be followed, by refer-

ence to Figure 7. This figure presents a typical

strength profile for a cohesive seafloor soli.

b. Once the shear strength profile is known, it is
necessary to select a representative shear strength.
This can be done by averaging the strength from a

sediment depth of 0 to D + B.

26



.0.

I I C

N I I

- C4

Mal



?U

7S

C ~ 0
0.2

C CL

0

co

a . -•

a U

-Fa

LL!

a * II



c. The average strength is identified as S.
d. Insert A. S, D, L, and B into the following

relationship and i91ve for F'

j~F =5AS(10 + 0.2 ) 0. + 0.2.)

e. Insert D/B into Equation 5 (or refer to Figure 3)
and calculate Flb/Fq.

f. Multipl, FIb/F, by Fý to obtain Fib, the portion
of the immediate breakout force which will be car-
ried by the soil.

F. Calculate the line force required
for immediate breakout, Felb-

Undrained Stiear Strength. S (pOf)

0 100 200 300 F£1b =1.5Fib + Wb - 4
0,

A safety factor of 1.5 on Fib is
included to allow for the scatter

1 of data in Figure 13.

G. Determine whether or not F£ib
2 can be applied with the equip-

ment available. If it can, apply

-3 F21b and detach the object. If it
- cannct, proceed with the follow-

ing steps.

o4 H. Determine what line force can be
achieved and identify it as FQb

5 5 I. Calculate 7b = Fgb - Wb + Ws.

J. Calcula~e Fb/Flb, with Fib as

-alJird e ir 6ther step -_1c c-
step E2f.

7 IK. Refer to Figure 5 (or Equation 7)
and obtain T.

Figure 7. Typical undrained shear L. Calculate the time required for

strength profile for breakout. tb.
cohesive seafloor soils.

tb =

where p = Fb/A (foot/pound!
minute units must be used).
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M. After applying a safety factor of 2.0 to tb, determine whether

the load F~b can be applied economically for this period of time.

1. If it can, apply F~b for tb minutes.

2. If it cannot, a system of breakout aids must be devised. 3.4

SAMPLE PROBLEM

An example of an application of the suggested prediction procedure
follows. The step identifications are identical to those of the preceding sec-
tion.

Problem

A cylindrical object weighing 50,000 pounds in water is embedded
in the seafloor. A grab sample indicates that the seafloor soil is a cohesive
material. A submersible visiting the site reports that the axis of the cylinder
is parallel to the seafloor and that the cylinder is embedded to its center. The

cylinder is 15 feet long and 6 feet in diameter. It has been determined that

the object was drifting downward very slowly when it collided with the sea-
floor. The effort required to detach the object is to be predicted.

Solution

A. 1. A = 1 5 x 6 90 ft 2

2. B = 6ft

3. L 15ft

4. V = x3 2 x 15 x 0.5 212ft 3

D = V$/A = 212/10 = 2.36ft

Wb = 50,000lb

B. D/B = 0.393. Therefore, the object is partially embedded

The so"l is cohesive.

D. Assume y$ = 30pcf.

E. The object was sinking slow!y and the relative embedment depth
is greater than 0.25. Therefore, the shear strength does not need

to be estimated.
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1. a. Fq = Wb- W

W$ = 1'=V$ = 30 x 212 = 6,3601b

Wb = 50.000 lb

F' = 50,000 - 6,360 = 43,640 lb

b. D/B = 0.393

from Figure 3 (or Equation 5)

Flh/Fq = 0.670)

c. Fib = 0.670 x 43,640 29,240 lb

F. Felb = Fib + Wb - WS = 29,240 + 50,000 - 6,360

72,880 lb

or, with a -afety factor of 1.5,

FQ£b = (1.5 x 29,240) + 50,000 - 6,360 = 87,500 lb

To ensure immediate breakout, a line force of 87,500 pounds
should be applied to the object.

G. It is determined that a force of 87,500 pounds cannot be applied
with 1!te existing equipment.

H. A force of 60,000 pounds, however, can be applied. The amount
of time required. for breakout with this force is desired.

I. Fb = FRb - Wb + W.

FRb = 60,000 lb

Fb = 60,000 - 50,000 + 6,360 = 16,360 lb

i. Fb/Fl = 16,360/29,240 = 0.56

K. From Figure 5 (or Equalion 171

T 1.41 x 105 (lb-mitn/ft4 )

Stb = ~TD/ 2D

Fb 16.360
A 90

1.41 x 105 x (2.36)2 26
tb =182 y- = i6.7 x 02 rmin

= 11.1 hr
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Application of a safety factor of 2 yields a design breakout time
of 22 hours. This might be a reasonable time to wait for breakout

to occur. If not, breakout aids should be applied.

SUMMARY AND CONCLUSIONS

1. Breakout of partially ,'mbecdJed objects from cohesive seafloor soils can
be divided into immediate and long-term breakout. Immediate breakout

involves rapidly increasing the apward force on an embedded object until
it becomes detached. Long-term breakout involves apolying a force less than
the immediate breakout force and allowing time to pass. If embedme-n, is
partiai (embedment depth less than object width) breakout will eventually

occur under the influence of almost any net uplift force. However, much
time may b, invo~ved.

2. The immaiiate breakout force problem appears similar to the problem of
determinirng the bearing capacity of shallow footings. However, the basic equa-
tions must be modified somewhat to reflect differences between failure

mechanisms.

3. The techniques of this report are capable of predicting the immediaze

breakout force (that is, that portion in addition to the object weight) within
plus or minus 50%. This is a suitable accuracy for a seafloor object retrieval
operation.

4. The breakout forces required for objects very shallowly embeddcd

(embedment depth less than one-tenth the object width) are almost negli-
gible.

5. No existing theoretical techniques appear applicable to the long-term

breakout probtem. However, the empirical approach presented in this report
provides a means for predicting the breakout time within about plus or minus
100%. This is a reasonable accuracy for a time-dependent soil nechanics pro-

blem and appears adequae for the typ'ls of operations toward which this
approach will be applied.

RECOMMENDATIONS

1. The procedures presented in this report should be used to predict the

,mmediate breakout force and the time required for breakout when a force

less than the immreoiate breakout force is applied.
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2. Although these procedures are approximate, additional research in the
area of partially embedded object breakout is not justified at present. The
accuracies achievable appear adequate for the sorts of operations toward
which these procedures will be applied. These accuracies are considerably
greater than those achievable for deepiy embedded object breakout and
aided breakout.

3. Future research should be directed toward developing techniques, similar
to those of this report, for predicting the effort required for deeply embedded
object breakout and aided breakout.

4. Extensive small-scale model labooiory studies, supplemented by limited
field tests, appear to offer the most economical cours3 for this research.
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Appendix A

FY-71 LABORATORY TESTS

GENERAL

Small-sc3le model immediate and long-term breaKout tests were
performed in the NCEL Seafloor Soils Laboratory in FY-71. 1 he tests were
.nitiated specifically to investigate the breakout of objects of very shallow
embedment for application to the various NCEL programs which involve
bottom-sitting devices. In addition, however, a number ot tests with some-
what greater embedment depths were performed in order to allow comparison
with earlier NCE L tests and to provide additional, well-controlled test data cn
the general probtem of partially embedded4 object breakout.

In all. about 90 tests were performed. Of these, 40 were classed as

immediate breakout tests, in which upward loads on embedded objects were
increased rapidly to breakout. The remainder were long-term breakout tests.
A fraction of the immediate force was applied and the time required foi break-
out wa-- mmasured.

EQUIPMENT

Simp,, -perimental equipnment was used so that a iarge number of

tests could b, formed economically. The equipment consisted of two
55-gallon oil drums on which were mounted knife-edges for use as fulcrums
to levers. The levers were solid steel bars, 4 ieet long, with mercury switches
mounted near their centers. The drums were partially filled with a cohesive

soil into which objects were embedded. Lii-es were attached 17om the objects
to the inner ends of the levers. At the ott-er ends of the levers were placed
weight stands on which weights were added to provide the required upward
line forces to the embedded objects. The mercury switches were wired into
circuits containing electric clocks. When breakout occurred and the levers
deflected, the mercury switches opened, thereby siopping the clocks. It was
not necessary, therefore, to observe the tests continuously. A diagram of the
testing configuration is shown in Figure A-A.

It was felt that the soil shear strenglo, %.uld become a critical parameter
during the date analysis phase. Therefore, special attention was given to devel-

oping a simple and accurate device for measuring the in-situ strength of the soil
within the drums. A hand-held device was developed which consisted of a 1.4-
inch-diameter, 1.4-inch-long. four-bladed vane mounted on a 24-inch aluminum
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shaft which was in turn conrected to a torque screwdriver handle. The vane
size was selected so that typ~cal soil strengths would fall wi(hin the midrange
of the torque dial. The sh'ft without the vane was tested to determine ithe
torque lost to shat fi.:un. The torque device was calibrated by applying
a known torque and comparing with the dial reading.

S • ~steel bar

dispacemenmcury

gage r

knife-edge •

soil L 5S-galion drum

Figure A-i. Setup for FY-71 laboratory tests,

Vane tests were performed by pressing the vane to a partucular

soil depth and then slowly twistirg the handle until a constant reading was

obtained. To achieve as much consistency as possible. the same individual
performed all tests. A few core samples of the soil were obtained and sub-
jected to the more standard laboratory vane test. The results of these latter
tests compared favorably with the results of the tests with the hand-held vane.
Strengths were obtained according to the usual practice of assuming full mobi-
lization of strength over a cylindrical fr:lure surface hav;ng a diameter equal to
the vane diameter and an altitude equal to the vane height. Mobilization of
strength along the. ends oi the cylinder was a!so assumed.
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The upward movement of objects during long term breakout was
monitored with a simple deflection gage. The movemelwt of the inner end
of the lever relative to the side of the 55-gallon drum was measured.

Three objects were used in the testing: a 3 x 3 x 3-irnch block, a

6 x 6 x 6-inch block, and a 9 x 9 x 6-inch block. The blocks were concrete,
and their weights in seawater were: 1.39. 10.39, and 23.23 pounds, resvec-
tively. The 9 x 9 x 6-inch block was always embedded with i.t. 90 x 9-inch
plane horizontal.

TEST SOIL

The soil tested was a marine, clayey silt obtained from a tidal flat at

Seal Beach Naval Weapons Station, California. The soil was oven-dried, bro-
ken into particles, and mixed with saltwater to obtain desired strengths. Some
of the soil index properties are given in Tab!e A-1.

Table A-I. Properties of Typical Soil Sarnple-FY-71 Labofatory Tests

Property Value or Oescr~ptson

Bulk wet density fpct) 104

Vane sher strength (psi) 10

Remnoldid s'ro•rgn 1W1) 5

SEn•ti:vvty 2

WM.u content 4%) 57

Specific gravity of solids 2.60

Void ratio 1.45

Liquid limit (%) 41

Plastic limit 4%) 26

Plasticity" index (%) 15

Sand Mi 10

SuIt (%, 58

clay (%) 32

Classification (Unified Soil Classification System) ML 'slightly plastic clayey silt)
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TEST PROCEDURIE AND RESULTS

A list of 'he tests which would be performed was compiled before the
tec,.inqI program was oeoun. It was decided that the parameters to be varied
would be the soil strength. S; the embedment depth, D; the object width, B;
and 'the relative breakout force, Fb/Flb (for the long-term tests). To be inves-
tigated were two soil strengths (10 and 20 psf), three object widths (3, 6, and
9 inches), and a variety of embedment depths (ranging between 0 and 4.5 inches).
Rela.ive force levels ranging between 0.2 and 1.0 were also to be considered. A
list of the various permutations of these parameters was made and randomized.
Two tests with edch permutation were eventually perfoi .ned. A few aulditional
tests were performed when it appeared that data for a particular range of param-
eter values were lacking.

Each test was begun by thoroughly mixing the soil in onE of the two

drums. Either additional dry soil or water was added until the desired shear
strength was obtained throughout the drum. The soil was then vibrated to
increase the degree ot saturation. An object was placed to a predetermined

embedment depth and the soi; smoothed about it. About 1 fcot of water
was added to cover the soil and obiect, and the lever-weight-holder system
was rigged. Weights were added so that the weight of the object was supported

and virtually no force, positive or negative, was t;ansmittei to the soil. This
condition was maintained for about 24 hours.

At the end of the waiting period. additional weight.s were placed on
the weight hanger. If the test was to be an immediate breakout test, weiUhts
were placed until breakout occurred. For a long-term test, a predetermined
weight was placed on the holder, and the time required for breakcut was
recorded with the electric-clock-mercury-switch system. The upward rtiove-
ment of the object was measured as a fuia•tion oi time after load application.

After a test was completed, the water was drained from the drum,
and the characteristics of the hole left by the object were measured. The
s-h.ar strength of the soil was then measuied at four different depths (1, 4
7, and 13 ir es) beneath the hole center and at the same four depths at ar,
offset dista: of 8 inches from the hole ;zenter. For use On analysis, these
were averaged as follows:

(a) With the 3 x 3 x 3-inch block, the itrengths at dep'tis of 1 ano
4 inches and offset distances of 0 and 8 inches from the hole center were
averaged to yield one shear strength. S.

(b) With the 6x 6 x 6-inch and 9 x Q x 6-inch b;c-cks, .he stre igths a:
depths of 1, 4. and 7 inchvs at the two different offset distances were averaged.

The data from the!se tests are included in Table 2 of the main text of
this report.
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Appendix B

BEAR!NG-CAPACITY ANALOGY

One of the classic problems considered in soil mechanics is the
determination of the bearing capacity of a shallow footing on an infinite
half-fpace. The bearing capacity is defined as the maximum downward load
which may be applied to the footing before the underlying soil is ruptured
along continuous failure surfaces in such a way as to create a failure mechanism.
Th's condition is alsc often referred to as a general shear failure or a state of
plastic equilibrium. The usual procedure used to analyze this situation has
been to construct a series of hypothetical failure surfaces, assign to each soil
element along the surfaces a shear stress equal to the soil strength, and solve
the resulting structure bv statics to obtain the footing load. Theoretically,
if this were done for every imaginable series of surfaces, the bearing capacity
would correspond to the !owest footing load obtained. A substantial effort
has been directed towara finding appropriate failure surfaces and has led to
the development of several bearing-capacity equations. One of the most com-
mon. ;f these is that developed by Prandtl for an infinitely long footing of
finite width; this equation is based on the failure pattern shown in Figure B-1.1'

*~5 + ioisso 450-quu

r -o

r. to. vnwd I amsdf-d in th der= 0 isnlwni' hraiaiund

ro. Lf Mnqlh of one of "he *s of *e bosches 1vL~e

Figure 8-1. Cross sction illustrating Prandtls plastic equilibrium theory.
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It can be seen from Figure B-1 that the characteristics of Prandtl's
failure surfaces are strongly related to the soil friction angle. For short-term
loadings on fine-grained, low-permeability (cohesive) soils such as those usually
found on the seafloor, the assumption is often made that the apparent friction
angle is equal to zero. This is because the low soil permeabil;ty prevents signi-
ficant drainage and soil volume change during a short-term loading. Because

If soil strength is primarily a function of relative volume (void ratio), there will
be little strength variation, and the soil friction angle, which is basically a mea-
sure of the change in strength corresponding to a change in stress, will appear
to be zero.12 For a soil with zero friction angle, Prandtl's failure surfaces
reduce to those shown in Figure B-2.

Figure B-2. Prandtl's failure surfaces with 0 0.

If it is assumed that the shear stresses along all of the failure surfaces
are identically equal to the undrained soil strength, S, this problem can be
solved by balancing moments to yield the equation

P = 2B(2 + 1)S = 5.14BS (B-i)

At this point, it should be noted that the failure surfaces of Figure B-2
are symmetric about the footing edges. Because the statics prblem is solved
by balancing moments about these edges, it can be seen that the solution to
the problem shown in Figure B-3 is identical to that given for Figure B-2.tP

Figure 8-3. Prandtl's failure surfaces with upward loading.
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Figure B-3 represents a simple breakout problem involving tl-•
following mechanism: an upward load per unit length, -•, is applied to a

long, narrow footing. Because loading is rapid (immediate breakout), the
soil permeability is low, and there are no open passageways, water is pre-
vented from moving into the zone beneath ihe footing. Instead the soil
itself is forced to move into this tone and the flow pattern of the soli is

given by the Prandtl failure surf:jces.
The situation involved in the NCEL breakout tests was somewhat

different from that given by Figure B-3. The objects were not long, narrow
footings but rather were cubes, spheres, and prisms; and they were partially
embedded in the subsoil. The downward short-term bearing capacity for
objects in this situation has been investigated by Skempton,l' who pre-
sented the equation

P = 5S .0 + 0.2 .0 + 0.2 B + V(B-2)
A B) L A

where P = bearing capacity force

A = horizontal cross-sectional area of object

S = undrained shear strength of soil

D = depth of embedment

B = width of object

L = length of object

V. = volume of object embedded in soil

S= buoyant unit weight of soil

This equation is somewhat empirical; but it does reduce approxi-

mately to the solution of Prandtl's equation for a long, narrow footing with

zero embedment depth, and it has been shown to be applicable to actual field
situations. In view of the similarity between breakout and bearing capacity

as .ioted in the simpler Prandtl example, it is reasonable to assume that this
eauation will also yield an approximate solution to the breakout problem for
these more complex circumstances. The comparison between the two is pro-
bably not exact for this case because of some distortion of the symmetric
failure surfaces and differences in elastic deformation patterns. However. an
equation of this sort can serve as a rough t'rst approximation in est:mating
tI.L immediate breakout force.
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One difference between the two approaches should be corrected. IP
Equation B-2. the last term, V. -'y/A, represents a buoyancy effect; the deeper

an object is embedded, ihe greater will be the force required to cause a bear-
ing capacity failure because of the tendency of the surrounding soil to buoy
the object upward. In breakout, because this buoyancy effect will cause a
reduction in ',e required uplift force, the final term should be subtracted

rather than added. This effect may also be incorporated by including the

buoyancy effect in the breakout force term. The resulting breakout force
equation, as patterned after Skempton's bearing capacity equation, is

F = 5S .0 + 0.2 -( 1.0 + 0.2 (B-3)

where Fib = portion of immediate t 3akout line force, F9Ib. ,:arried by soil

= FQ1b - Wb + Ws

Wb = buoyant weight of object

W = buoyant weight of soil displaced by object

The limiting equilibrium problem could also be approached by

formulating the general equations of elasticity and plasticity numerically

and solving them on the computer. This has been done for the bearing
capacity of an unembedded strip footing. and the results obtained were

found to agree well with Prandtl's equation.13 The investigation was valu-
able in that it illustrated how plastic zones develop in soil before the bearing

capacity is reached. It did not, however, lead to the development of a new
bearing capacity equation.

The numerical approach hNs also been applied to the breakout

problem. 6 Once again, the results of the computer program written for

the problem yield information on how plastic zones develop during shear.
However, in terms of predicting the required ultimate breakout force, there

is little difference between this approach and that summarized by Equation B-3.

In the sample problem included in Reference 6, the breakout force required to

extract a particular submarine from a specific seafloor site was predicted to be

91,000 pounds. By use of the ýame input parameters. Equation B-3 predicts

a breakout force of 86.500 pounds.
In comparing these results, it should be noted that the numerical

solution of Reference 6 required considerable computer time to process and

that the computer program required as input the soil elastic modulus and
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Poisson's ratio as wel! as undrained shedr strength. Also, it should be noted
that in the sample problem of Reference 6, a Po;sson's ratio of 0.4 was assumed

for the soil. A value of 0.5 would have been more appropriate for undrainecd,
short-term breakout so a significant portion of the difference between the two
predictions may be attributable to the Poisson's ratio assumption rather than
to any bas;c analytic discrepancies.

Considerin9 the complexity of the breakout problem, particularly
with regard to time effects, there is little justification for undue sophistication
in formulating the initial limiting equilibrium relations. Modifications will have

to be made to any relationship to account for actual field effects. It is much
simpler to modify a relationship such as Equation B-3 than it is to modify an

involved numerical analysis.
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Appendix C

DISCUSSION OF FORM OF NORMALIZED TIME TERM

In developing a technique for predicting the time required for
long-term breakout, it was determined in the main text that a plot of the
relative breakout force, Fb/FIb, versus the breakout time normalized as

(ptt/D 2 )(S!D)2 , yielded the best correlation. It was then observed that
this normalized term could be nondimensionalized by multiplying it by k/-Y,
where k is the soil permeability in feet per minute and -y is the unit weight of
water in pounds per cubic feet. The objective of this appendix is to illustrate
that a nondimensional term of this nature is not unreasonable from a soil
mechanics point of view.

It will first be assumed that the mechanism of long-term breakou* is
the propagation of cracks down the side of the object. After the cracks have
propagated to some point close to the object bottom, watet will rush into the

low-pressure zone beneath the object and breakout wi!l occur. This assump-

tion agrees well with what was observed.
The growth of the cracks appears associated with the flow of water

either through the soil to the point at which the crack is growing or into the
soil itself. If the water flows into the soil itself, the soil strength is reduced
and the soil can flow more easily. Whatever the basic mechanism, one of the
important relationships dascribing the phenomenon will be Darcy's law for
flow through porous media. This empirical law can be written for plane flow
as14

Q = kh( ) (C-1)

where Q = seepage rate per unit length (ft 3 /min/ft)

k = soil permeability (ft/min)

h = total pressure head loss (ft) = Ap/-y

Ap = total pressure loss (psf)

3y = unit weight of water (pcf)

Nf/Nd = flow net factor, related to geometry of problem
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For the breakout problem, the situation can be diagrammed as

original soil "

8- surface

DD;

pressure. p bottomr of o _.eci
Weore load applicaion

where D = original embedment depth

D' = portion of depth over which soil is in contact with object
side after load application

B = object width

F25 = line force on object

p = gage pressure in pore water beneath object (equal to total
pressure loss, Ap) = Fb/A

Fb = force carried by soil = FQb - Wb + Ws

Wb = weight of object in water

Ws = submerged weight of soil displaced by object

A = cross-sectional area of object
Water flows under the intiL;2nce of pressure, p, into the zone in which

the soil is still in contact with the object side. The average flow rate, 0, can
be written as a volume of water per unit length. Vw, flowing over the time
required for breakout, tb-

Vw

tb

The volume of water per unit length which must flow before breakout

will occur is clearly proportional to the portion of embedment depth which is
in contact with the object side. D'. This volume is also proportional to some
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rharacteristic horizontal length which represents either the ultimate average

crack width or the width of the zone of soil influenced by water seeping into

it. This characteristic length may be proportional to D'. If so, that would
indicate that the deeper the object is embedded the greater will be the requiredcrack width or the greater the zone of influence with regard to the surrounding

soil. If this is assumed,

D-2
tb

Equation C-1 can be rewritten as the relationship

D' 2 t(-2)

The portion of the original embedment depth still in contact-with the

object side, D', will vary inversely with the upward displacement which occurs

when the force is applied and directly with the original embedment depth, D.

The upward displacement was observed to vary directly with the relative force

applied, Fb/Flb. Therefore,

[ ! where f() = a functional relationship
[I

Flow net factors, Nf/Nd, are characteristically related to nondimen-

sionalized geometry terms. One such term for this problem would De B/D.

where g( = a functional reiationship

Relationship C-2 can be rewritten and its terms reordered as

j (F th _!L__ g1 )C-3)
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whee F b\ function ofFb 2

where~~~ (!f iIFb)]

Relationship C-3 has the same form as Equation 7 of the main text
and thereby lends additional reliability to it.
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NOMENCLATU RE

A Cross-sectional area of object at soil-water Nf/Nd Dimensionless flow
interiace .P Bearing capacity f6

B Width ot object at soil-water interface
p Gage pressure in pC

D Embedment depth of object before force
application (Vs/A) Q Rate of water flow

unit length) (lengti

D' Portion of embedment depth along which
soil-object contact is maintained after force r, 0. ro Paramete's of log0
application equatior-

Fb Portion of applied line force carried by coil S Undrained shear St

(Fvb - WL, + WS 
Vane shear strev'•gt

Fib Portion of immediate breakout line force carried (force/length 2 )

by soil (F91b - Wb + Ws)

F Upward line force applied to object to cause T Normalized break(

breakout

FQlb Up.ward line force applied to object to cause tb Time required for,

immediate breakout
t. Waiting time after

F£w Upward line force applied to object during waiting application of Fl.h

period V$ Volume of soil dii

Fq Downward force carried by soil during waiting period Volume of water 1
(Wh + Ws - F2w) (for cases in which bearing capacity Vw
is exceeded during object placement) Wb Weight of object ii

F' Bearing capacity force soil is capable of maintain- Buoyant weight o
ing [6AS(1.0 + 0.2 D/B)(1.0 + 0.2 B/L)l

fi), g(). j() Functional relatic
h Hydraulic head difference between top and bottom

of obiect (p/y) (length) Ap Total pressure los

k Permeability of soil (length/time) Unit weight of so

L Length of object 7' Buoyant unit wei

* Friction angle of

1/
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object at soil-water Nt/Nd Dimensionless flow net factor

P Bearing capacity force

water interface p Gage pressure in pore water beneath object (Fb/A)

ject before force Rate of water flow into zone below object (Der

unit length) (length 3 'time/length)

d.pth along which
imaintained after force r, 0, ro Parameters of log spiral in solution to Piandtl's

equation

force carried by soil S Undrained shear stmength of soil (force/length 2 )

SS. Vane shear strength of soil (assumed equal to S)

eakout line force carried (force/length 2 )

:- ~ ~~T Normaliized b.-eout ýieptb/ \ 1f m'Oce

ied to object to cause T( 2 \I Ilength 4

ied to object to cause tb Time requiied for breakout

Stw Waiting time after object placement and before

ied to object during waiting application of Fgb or Fq£b

Vs Volume of soil displaced by object

by soil dur;ng waiting period
cases in which bearing capacity Vw Volume of water per unit length

placement) Wb Weight of object in water

-Aoil is capable of maintain- Ws Buoyant weight of soil displaced by object

DAMB1.O + 0.2 B:L)j
f I,). go. j() Functional relationships

"betmen top and bottom
SAp Total pressure loss (force/length 2 )

th/time) Unit weight of seawater

TS 7Buoyant unit weight of soil

* Friction angie of soil
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