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ABSTRACT

The Nava: Civil Engineering Laboratory has conducted field and
laboratory tests to investigate the ef “or: -equired to remove partially embedded
objects from cobesive seafloor soils. . nis work is intended to aid in proper
selection of eiements for Navy salvage and rescue operations. This report pre-
sents the results 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 lessar torces are applied. The
socuracy of the foree prediction procedure is abous plus or minus 50%; the
accuracy cf the time prediction procedure is abcut plus or minus 100%. These
accuradies are comparable to those usually attainable with other time-<ependent
soil mechanirs problems and snculd be acceptabie for typical object retrieval
operatiors.

Approved for i refuase; disteibution unimi ed.

Copies sveilable 22 the Natiznal Technicat Infrmatinn Service (NT'S),
Silts 3uilding, 5225 Por: Hryal Rowa, Speing®el. Va. 20151




TN TITT Yo

G ki

NG ST

{2k ot A SR

Unclassified

S«\ml: Claesifscation
‘ DOCUMENT CONTRO'. DATA-R & D

1Security classilication of title, body of sbsect and indesng #nostion aust bt Sntored when the oversll seport is clasdritied)

' ORMICHIATING ACTIVITY (Zoupesste suiher) 0. REPORT SECUNTY CLAIUFICATION

Naval Civil Engineering Laboratory S— Unclassified
Port Hueneme, California 93043

3 ACPORTY TITLK

1JNAIDED BREAKOUT OF PARTIALLY EMBECDED OBJECTS FROM COMESIVE
SEAFLOOR SOILS

H.J. Lee
Js "Evoav oate fo. TOTAL %6 OF PASES Tre. mo o7 mars
February 1972 51 H 14
[ e, CONTRATY O GRANT %0 e, Toirs ag v
s eacuncrwo F 38.53%5.002.01.009 TR-755
. . STHER SECGAT WOLE) (Aey Ser wembees et Sy 55 Geclgred
« i

4 DEICMPTIVE HOTEN (Type of repert and faciusice dases)
Final; 1965 — 1971
13 20 Tronc: (Fleer asne. sudie sallat, 16t naee)

19 DISTRIOUTION STAYEMENT

Approved for public release; distribution unlimited.

12. SPONEINING WML TARY AC VivITY
Navai Facilities Engineering Command
Washington, D. C. 20390

13 WPPFLEMENTARY NOTES

9 ABSYRACY

"The Naval Civil Enginzering Laboratory has condurted field and Iaboratory tests to
investigate the eifort required to remove partially embedded objects from cohesive seafioor soils.
This work is intended 1o 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 field engineers in predicting forces required to remove objects immediately and in estimating
times required when lesser forces are applied. The accuracy of the force pradiction procedure is
about plus or minus 50%; the accuracy of the time prediction procedure is about pius or minus 100%.
These accutacies are comparable to those usually attainable with ather time-dependent soil mech;mts
problems and shouid be acceptable for typical object tetiieval operaticns.

DD 57,1473 race ) Unclassified

$/% 0101.907.6001

Jecwrity Classification

A

PYPST L0

SURTION

[T I Yy

LTS T TS T




P R AT TR TR (T

n rmena e ) B SN NIV U S ihns v n e o

Unclassified

Tecunity Clasailication

(Y 31

wOoROS

LING A

LINK &

LiNR €

|OLE

LA d

/ROLE A4

nOLE

-T

Breakout force

Breakout time

Field tests

Modet tests

Ocean sediment

Satvaq2

Soit mechanics

DD "7.1473 o

{PAGE 2)

Unclassified

Secwerity Clsssification

PRy




KETRTEY QAN ey

LSRR L e O

e R e e S

CONTENTS

pace
INTRODUCTION . . . . . . . . . . . .. e e e 1
Generai . . . . . . . . . . ... 1
Background . . . . . . . . . . . ... L. ... 2
Objectives . . . . . . . . . . . . . ... . ... 4
TEST PROGRAM AND RESULTS . . . . . . . . . . . . .. 4
ANALYSIS . . . . . . Lo e, 8
General . . . . . . e e e e e s 8
Immediate Breakout . . . . . . . . . . . . . . . .. 10
Long-Term Breakout . . . . . . . e e e e e e 19
SUGGESTED PROCEDURE . . . . . . . . . . . . . . ... 25
SAMPLE PROBLEM . . . . . . . . . . . . . . .. ... 30
Problem . . . . . . . . . . . ... ... 30
Solution . . . . . . . . . . o . . . . .. ... 30
SUMMARY AND CONCLUSIONS . . . . . . . . . . . . .. 32
RECOMMENDATIONS . . . . . . . . . . . . . . ... .. 32
APPENDIXES
A —FY-71 Laboratory Tests . . . . . . . . . . . ... 34
B —Bearing Capacity Analogy . . . . . . . . . . . .. 38
C — Discussion of Form of Normalized Time Term . . . . . 43
REFERENCES . . . . . . . . e e e e e e, 46
NOMENCLATURE . . . . . . . . . e e e e e e 49




»

b bl § e dr Y anat idey

Rl Uttt ko Sratr it

EI ey

talhAd

Ll il

INTRODUCTION

General N

Gadleot Ll m

Objects either partially or compietely embedded in soil often require
forces greater than their own weirnt to c"slodge them. This additional force
requirement, termed the rreakout problem, enters into the planning and exe-
cution of many Navy undersea operations. Among these are the saivage of
sunken vessels and crdnance, tne 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 in advance the magnitudes of these breakout
forces so that the elements of the operation weuid be selected and used
approgpriately.

The overall problem of breakout is very extensive. Howevar, it is
possible to divide it into several subproblems which are less broad and, there-
fore, simpler to study. Divisior: can be made along lines of object embedment
depth, soil type, and nature of breakout ogeration.

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 orinciple of embedment anchor
utilization. 1f the embedment depth is less than the object width, the breakout
torce problem is mainly concerned with factors below the ohject base. This
latter case will be referred to in this report as the breakout of partially embed-
ded obijects.

Soil can be roughly divided into two general types: cohesive and
cohesionless. Cohesive scils {clays) are very fine grained and relatively imper-
vious to water flow; cohesionless soils {sands) are coarse grained and very
permeable. Shallow breakou: from cohesionless soils generally requires only
very little force in addition to the object weight. The breakout torce required

e with cohesive soils, however, may be substantiat.

: The nature of the breakout operation can be separated into aided and
unaided breakout. Unaided breskout invalves solely a direct upward pull 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 abject prior to torce application.
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This report will consider only unaided breakout of partiaily embedded
objects from cohesive scafloor soils. Breakout of embedment anchors' 2 and
aided breakout of partially embedded objects3-# 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 Testir.g at NCEL. Afte- the loss of the USS Thresher, the
Naval Civil Enginzering 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 progzam 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 frcm cohesive soiis was the
main area of investigation. During the first year of this program, large scale
field tests were conducted at the Naval Ordnance Test Siation, Seal Beach,
ocean bottom simulation facility. Various objects, several shaped somewhat
like submarines, were placed in a highly heterogeneous clavey silt obtained
from nearby borrow areas. The objects were subsequentiy 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 tc be the heterogenzity of the soil. It was impossible to assign any
consistent series of parameters to the soil being :ested. The value of these ini-
tia! tests was tne opportunity they provided tc view the breakout mechanism
directly. The tests also provided an opportunity to study the efiects of lifting
an object from one end ratner than frown its center of mess. This was apparently
efiective in reducing the required breakout force.3

During the second year of the DSSP breakout test program, field iests
were conducted in about 30 feet of water in San Francisco Bay near the San
Francisco Naval Shipyard at Hunters Point. Objects were partially embedded
in the bottom <oii and then lifted free. The required breakout forces were
providec by a counterweight mounted on a mocred barge. Each test consisted
oi firs. applying a specified uplift force to a particlly embedded obiect and then
measuring the upward dispiacement of the object as a function of time. Some
of the »0il properties were obtained from laboratory tests on core ssmples 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.®

Frl s e N O D B Ty ST U

P -y T S e ¢ 3 e arp e e s e

i
J
P
[CNPTCYIS &3-1 3



ﬁ
E;
:

T B T A T et B A LR T AP P

Also during 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 gecmetry, embedment
depth, and soi! shear strength. No time characteristics were considered.?

During the third and final year of the DSSP breakout program, field
tests were conducted in 100 feet of water off the Louisiana coast in the Gulf
of Mexico. The same objects used in the San Francisco Bay tests were partially
embedded in the bottom snil and then removed by using inflated pontoons to
provide the required forces. The upward displacements of the ubjects as func-
tions of time after force application were measured in several of the tests.”

During the latter portion of the tr'wd yeer of the program, small-scale
laborztory tests were conducied at NCEL. These invoived 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.’

After the experimental testing, a report describing the tests and list-
ing the test results was prepared.” This report included an empirical equation
relating breakout force, breakout time, ohject geometry, scil strength, and time
in place before force application. The coirelation was not sutficient for pre-
dicting breakcut forces with an acceptable degree of accuracy in field
oparations.

In FY-70 {fiscal year 1970}, an analysis of the previous partially
embedded objecti 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 beiter
define the breakou: problem. These were conducted in the NCEL Seatlocr
Sciis Laboratory during FY-71 and included zoproximately 90 tests performed
under carefully controlled conditions. The test results have been incorporated
into a general framework, discussed in later seciions o1 this report.

Test Work Done Outside NCEL. At least two oiganizatieons vesides
NCEL have conducted unaided breakou? 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
sonsidered preliminary and were not analyzed in detail. The authors concluded
thai the breakout force is a3 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 bin
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
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Submergence F scie Vehicle) into cohesive soil at either the reservoir or test
bin sites. Th. h,.cts were allowed to remain in place for varyis~ 1imes and
then h-Tken out uther by rapidly increasing the uplift force unui the occur-
rence of breakout or by applying a smaller force and measuring the time
required for breakout. The results were presentad 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
derwe genera! equations which could ve extrapolated to situations other than
1' ose investigated. 't «vas concluded, however, that embedment deptb is a
siqi.ic t parameter in deterr:ining the required breakout force.?

v« Salvage ~nd Offshore Petroleum: 1~ dustry Operations.
Dowur ».-v idence relauve to the problem of ireeing objects from the
sezflo <+ -Luted. A “mud suction” force is often mentioned in the litera-
ture 01 .. "ine salvage operations, but no measurements of such forces seem
1o have been made. in the offshore : 2troleum industry, it is often necessary
ta extract large mat foundations from the seafloor soils. in zome cases, the,
1. 7ces required have been measured, but these are difficult to analyze because
the mat embedment depth is generally not known and the lifting process is
usually accompanied by water ietting deneuth the mat A good review of the
hreakout problems assoziated with marine salvage and offshore petroleum
industry operations. is provided by two NCEL reports.5-8

Objectives
The objectives of this report are:
1. To present the resuits of NCEL breakout tests.

2. 1o provide an anatysis of these datz.

3. To rzzommend practical techniques for use by field
engineers in estimating the effort required to vreak 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 pertiatty embedded
objects. They are:

1. FY-66 Seal Reacn field tests
2. FY-67 San Francisco Bay field tests

-
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3. FY-68 Gulf of Mexico field tests
4. FVY-68 laboratory tests

5. FY-71 ‘aboratory tests

Because the soil at the Seal Beach facility was so heterogeneous, the 3
results were inconsistent and conflicting. The Sea! Beach tests, therefore, wil!
not be considered further in this report.

The specific procedural de:ails of the field tests at San Francisco Bay
and Guif of Mexico and the FY-68 laboratcry tests are given by two earlier
NCEL reports.5-7 The procedures followed in the FY-71 laboratory tests are

« given in Appendix A of this report. The procedures foltowed in all of these
test series can be generalized by these steps:

VRS ATIKSTI ST
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1 The first step in the performance of  breakout test is the
placement o: the object into the cohesive soil medium. In
the field tests, this was accomplist:ed by merely placing the :
objects on the soil surface and allowing them to settle under ;
their own weight. 1n 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
arout.d the object may regain some of the strength lost
during penstration and also during which objects may con- 3
tinue to settle. In the San Francisco Bay field tests and
FY-68 laboratory tests, the objects were unsupported dur-

RN

%‘i‘ ' ing this period. In sorme 0. e Gulf of Mexico field tests,
3 23 a constant upward force on a line attached to the object
2 1 was applied during the waiting period. In all of the FY-71
] laboratory tests, an upward line force approximately equal

? 1o the object we'gh: was applicu so that no further settle-

B ment would occur during the waiting period. This was :

. b

: . done to maintain the embedment depth as an independent
E - variabie. The length of the wailing period will be identified
S in this report as t, and the total upward line force applied

s aian

4 to the objects durii:g this period as Fg, . (A foldout
E = NOMENCLATURE,, after the REFERENCES, gives a

‘ complete hst of syinbols.) The embedment depin at the
end of this period will be identified as D.

bk aldssr Lus
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3. The third step is the application of the breakout force. In
: = the NCEL tests, th s included as many as three different
I : phiacas
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a. During the first phase of all of the field iests
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

1 consisted of a more or less instartaneous

application of the predetermined line force.

LU IAA T AR A A W L g

. 1f breakout did not occur during the first
phase, a second phase was begun during
which the line force was maintained at a
constani value for an indefinite period of
time. Breakoutusually occurred at some
point during this phase, with the length of
the time period varying between a few seconds
and several weeks.

FUAFTRIRSY
[~

¢. 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, o breakout force
and a breakout time. In this report, the breakout line force, Fg, , will be taken 3
as that line force applied at the end of the first phase of loading {or throughout
the second phase {or those tests which continue into the second phase). The
breakout time, t,, will be taken as the length of the second (<onstant line
torce) phase of loading plus one-half of the length of the first (variable iine
force) phase during which the iine force exceeds the buoyar.. weight of the
object.

The third phase of loading wil! he ignored because the results of tests
which included a third phase w= :!2 be tau comnlicated to analyze otherwise.
Instead, those tests with a third phase will be considered as tests in which break-
outi did not occur under a line force, Fg, , applied for a period, t,,. as detined
above.
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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 — Obiject cross-sectional area. For spheres and cylinders,
this is taken at the soil—water interface.

W, — Buoyant weight of soil displaced by object (equal to
the buoyznt unit weight of soil, v,, times the volume
of the poriion of object embedded in s0il, V,).

W, — Buoyant weight of objzct.
F,. — Breakout force carried by soil {equal to Fg,, - W, +Vi,).

F, — DownvJard ferce carried by soil during waiting pering
prior to breakout loading (equai 1o W, -W, - Fg_ ).

D - Embedment depth (assumed equal to V, /A tor spheres
and cylinders).

S, — Vane shear strength of soil.

The rationale behind the use of F,, and F_ 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 Fq 1s @ beiter mea-
sure of the in-situ undrained shear strength. Measurements of vane shear
strerigth at both sites were made, however, and these are listed in References
6 and 7. The vane shear strength for the FY-68 laboratory tests is derived
from data presented in Refersnce 7. The vane shear strength is taken az 3.5
psf for embedment depths, D, less than 2 inches and equal to 5 psf for greater
embedment depths. For the FY-71 tests, vane shear strength was neasured
with a hand vane at eight points in the test tank after each test. The results
were averaged according to the pracedure outlined in Append 'x A to y.eld
one characteristic vane strength for ezch tes!.

ANALYS!S

General

Breakout is a very complex soii mechanics problem. Two of the
teatures which make ‘% so are:
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1. When a net upward force is applied to an embedded object. and
the object does not break out immediately, the force must be halanced by
the development of tensite stresses in the underlying soi!. Although most soils
are incapabie of existing in a state of tension indefinitely, most cohesive soils
are capable of resisting tension for moderate to long periods of time, depend-
ing upon the soil permeability and the overall drainage conditions. Breakout,
therefore, is a distinctly time-dependent process; practically any net upward
force wil!l dislodge a partially embedded object if enough time is atlowed t0

pass.

2. Breakou! is strongly infiuenced by slight varistions and inhomo-
geneities. For example, a single seam of sand connecting the bottom o a
partially embecdded object with a source of free water could aimost comoletely
eliminate the resistance of the soil tc net upward forces on the object. Another
object in exactly the same situation without the sand seam n.ight reguire a very
large breakout force cr a iong breakout time.

Breakout, therefore, is 3 complex time-dependent probiem not untke
the probiem of pradicting the time—settlement history of foundations. This
iatter problem has been researched extensively, and it is still difficuit to make
an accrrate prediction. Considering that breakout is even more strongly intlu-
enced by slight variations in soil properties and that conrsiderabiy 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 samewhat 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 brezkout is defined in soi! mechanics terms as breakcut
under short-term, undrained loading conditions. Loading is so rapid that no
sigraficant amount of water is atiowed 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 repid'y as the available equipment will
permut until the object breaks free of the seafloor.

Long. term breakou?! is detined as breakout occurring under the
influence of a force iess than the immediate breakout force. 4 certain amount
of time must pass betore this smaiter force wiil accomplish ~vhat the larger force
accomplishad in very littie tune.  Long-term bieakout is of interest because

immed:ate breakout citen requires a largs amount of equipment to achieve.
It may often be more economical 10 apply a small force and wait for a per:od
of time {perhaps severa! hours or even 3 few days!. In suil - echamics terms,
long-term breakout corresponds 1o partially drained or shear creep loading.
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1t is important to note that icr immediate breakou: the quantity
which must be predicted {the dependent variable)} is the immediate breakout
force, whereas for long-term breakout the dependent variable is the breakout
time.

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

{immediate Breakout

The immediate breakout of partiaily 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 imo
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 iiself
must flow into ihe space. The shearing pattern of the soi’ 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 s 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 equatior. of the Torm

F 4
—A'—" = 58(1.0 - 0.2 9—)(1.0 + 02 E) (1)

-

8 L

where Fp = portion of immediate breakout li-we vorce carried by soil—
hareafter referred to as the immediate breakout force

F!lb - wb + W,

Fon, = immediate breakout line force

S = representative undrained shear strength of so {assumed
equal to S, the vane shear strength)

L = object iength

Other terms are as defined previously. (See page 8.}

For practicaily all of the NCEL. tests, the objects we.e so shaped that
R was equal to L.

For those objects, Equation 1 reduces to

Fry D
AS = 6(1.0 + 0.2 5) (2)

10 5

e
b1
b
3
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Table 2. Test Rrsulte
—
B Waiting Time . . Displaced Soil | Object Wes
Test Series Tes” No.® | Object Stere Wa.mr:g T",ne' Line Force, &mbed;\e(-:tt’ Depth. Ob’e:(:;d'h' C;o:rrSectl '05';’ : Buoyant Weight, 1 Woter,
fw IO £, (b} e AR W, (ib) Wy, (b}
San Francisco in sphere 720 - 1.27 6.05 28.72 1.092 14,600
24 cylinder 6.120 - 1.7€ 4.50 79.21 4200 21200
54 cylindger 2520 - 209 4.50 79.3t 4980 21,200
51 prem 2.520 - 2.25 4.00 6%.60 4,380 22200
B cube 4069 - 3.00 6.16 3795 3.480 20.000
42 cube 5.580 - EX 6.16 3795 5123 20.000
43 cube 5.760 - 483 6.16 3795 5.498 20,000
50 cube 2.640 - 3.50 6.16 3795 5984 20.000
36 prism 1.080 - 1.50 400 61.60 2,772 22200
37 prism 960 - 1.75 4.00 61.60 3234 22200
46 prism 14,400 - 2.00 4.0 61.60 3.686 22200
53 prism 2580 - 2.83 400 £1.60 5229 22200
14 sphere 1.020 - 1.94 6.36 3190 1.857 14,600
27 sphere 2.1¢0 - 1.78 6.34 3150 1.698 14 €00
52 cyhinder 1.440 - 1.85 4,51 79.30 4.380 21200
33 cylinder 1.260 - 2.09 4.51 79.30 4980 21200
Guif of Mexizo 3 cube 128« - 1.83 6.16 3795 2.638 20.000
5 cube 843 10,000 0.33 6.16 3795 475 20.000
6 cube {22 2,000 0.66 6.16 3795 g51 20.000
8 sohere 63 - 1.69 6.30 3127 2.002 14500
9 spnere 1,357 - 1.52 6.23 3052 1,750 14 500
10 sphere 8s0 - 1.33 6.10 222 1.474 14 500
14 sphere 1.308 4500 1.43 6.10 2022 1.474 14,500
16 sphe:e 3.750 5.00C 1.39 6.15 29.69 1569 14 500
17 sphere 249 700 1.1% 592 2754 1205 14 500
22 sphere 1,011 600 0.83 551 2388 797 14,500
28 prism 2812 500 0.c8 4.00 61.60 2048 22200
4 cube 2965 - 0.75 6.16 3794 1.081 20,000
13 sphere 4122 -~ 053 453 623 339 14 500
15 sphere 126 - 1.59 6.02 28.50 1.3 14500
18 sphere 2.481 1.47 597 2797 1559 14 500
19 sphere 26 ~ 121 5.76 26.04 628 14 500
20 sphere 729 - 1.86 6.18 295 2127 14500
23 sphere 600 - 1.03 5.74 2587 1,008 14500
ki) prism 36.000 -~ 0.62 4.00 61.60 1.451 22.200
26 prison 832 - 0.33 4.00 1 60 772 22200
7 cube 2.8€7 - 1.00 6.16 3794 1442 20,000
F Y-68 ‘wooratory 151 c be 1.35% - Q.26 025 0.0625 0.491 1.582
Z 0.188 1582
0.188 1.582
0.156 1.582
0202 1.582
0.234 1582
B B o T e e il 5. G X5 . S ke ac oo N e e ﬁ
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. . .. o ne Force Carried by Soil
N QD:splaced Soil Object Weight Breakout Line Breakout orce Soil Vane During Waiting Period** | 8irakout Time,
£2) v Ruoyant Wewght,, in Wates, Force, Fou. (Ib) (Fgy, ~ Wy + W) | Shear Strengtn, W W, - Fo) & ()
3 W, (b} Wy, (Ib) b Fy (ib) s, lio/ti2) b= s T w b
3 Fqalib)
1.092 4,600 18,000 4492 - 13508 n
: 4200 21200 24200 7.200 - 17.000 6
2 4980 21,200 26.000 9,780 - 15220 7
4380 22.20¢ 24,600 6.780 - 17.820 13
; 3.480 20.000 3;.30C 13,780 - 16.520 21
- 5,123 20,000 27.200 2,323 - 14877 121
: 5,498 20.000 25,300 10,798 - 14502 n
5984 20,000 22500 6.484 - 16.016 365
3 2772 22200 26.500 7072 - 19.428 > 130
E 3234 22200 27.600 8.634 - 18966 &
3.606 22200 26,300 7.796 - 18.504 > 190
3 5229 22.200 23900 6929 - 16971 > 250
1.857 14,600 16.000 3257 - 12.743 285
3 1.608 14,600 19.600 6.608 - 12802 55
3 4,380 21.200 25.000 8.180 - 16.820 135
r;—; 4980 21200 21,790 5.480 - 16.220 175
: 2638 20.000 36.000 18.638 - 17,362 2
475 20.000 21.500 1979 - 9.525 0.5
: 951 20.000 26.000 6953 - 17.049 1.7
3 2.002 14500 18.000 $.502 - 12.498 15
: 1,759 14500 22.000 9259 - 12.741% 4
3 1474 14500 22.000 8974 - 13026 1.6
1474 14500 17.500 4474 - 8526 4
3 1569 14,500 21,000 8.069 - 7931 2
1205 14,500 16.600 3305 - 12565 3
797 14,500 20.800 72.097 - 13.103 15 :
2048 22200 26.000 5,848 - 12,652 3 :
1.081 20.000 26.000 7.081 - 18919 26
33 14,500 17.000 283 - 14,161 142 ]
1731 14,500 16.500 3731 - 12.769 143 i
1559 14500 21,300 8.39 - 12941 1 {
628 14,500 15.000 1.128 - 13.872 > 542 1
- 2327 14500 18,837 6.464 - 12.373 13
. 1.0086 14500 15.000 1508 - 13992 > 586
1451 22200 24.00C 325 - 20.749 04
772 22290 23200 1372 - 21.428 94 i
1.442 20600 22,000 3.442 - 18.558 124
0.491 1.562 2.34 1.25 5.0 - 0.0
0.188 1.582 310 1.7 35 - 0.1
0.188 1.582 2.80 141 35 - 0.}
0.156 1.582 2.40 097 35 - 05
0202 1.582 2.00 0.62 35 - 47
0234 1.582 2.00 0.65 35 - 67

continued
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Table 2. Continued
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. 5 Waiting Time . . Dusplaced Sos! Object Wei
TestNo.* | Gsject Shape | #/aiting Time. | "0 gorce_ Embedment Depth, | Object :Nndth. C.oss'Sect;o;al Buoyant Wesgnt, | Wam""
tw(mm) Fg,, ) D (f1) 8 (ft) Area, A (ft4) W, (ib) Wy, (ib)
FY-68 1aboratory 41 cube 175 - 0.09 0.25 0.0625 01773 158
{continued) a4 cube 15 - 0.1 0.25 00625 0.195 1.58
43 Ui 20 - 0.08 6.2% 0.0625 0156 1.58
1 cube 830 - 0.18 0.25 0.0625 0.343 1.58(
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 1.58
22 cube 1.027 - 0.25 0.25 0.0625 0.469 1.680
FY-71 laboratory I- 1 cube 1215 1.39 0.10 0.25 0.0625 0.26 1.9
1- 2 cube 720 1.3 0.08 0.25 0.0625 o 1.30
i- 3 cube 831 1.3 0.10 0.25 0.0625 026 1.3
I- 4 cube 2.760 1.3 Cc.08 0.25 0.0625 0.21 1.394
-5 cube 1.350 1.22 N0 0.25 0.0525 0.26 1.30¢
- 6 cube 180 1.9 C13 0.25 0.0625 0.31 1.300
1. 7 cube 0 1.3 0.25 .25 0.0625 0.63 1.391
1- 8 cube 1.450 1.8 0.25 0.25 0.0625 0.63 1.3
i-9 cube 310 1.9 0.23 0.25 0.0625 3.63 1.391
1-10 cube 3390 138 0.12 0.25 0.0625 0.31 1.9
- cube 150 1.9 0.13 0.25 0.0625 0.51 1
112 cube 3900 10.06 0.17 0.50 0.2500 1.67 10.390
1113 cube 7.080 8.54 2.25 0.50 0.2500 250 10.99(
114 cube 1.020 9.69 G2 0.5C 0.2500 117 10.31_
1-15 cube 180 9.57 V.08 0.50 0.2500 0.83 10.39
116 cube 1.020 9.50 0.25 0.50 0.2500 250 10.391
117 cube 330 9.10 0.10 050 0.25C0 096 10.391
1-18 cube 1200 9.57 0.25 0.50 0.2500 250 10.39
1119 cube 1.J20 19.53 0.25 0.75 6.5625 5.62 232X
1120 cube 335 18.51 0.08 C.75 0.5625 187 232X
21 cube 225 20.57 0.38 0.75 0.5625 8.44 232%
1-22 cube 1.185 12.79 0.08 0.7% 0.5625 1.87 232X
123 cube 1,200 19.57 0.25 0.75 0.5625 5.62 232X
124 .oe 240 2057 0.38 0.75 0.5625 8.88 232X
1-25 cube 1110 19,57 0.38 0.7% 0.5625 8.44 232X
1-26 cube 1.150 1.3 0.25 0.25 0.0625 0.03 1.3
1-27 cube 1.045 19.57 0.08 0.75 0.5625 1.87 2323%
1-28 cibe 255 20.57 0.08 G.75 0.56825 1.87 232X
1-29 cuce 1.290 1.3 0.02 0.25 0.0025 0.05 1.3
1-20 cube 1.680 10.57 0.02 0.50 0.2500 021 10.30¢
1.32 cube 1035 19.89 0.02 0.75 05625 0.47 232X
133 cube 1155 6.36 0.02 0.50 0.2500 0.1 10.39¢
i-34 cube 210 19.58 G.02 075 0.5625 0.47 23.2%
175 cube 255 132 0.02 0.25 0.0625 0.05 1.3
1.36 cube 85 23.17 0.00 0.75 0.5625 0.00 232X
-7 cube 360 957 0.00 0.50 0.2500 0.00 10.30¢
1-38 cube 330 i.28 000 0.25 0.0625 0.00 1.3
1-38 cube 330 257 0.38 0.50 0.2500 3.75 10.39¢
1-40 cube 3900 9.57 0.00 0.50 0.2500 0.00 10.3¢
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2. Continued

5 Force Carried by Soil
tional D:splat:ed Soul Object Weight Breakout Lin2 Break Jut Force Soil Vane During Waiting Period*®* { Breakout Time,
(2) | Buovari Weight, in Wate:, Farce, g (1b) (Fgp -Wp + W) | Shear S"e"{,‘-’m' (W, - Wy - Fo,,) 1, (min)
W, (ib) W, (ib) Fp (ID: Sy Ib/h) Fqlb)

P25 0173 1582 2.20 0.80 35 - 0.4
525 0.195 1.582 149 0.41 35 - 22
B25 0156 1.582 1.80 0.37 35 - ?
625 0343 1.582 1.80 0.66 5.0 -- 227

1250 0.686 3.164 3.0 1.32 5.0 - 11,460

D62S 0.469 1582 2.43 1.37 50 - 232
BZ5 0.469 1.582 2.18 1.07 5.0 - 33

625 026 1.396 4.14 3.00 119 - 1.2
B25 021 1.396 393 2.74 124 - 1.5
625 026 1.396 5.29 4.16 19.1 - 3o
525 021 1.396 7.01 5.82 24.C - 33

325 0.26 1.396 5.53 4.76 11.7 - 44

P625 o3 1.396 536 4.28 129 - 1.7

pe2s 063 1.396 6.20 5.42 83 - 34
25 0.63 1.386 8.87 7.10 250 - a5

D625 0.63 1.396 10.65 9.87 208 - 28
625 0.31 1.396 6.14 4.06 175 - 23
625 0.31 1.386 496 387 144 - 1.8

2500 1.¢7 10.396 22.41 13.57 139 - 25
2500 2.50 10.396 25.29 17.39 1201 - a7
2500 1.17 10.396 2164 12.41 1.7 - 1.8
P=30 083 10.386 17.28 7.71 10.8 - 1%
250 250 10.396 34.48 27.58 206 - 65
25C0 096 10.2096 22.77 1333 18.0 - 1.0
250 250 10.396 32.83 2493 227 - 6.5

25 5.62 23230 4393 25.48 14.1 - g0
B625 187 23230 42.12 20.76 130 - .8

625 8.44 23236 58.36 43.67 1.7 - 1.8

o 1.87 23220 63.91 49.01 18.0 - 09

625 5.62 23230 73.89 £6.29 35.7 - 45

625 8.88 23230 79.32 64.53 23.2 - 34

625 8.44 23230 57.43 4262 12.8 - 21

625 0.03 1.386 .28 5.t 133 - 2.8

625 B7 23230 3792 16.57 214 1.3
625 * 87 23230 35.63 14.27 127 - 0.5

025 0.05 1358 215 0.81 205 - e.3
500 o021 10.396 12.76 257 15.0 - 05

625 0.47 23230 26.63 386 12.4 08

3500 0.21 10.236 13.16 298 213 - 35
B2 0.47 23230 26.73 397 251 - 1.6
B2 ¢.05 1.386 2.02 0.67 9.9 - 0.1

625 0.00 23230 24.75 1.52 133 - 0.3

500 0.00 10.396 11.18 0.78 239 - 0.1

625 0.00 1.386 1.8 0.1e 13.0 - 3.03

)SGO 3.75 10.396 21.3%5 20.70 170 - 1.8

0O 0.00 10.36 11.82 1.42 265 - 1.0

3 continued
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Table 2. Continuad

. Waiting Time Disglaced Soil Object Weight
Test Series T.st No.* | Object Shape Waiting Time, Line Force, Embedment Depth, | Object Width, { Cross-Sect m;al Buoyant Weight. i Water
1, (min) Fo. (Ib) D (f1) 8 (ft) Arca, A (ft<) W, (b) W, (ib)
Qw s b
FY-71 laboratory T-1 cube 3.800 1953 0.25 0.75 05625 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 250 10.396
T- 4 <ube 960 9.57 0.25 0.5C 0.2500 250 10.386
T 5 cube 220 13 0.25 0.25 0.0625 0.63 1.395
T-6 cube 150 1.3 0.25 0.2% 0.0625 0.63 1.386
T 7 cu'e 180 7.57 0.25 2.50 0.2500 250 10.396
T8 cube 2L 1.3 0,13 0.25 0.0625 0.31 1.396
T-9 cube 1.040 9.02 0.25 0.50 0.2500 2.50 10.386
T-10 cbe 186 1.9 0.25 0.25 0.0625 0.63 136
T-1 cube 90 20.57 038 0.75 0.5625 8.88 23.2%0
T-12 cube 365 20.57 0.25 0.75 0.5625 5.62 23230
713 cube 1.200 10.07 0.3 0.50 0.2500 1.24 10.296
T-14 cube 270 10.07 0.10 0.50 0.2500 n9E 10.396
715 Cube 1.140 257 0.25 C.75 0.5625 5.62 23.230
T-16 Cube 990 9.57 0.17 0.5C 0.2500 1.67 10.396
T-17 cube 1.365 9.57 015 0.50 0.2500 1.50 10.396
T-18 azie 1.035 1.9 0.08 0.25 0.0625 0.21 1.396
T-19 cube 1.035 1.3 0.13 0.25 0.0625 0.31 1.396
T-20 cub2 1365 20.57 0.38 0.75 0.5625 8.88 23.230
T21 Cub: .L70 1.3 0.08 0.25 0.0625 .21 1.6
T-22 cube 1.050 1.31 0.13 0.25 0.0625 0.3 1.6
T-23 cube 1.080 1.3 0.08 0.25 0.0625 021 1.386
T-24 cube 4,050 20.57 0.25 0.75 0.5625 5.62 23230
T-25 cube 4020 9.57 0.25 0.50 0.2500 250 10.386
T-26 cube 330 20.57 0.38 0.75 0.5625 8.88 23.2%
T-27 cube 286 9.57 0.7 0.50 0.2500 1.67 10.386
1-78 cube X0 1.3 0.13 0.25 0.0625 o 1.396
T-2¢ cube 990 9.57 0.17 0.50 0.2500 1.67 10.296
T3 cube 270 1.3 0.08 0.25 0.0625 021 1.396
1.3 cube 150 20.57 0.25 C.75 G.5625 5.62 23230
T-32 Cube 139 19.57 0.08 0.75 0.5625 1.87 232%
T3 cube 180 1.9 0.13 0.25 0.0625 0.31 1.396
T1.34 cube 1.110 19.57 0.08 0.75% 0.5625 1.87 23.230
T.3% cube 1.050 9.57 0.17 0.50 0.2500 1.67 10.296
T-36 cube 255 19.57 008 0.75 0.5625 1.87 2323%
1-37 cube 210 9.57 0.25 0.50 0.2500 250 10.386
T-38 cube 960 1.3 0.25 0.25 0.0625 0.63 1.396
T3 cube 120 9.57 0.7 0.50 0.2500 1.67 10.396
T-40 cube 20 1.3 0.25 0.25 0.0625 0.63 1.396
T-41 Sube 195 9.57 0.08 0.50 0.2500 c.s3 10.396
T-42 Tube 270 9.87 0.02 0.50 0.2500 0.21 10.396
1-43 cube 65 1.26 0.02 0.25 0.0625 0.05 1.396
T-44 cube 1.020 1.43 0.02 0.2% 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 6940 20.39 0.02 0.75 0.5625 0.47 23230
T-468 cube 75 257 0.38 0.75 0.5625 8.88 23230
T-47 cube 2580 2.57 0.38 0.50 0.2500 3.75 10.396
T-48 cube 1.440 1.31 0.25 0.25 ¢.0625 0.63 1.296
T-50 cube 240 1.31 2.25 0.25 0.0625 0.€3 1.6
T8 wude 300 2.57 0.50 0.50 0.2500 .00 10.396

* 1 indicates imr.ediate breakout tests, T indicates iong-term breakaist tests.

** For cases in which bearing capacity is exceeded during object placernent.
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" . 5 turce Carried by Suil
Displaced ':'_»OII Ob_)ec‘ Weight Breakout Lire Breakout Force N So-t Vane Duning Watting Period®® § Breakout Time,
Buoyant Weight, in Water, Force. Fou. (Ib) (ng -~ Wy + W) Stear Strength, (We =W ~ Fo. . (ina)
W, (ib) W, (1) o Fp lib) S, b/h2) I b
q o)
5.62 23230 29.05 1145 i30 -~ > 1,449
% 5.62 23230 2366 16.05 132 - 153
3 250 10.296 19.61 1172 1n7 - 5
E 2.50 10.396 19.61 11.72 142 - 55
4 0.63 1.396 3.89 322 i45 - 123
: ¢.63 1.396 3.89 322 143 ~ 135
E 250 10.386 14.27 6.27 142 - 1173 :
: 0.31 1.296 321 2.23 135 ~ €5 ‘-
p 2.50 10.396 25.61 16.71 245 ~ 12
: 0.63 1.396 5.49 472 234 ~ 413
. 8.88 23.2% 37.36 22.57 130 - 401
.3 5.62 2323 4296 25.36 228 ~ 104
124 10.396 14.20 497 220 - 462
096 10.396 13.78 435 14.1 - 6 :
5.62 23230 28.40 10.79 229 - > 4,320 ;
1.67 10.396 13.60 476 157 - 2.498
1.50 10.396 12.48 344 164 - 1.390
021 1.386 367 258 213 - 1
0.3 1.26 1.96 n9g 132 - 579 :
2 8.88 23.23) 21.29 1250 243 - > 4.560 s
3 021 1.6 2.31 123 139 - 507 .
0.31 1.396 2.44 1.36 124 - 275 i
E 021 1.296 3.62 2.44 130 - 3
= 5.62 23230 38.73 21.13 16.1 - 240
250 10 306 22.26 14.36 238 - 129
888 23.2% 3091 16.17 149 - 16,505
] 1.67 10.396 17.50 8.66 211 - 331
F 0.31 1396 458 3.50 210 - 29
3 1.67 10.396 24.46 16.62 20.0 - 5
3 o1 1.306 5.20 402 185 - 1
3 5.62 23230 54.76 37.16 19.1 - 5
E 1.87 23230 3254 11.19 154 - 1
031 1396 39! 283 182 - 50
1.87 23230 28.76 7.41 128 - 18
1.67 10.396 19.86 11.02 200 - 8
187 22230 35.48 1413 169 - 3
250 10.396 17.80 9.90 149 - 221
0.63 1.296 10.31 9.54 20.7 - 3
1.67 10.336 14,56 5.72 180 - 496
0.63 1.396 6.56 79 20.0 - 155
08* 10.386 12497 341 228 - 76
02! 10.396 10.73 0.54 153 - 300
6.05 1.3696 1.52 0.17 185 - 10
= 0.05 1.396 153 0.19 130 - ~ 4,392
: 0.21 10.396 1092 6.73 210 - 222
, 047 23230 23.80 1.03 238 - 8
3 888 232 24,06 29.17 219 - 612
e 375 10.206 21.77 15.12 153 - 474
) 0.63 1.396 4.32 356 210 - ~ 1178
; 0.63 1.306 4.33 356 210 - 3657
3 5.00 10.386 26.76 21.36 219 - | 16,312
pring object placernent.
3
F
3 i ;




This relationship summarizes the extent to which previous soil
mechanics research can be applied to the probiem of breakout. To refine
the process of predicting immediate breakout forces still further, it is neces-
sary to resort to empirical breakout 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
E 10 minutes was set as the division between the two because this time was
required for lcad application. For the FY-71 tests, iminediate and long-term
tests were conducted diiferently. The immediate breakout tests were per-
formed by increasing the line load until breakou: occurred; whereas the
3 1 long-term breakout tests were pertorined Ly applying a line force equal
‘ to some fraction of the estimated immediate force.

4 The dsta from the immediate breakout laboratory tests were correlated
: by plotting the experimentally determined term, F,, /AS, versus /B, a tech-
nique suggested by the form of Eouation 2. This plot :s given by Figure 1.
A 1 T T T T
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& FY-68 laboratory tests

= ®
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: .. . Sy * vane chear strength
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Normalized Embedment Depthg

Figure 1. Normalized immediate breakout force versus normalized embedment
depth—laboratory tests.
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A slightly different technique was followed for the fieid tests. It may
be explained by considering first that a relationship similar to Equation 2 holds
for the bearing capasity of partially embedded objects:

P-W,
AS

D
= 6(1.0 + 0.2 -B—> (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. !f 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. 1t is indicated
that the soil bearing ~apacity was exceecded at the soil—water interface and
that the objecis penetrated unti! the soil strength was adequate to support
the object weights. 1t can be assumed, therefore, that the bearing capacity,
P, is equal to the obje:t buoyant weight, Wy, less any line force, Fy,,, applied
during the waiting period.

Equation 3 can be rewritten as

W. - Fo - W
5 fw ’=6(1.0+0.2%>

AS

or 2 = 5(’:.0 + 0.2 —-) (4)

where F, = W, -Fo - W,

force carried by soil during waiting period prior to breakout
loading

The field test data were correlated by plotiing the experimentaily
determined term, Fy, /F . versus D/B. This plot is presented in Figure 2.
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Figure 2. Normalized immediate breakout force versus ncrmalized embedment

depth—field tests.

To oresent 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 aitered
1o that of the field test terms 10 achieve this objective. The quantity obtained
is identified as Fy, /F;. with F equal to 6 AS[1.0 + 0.2(D/B)]. By referring
to Equation 4, it can be seen that F, is quite similar to F, although the method
used to determine it is different. A general plot of Fy,/F; and Fy,/F versus
D/B for all of the immediate breakout tests considered is presenied in Figure 3.
By comparing Equations 2 and 4, it can be seen that Fy, /F or Fy, /F,
would 2lways equal 1.0 if Equation 2 were strictly correct for breakout. How-
ever, as can be seen, there are significant deviations from 1.¢ for low values of
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D/B. This deviatio: may be attribt 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—aobject system will begin
to deform upward elastically well befere actual rupturing of the soil occurs.

If the object is shailowly embedded, these deformations alone might be enough
1o allow the object to become detached. For deeper embedments, complete
rupturing of the soil would be required for breakout.
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Figure 3. Normalized immediate breakout force versus riormalized
embedment depth—field and laboratory tests.

The exact reason for the observed behavior is not important. What
is important is that al! of the immediate breakout force data points appear to
fall within a band which can be represented by one equation and can thereby
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provide a basis for accounting for time effecis. It is signiticant that the data
are bounded by the upper 'imit, Fu,/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 were obtained through
trial and error in such 2 manner tnat the number of points outside the plus-
or-minus-50% baind was minimized. The resultir } empirical equaticn for
predicting the force required ‘or immediate breakout is

Fe or 11,2 = 10 - 097¢2750/3) (5)
Fq FQ

This equation i< 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 practicaily 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 brezkout force is somewhat more difticult than predicting
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 tesis. A further comptication arises from
a generai lack of knowledge as to he mechanism which !eads to breakout under
iong-term conditions. It is necessary, therefore, to resort to empirical data cor-
relation tempered with observations! information on the mecharism to produce
a usable nrzdiction 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 functicn
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 hine force, Fg, , less than the estimated
immediate breakout line force, Fg,, . but greater than the object weight, a
snmewhat -apid, upward object motion occurred over a period of about 5
munutes. This inttial displacement appeared to vary directiy with the force
applied relative to the estimated immed:ate force.




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 cbject. The soil farther away from the object moved downward. An
elevation view of an object immediately after the initial displacement phase

is shown below.
T 2o soil surface before
/ force application

—_— — =\ object —

4. After the initial displacement, the object moved upward very
slowly unti! finally beceming detached from the soil. Crackir.g became
more extensive as tirme progressed.

5. The depth ot the hole left . ter breakout, reiatwe to the initial
object embedment depti>, 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 vriginat embedment depth.

6. It is uncertain whether or not the obiect bottom usualiy became
detached from the soil befora final breakout. The quantity resuliing from
subtracting the initial embedment depth from the total upward object dis-
placement before breakout and adding the final hole depth might equal the
thickness of a water pocket beneath the object. However, this quantity mi.ght
also refiect Juvamwa: 3 clast.c deformation after bresk.su’ or even er¢sion caused
by water rushing in behind the object during fiaal breakout. This quantity
was usually small but greater than zero. in z few of th2 very long-tefra tests
{for example, 2 weeks), this quantity was virtualiy zero.

7. The upward dispiacemant immediately preceding final breakout
varied directly with the relative iorce level.

On the basis of these qualitative characteristics, a few tentative
conclusions were drawn
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1. The relative force level appears to be a significant quantity. 1t wili
be identified in later sections as F, /F;, . with F equal to the porticn of the
line force, Fg,, carried by the soil (assumed equal to Fg, - Wy + W,).

2. The complex process of crack rormation ang propagation appears
to play a major role in determining the breakout response. At least three soil
mechanics concepts could enter into this probtem:

a. Undrained creep of the soil surroundiny - =< object

b. Drained creep with water flowing into the scil
with time

c. Water flowing through the soil into an expanding
cavity beneath the object

Concepts (ai and {b) seem 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 irnportant quantity {p is the gage pressure in the
pore water beneath the object and was assumed equal to F,/A). An anaiysis
of concept (a) would lead to the conclusion that the relative force tevel by
itself is the important quantity in effecting long-term treakout. The inipor-
tan~e of these terms can be determined through empirical data correiation.

3. The object embedment depth appears to be very signiticant in
determining breakout.
The significant parameters which were varied among the tests included:

Original ernbedment depth o abject, D

Width of object, B

Hvydraulic gradient, p/D

Relative ‘orce level, Fy /F,,, with Fy estimated from Equat.on 5

The dependcent variable of all of the long-term: dbreakout tests was the
breakout time, t,. 1t was felt that the most important independent variable
was the relative force level, F,/Fy . Therefore, the tect ~ique followed for
determining the best method for correlating dat2 was to plot F/F, versus
t,. normalized by the geometry parameters D and B and the hydraulic gra-
dient p/D.

Several normalizing procedures were followed. The terms plotted
versus Fy/F,, included:
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The last term, (ptb/D2)(B/D)2, produced the best correlation with
F,/Fy, for the FY-71 laboratory tests. A plot of this relationship is preserted
in Figure 4 The dimensions of this normalized time term are time-force per
l2ngth to the fourth power. This term can be nondimensionatized by multi- )
plying by a permeability and dividing by the unit weight of water. Such a
nondimensional term can be rationaiized as discussed in Appendix C. )
The field and FY-68 laboratory test data were alsG plotted in the
form of F, /Fy, versus (pt,/D?)(B/D)?, as shown in Figure 5. Here the corre-
iation is somewhat weaker and the points tend to lie to the l2ft nf the data
points for the =Y-71 laboratory tests {Figure 4). The shift in the data points
appears atir:butable to a variation in some time-related soil property {(rossibly
permeability) amcna the different soiis tested. it is felt that if this property
~ete measures accurately it could be incorperated into the normaiized time
term (as discussed in Appendix C) to improve the quality of the orreigt:on.
The permeability of the FY-71 Iaboratory test soil was measured (0.9 x
1076 cm/sec), as was the vertical cermeasbility of core samples chlaned at
the Gulf of Mexico tes: site (1.1 x 10°7 cm/sec). The latter measurenents,
however, are unreprasentative of the overall cermeabitity characteristics of
that site because tne horizonta! permeabutity was not deterinined. Because
sand seams were observed in the cores, hor:zoitai seerage wouid assuredly
dominate the fong-term soil response. Therefare, 2 niore accurate nermali-
2zation of the data 1s not possible at present,
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§ Figure 4. Relative force versus normalized breakout time—FY-71 long-term
& {aboratory tests.
% i1 is felt, howwever, that the present conditions are sufficientl'; accuraie

for estimating the order of magnitude of breakout time. The Gult of Mexico

£ and San Francisco Bay soils are representative of typical de2p-sea deposits, so

j correlations based on these data can be extrapolated to otl:er sites. The FY-73

%}. laboratory daia have & high enough ccrrelation to provide @ goou indication of

= the prooer form ot the breakout time relationstup.

% The procedure fullowed was tG it an equation (¢ tne FY-71 test deia
‘, accurately and then shift this equatron slightly by aitering one parameter 10 fit
% the field test gata. Thre test data suggested a loj—log form: therefure, ¢ rele-

2 ticnship for the FY-71 data was determined to be

-
(1]
e

F
10330 .Flib = -(193(lon,y T - 424

where T = (pt,/D?}{B/D}?




This relstionship was obtained by trial and error 1o minimize the
ponis failing outside the band of the relationship plus or minus one-hali lcg
cycle of T. Equation 6 is plotted in Figure 4 along with the band designating
pius or minus one-hatf log cycle of T. This band contains 70% of the data
points,

0 T T 1 T T ]
\0 \o
\ \ ©®  San Francisco Bay field tests
\
o \ \\ B Gulf of Mexico field tests
08 \ \ —
\ \ ©  FY468 lsboratory tests
\ \ —e-» Indicates test discontinued
p) \ icl betore breakout
P -] \ o\
w L;: 06 |- Q \ Dashed-line band represents _|

f; ) o © \ Equation 7 plus or minus
S .4 Y N one-haif log cycle of
w o) \
3 S
: 03} .
o«

0.2 —

{
col ] 1 ! 1 1 i
10° 104 10° 10° 10’ 108 10° 10'?
P 2/ .
Nosmalized Breskout Time, T » —-2(8 ) { -min tiog scale)
02 D h‘

Figure 5. Relative force versus nornalized breakout time—Ilong-term field
tests and FY-68 long-term Iaboratory tests.

By usiny Equation 6 a5 a guide. = sirnilar relationship was Zeveioped
for tne field test data:

F
10940 ;}b = -0.193{log,, T - 3.84) (7)
1

The same criterion was used 10 obtain this equation as was used for
Equation €. Equation 7 s plotted in Figure 5 alony with the band designating
plus or minus one hatf log cycle of T. This oand contains 53% of the data points.
Oniy 13% of the poinis fall to the right {(unconservative} side of the band.
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Because it reflects the response of seafloor soils in situ, Equztion 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 controlied 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.

SuGGESTED PROCEDURE

The procedure suggested tor determining the effort required to achieve
unaided breakout of partially embedded objects is shown graphicatly 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 outiine. 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; embediment
depth, D, and buoyant weight, W, .

1. Ais the horizontal cross-sectional area of the object at the
soil—water interface

2. Bis 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 scil—water interface.

B. Determine whether this is a partially embedaed object.

1. Calculate D/B. If 1t is greater than 1.0. embhedment is not
considered partial; and anchor-type breakout eqLations
must be used. 2

2. 11 D/B is less than or equal to 1.0, the problem s considered
10 be one of partial embedment and the relationships of tt.s
report can be used.

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

1. This can be accomplished eith. observationally from a
submersible or by obtaining a disturbed, grab sample.
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2. 1f 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 free.

&
3
c
4
5
L

A AT

3. 1f the soil is cohesive (clay), the soil wili provide at least
some resistance to breakout, as indicated by the relation-
ships of this report.

M4 e 2

D. Estimate the buoyant unit weight of the soil, 7.

1. This can be obtained accurately from a bulk wet density
test on a core sample.

bk Rl T 4

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

E. Determine, if possible, how the object became embedded.

1. Hf the object was sinking slowly (less than or equal to 2 fps}
when it coliided 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, =W, - W_, where W, =y, V.

0. Refer to Figure 3 (or insert D/B into Equation 5)
and obtain the quantity F,/F,.

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

2. Hf the object penetrated the seafloor with a velocity greater
than 2 fps, or if the present relative embedment depth, D/B,
1s fess than 0.25, 1t is necessary to estimate the undrained
shear strength of the soil.

a. This can be accompiiskad Ly Ir: situ vane tests nzar
the object, laboratory vare tests on core sampies, 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 soii.

b. Once the shear strengih 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.
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c. The average strengtn is identified as S.

d. insert A, S, D, L, and B into the following
relationshin and <olve for F;.

o b B
F 5AS<1.0 + 02 B)(m +02 L)

e. Insert D/B into Equation 5 (or refer tc Figure 3)
and calculate F,, /F;.

f. Multiply Fy, /F; by F to obtain F,, the portion
of the immediate breakout force which wili be car-
ried by the soil.

F. Calculate the line force required

for immediate breakout, Fg, .
Undrained Shear Strength, S {psf)
o 100 200 300 Fow = 15F, + W, - W,

A safety factor of 1.50n F, is
included to allow for the scatter
of data in Figure 13.

. Determine whether or not Fgy,
can be applied with the equip-
ment available. If it can, apply
Fgip, @nd detach the object. If it
cannat, proceed with the follow-
ing steps.

G

w
I
|

»
]
1

X

. Determine what line force can be
achieved and identify it as Fo, .

l J. Calcutate Fy/Fy, . with Fy as
CRlcuae? in eiiher step Siccr

\ step E2f.
L K K. Refer to Figure 5 {or Equation 7)
and obtain T.

L. Calculate the time required for

Figure 7. Typical undrained shear
strength profile for breakout, t, .
cohesive seafloor soils.

_ TD? (D)2
% =5 8

where p = F,/A (foot/pound/
minute units must be used).

5| - I. Calculate &y = Fo, ~ Wy + W,
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M. After applying a safety factor of 2.0 to t,,, determine whether
the load Fy,, can be applied economically for this period of time.

1. it can, apply Fg, for t, minutes.

2. If it cannot, a system of breakout aids inust be devised. 34

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.

Probiem

A cylindrical niject 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 cytinder 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 coilided with the sea-
floor. The effort required to detach the object is to be predicted.

Solution
A. 1.A = 15 x6 = 90ft?
2B = 6ft
3L = 15ft
4. V., = 7 x32 x 15 x 06 = 21213

“w

[}

VJA = 212/9C = 2361t
, = 50.0001b
B. D/B = 0.393. Therefore, the object is partially embedded

£ O
IH

{*. The so:l is cohesive.
D. Assume vy, = 30pct.

E. The cbject was sinking slow!v and the relative embedment depth
is greater than 0.25. Therefore, the shear strength does not need
10 be estimated.
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‘ _ 1. a. Fq =W, - W,
l. W, = Vs = 30 x 212 = 6,360 1b
2 ; W, = 50,000 b
E< H
Fa = 60,000 - 6,360 = 43,640 1b
b. D/B = 0.393

i from Figure 3 (or Equation 5)
i Fin/F, = 0.679
c. Fp 0.670 x 43,640 = 29,240 b
F.Fop = Fyy + Wy -~ W, = 29240 + 50,000 - 6,360
: = 72,880 Ib
or, with a safety factor of 1.5,
Fep, = (15 x 29,240) + 50,000 - 6,360 = 87,500 b 3

To ensure immediate breakout, a line force of 87,500 pounds 3
should be applied 10 the object. 3

g _ G. {1t is determined that a force of 87,500 pounds cannot be applied
with t!ie existing equipment.

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

LN e S A £ ) Fad ik

3 LFy, = Fgg - Wy + W,
- Fg, = 60,0001b
.3 F, = 60,000 - 50,000 + 6,360 = 16,360 Ib
% J. F/Fy = 16,360/29,240 = 056 ,

K. From Figure 5 (or Equation 7)

JRTTR

T = 141 x 10°%{lb-m/ft?)
o - 12 (2
p \B/ ]
Fo _ 16,360 .
P = & = —op = 182psf ;
| i
i 5 2 2 i
\ g - Mz 1?8; (2.36) (2.;16) = 67 x 102 min
= 1.1hr
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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 partislly »mbed 2d objects from cohesive seafloor soils can
be divided into immediate and long-term brerkout. Immediate breakout
involves rapidly ificreasing the upward 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. |f embedment is
partias {embedment depth less than ¢bject width) breakout will eventually
occur under the influence of almost any net uplift force. However, much
time may bt invoived.

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

3. The techniques of this report are capable of predicting the immedia:e
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 iong-term
breakout protiem. 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 n.echanics pro-
blem and appears adequate for the typ:s 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 immeaiate 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 appiied. These accuracies are considerably
greater than those achievable for deeply embedded object breakou: and
aided breskout.

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

4. Extensive small-scale model laboiaiory studies, supplemented by limited
tield tests, appear to offer the most economical coursz2 for this research.
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Appendix A

FY-71 LABORATORY TESTS

GENERAL

Small-scsle model immadiate and long-term breakout tests were
performed in the NCEL Seafloor Soils L.aboratory in FY-71. 1he tests were
initiated specifically to investigate the breakout of obiects of very shallow
embedment for application to the various NCEL programs which involve
pottom-sitting devices. In addition, however, a number ot tests with some-
what greater embedment depths were performed in order to atiow comparison
with earlier NCEL tests and to provide additional, well-controiled 1est data cn
the general probiem of pariially embedde object breakout.

In all. about 90 tests were performed. Of these, 40 were classed as
immediate breakout tests, in which upward loads on embedded cbjects were
increased rapidly to breakout. The remainder werz long-term breakout tests.
A, fraction of the immediate foroe was applied and the time required foi break-
outl waz measured.

CQUIPNENT

Simp. - perimental equipnent wes used so that a iarge number of
testscould be  formed economically. The equipment consisted of two
55-gatlon oil drums on which were mounted knife-edges for use as fulcrums
to levers. The levers were solid steel bars, 4 {eet long, with mercury switches
mounted near their centers. The drums were partially filled with a cohesive
s50i} into which obiects were embedded. Liies were attached {-om the objects
to the inner ends of the levers. At the other ends of the levers were placed
weight stands on which: weights were added 1o provide the required upward
line forces to the embedded objects. The mercury switches were wired into
circuits containing eleciric clacks. When breakout occurred and the levers
defiected, the mercury switches opened, thereby stopping the clocks. It was
not necessary, therefore, to ubserve the tests continuously. A diagram of the
testing configuration is shown in Figure A-1,

it was felt that the soil shear strengta would become a critical parameter
during the data anaiysis phase. Therefcre, special attention was given 10 devel-
oping 2 simple and accurate device for measuring the in-situ strength of the soil
within the drums. A hand-teld device was developed which consisted of a 1.4-
inch-diameter, 1.4-inch-long, four-tladed 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 wiihin the midrange
of the torque dial. The sheft without the vane was tested to determine the
torque lost to shait irictiun. The torque device was calibrated by applying

] a known torque and comparing with the dial reading.

electric outlet
! electric clock ~

steel bar

displacement

N

A weight

TN | (T
|

suppoct weights

Tl <}

test
object

\ £5-gation drum

4 soif

E: ! Figure A-1. Setup for FY-71 laboratory tests,

§ 2y

Vane tests were performed by pressing the vane to a part:cular

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 ccra samples of the soi! were obtained and sub-
3 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 fc'lure surface having a diameter equal 1o

3 the vane diameter and an altitude equal to the vane height. Mobilization of
= strength along ths ends oi the cylinder was a!so assumed.
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TEST SOIL
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The soil tested was a marine, clayey silt obtained from a tidal {lat 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

The upward movement of objects during long term breakout was
monitored with a simple Jeflection gage. The movement 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 3x 3-inch biock, a
6 x 6 x 6-inch block, and a G x 9 . 6-inch block. Tre blocks were concrete,
and their weights in seawater were: 1.39, 10.39, and 23.23 pounds, respec-
tively. The 9 x9 x 6-inch block was always embedded with i*.« 3 x9-inch

of the soil index properties are given in Table A-1.

e

3
L2
e
3.

Table A-1. Properties of Typical Soil Sample—fFY-71 Laboratory Tests

Property

Vaiue or Description

Bulk wet density {pci)
Vane shear strength {psf)
Remalded strengtn {psf)
Sensit:vity

Wat.r content {%)

Specific gravity of solids

Void ratio

Liquid limit (%)

Plastic limit (%)

E Plasticity index (%)
Sard {%:

St (%}

Clay (%)

Classification (Unitied Soil Classification System}

104
10
5
2
g7
2.60
115
41
26

15
10
58
Kv]

ML islightly plastic clayey silt)
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TEST PROTEDURE AND RESULTS

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

£3ch test was begun by thoroughly mixing the soil ir 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 predetermired
embedment depth and the soii smoothed about it. About 1 fcot of water
wes added to cover the soil and obiect, and the lever—weight-hoider system
was rigged. Weights were added so that the weight of the object was supportec
and virtually no force, positive or negative, was tiansmitted to the scil. This
condition was maintained for about 24 hours.

At the end of the waiting pericd, additional weights were placed on
the weight hanger. If the test was to be an immediate breakout test, weighis
were placed until breakout occurred. For a long-term test, a predetermined
weight was placed on tire holder, and the time required for breakcut was
: recorded with the electric-clock—mercury-switch system. The upward move-

‘ ment of the object was measuyred as a fun<tion o time 2fter load application.

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

fialde sl LILANT PARUN B VN 20 T2 ARSI AL NLLAN 5 i L) Bl | RSN S0 RN ARG Al KA AR AR AR b e O {1y
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(a) With the 3 x 3x 3-inch biock, the strengths at depihis of 1 ana
4 inches and offset distances of O and 8 inches from the hole center were
averaged to yield one shear strength, S.

{b) With the 6 x 6 x 6-inch and 9 x 9 x 6-inch biccks, the stre.gths at
depths of 1, 4, and 7 inche:s at the two different offset distances were averaged.

The data from these tests are included in Table 2 of the man text of
| this report.
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Appendix B

BEAR!I!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
hal{-cpace. 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.
This 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 by statics to obtain the footing load. Theoretically,
it this were done for every imaginable series of surfaces, the bearing capacity
would correspond to the lowest footing load obtained. A substantial effort
has been directed towara finding appropriate faiture surfaces and has led to
the development of several bearing-capacity equations. One of the most com-
mor. of these is that developed by Prandtl for an infinitely long footing of
finite width; this equation is besed on the failure pattern shown in Figure B-1.1

P = bearing capecity of footing Jer unit length
¢ » friction angle of «il (in Cegress}
B = wid.h of coting

The log spi~al is given Ly the equeticn
RN id
1, 1o. 3nd § ace defised in the dagram {0 is messured i radiang)

1, & the langth of ong of the sides of the isceceies trisngle

Figure 8-1. Cross section illustrating Prandtl’s plastic equilibrium theory.
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1t can be seen from Figure B-1 that the characteristics of Prandt!’s
failure surfaces are strongly related to the soil friction angle. For short-term
toadings on fine-grained, ow-permeability {cohesive) soils such as those usualty
found on the seafloor, the assumption is often made that the apparent friction
angle is equal to zero. This is because the low soil permeability prevents signi-
ficant drainage and soi! volume change during a short-term loading. Because
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 8 mea-
sure of the change in strength corresponding to a change in stress, will appear
to be zero.'? For a soil with zero friction angle, Prandti’s failure surfaces
reduce to those shown in Figure B-2.

circle

Figure B-2. Prandtl’s failure surfaces with ¢ = 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 = 28(%4- 1)5 = 5.14BS {8-1)

At this point, it should be noted that the failure surfaces of Figure B-2
are symmetric about the footing edges. Because the statics problem is solved
by bulancing 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.

]

P = 5148S

Figure 8-3. Prandtl’s failure surfaces with upward loading.
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Figure B-3 represents a simple breakout problem involving thz
following mechanism: an upward load per unit length, ¥, is applied to a
long, narrow footing. Because loading is rapid (imniediate breakout), the
soil permeability is low, and there are no open passageways, water is pre-
vented from moving into the zone beneath the footing. Instead the soil
itsetf is forced to move into this zone and the flow pattern of the soli is
given by the Prandt! fatlure surf:ces.

The situation involved in the NCEL breakout tests was somewhat
ditferent from that given by Figure B-3. The objects were not long, narrow
footings but rather were cubes, spheres, and prisms; and they were partiatly
embedded in the subsoil. The downward short-term bearing capacity for
objects in this situation has been investigated by Skempton,’ who pre-
sented the equation

- 55(1.0 + 02 g) <1.o + 0.2 %) + Vj:‘ (82)

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

7, = 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 appiicable to actual field
situations. In view of the similarity between breakout and tearing capacity
as 1oted in the simpier Prandti example, it is reasonable to assume that this
eauation wiii also yield an agproximate solution to the breakout problem for
these more complex circumstances. The comparison between the two 1s pro-
bably not exact for this case because ¢f some distortion of the symmetric
faiiure surfaces and differences in elastic deformation patterns. However, an
equation of this sort can serve as a rough t:7s3t approximation in est:mating
tl.2 immediate breakout force.
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One difference between the two approaches should be corrected. In
Equation B-2, the last term, V, 7/A, represents a buoyancy etfect; the deeper
an object is embedded, the 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

Fin D B
—_— = . + . —_— K + . — -
A 58(10 0.2 B)(‘O 0.2 L) (B-3)
where F, = portion of immediate t 2akout line force, Fgyy . arried by soil
= Fle - wb + ws
W, = buoyant weight of object
W, = buoyant weight of soil displaced by object

Vs

The limiting equilibrium problem could also be approached by
formulating the generat 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. 2nd the results obtained were
found to agree well with Prandti’s equation.'™ 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 equatics.

The numerical approach hes also been applied to the breakout
problem.® 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 cf the came input parameters, Equation B-3 predicts
a preakout 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 shear strength. Also, it should be noted
that in the sample problem of Reference 6, a Poisson’s ratio of 0.4 was assumed
for the soil. A value of 0.5 would have been more appropriate for undrainec,
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
10 any basic analytic discrepancies.

Considerina the complexity of the breakout problem, particularly
with regard to time effects, there is little justification for undue sophistication
in formuiating the initial limiting equilibrium relations. Modifications will have
10 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 cf the
relative breakout force, Fy /F,, ., versus the breakout time normalized as
(pt,/D?)(B/D)?, yielded the best correlation. It was then observed that
this normalized term could be nondimensionalized by multiplying it by k/v.
where k is the soil permeability in feet per minute and v 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 progagation of cracks down the side of the object. After the cracks have
propagated to some point close 10 the object bottom, water will rush into the
low-pressure zone beneath the object and breakout witl 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 c¢rack 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
impnrtant relationships cdascribing the phenomenon will be Darcy’s law for
flow through porous media. This empirical law can be written for plane flow

as™
Ny c-1)
Q = kh N, (C-

where Q = seepage rate per unit length (ft3/min/ft)

k = soil permeability (ft/min)

h = total pressure head loss (ft} = Ap/y

Ap = total pressure loss (psf)

¥ = unit weight of water (pcf}

N¢/N, = flow net factor, related to geometry of problem
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For the breakout problem, thiz situation can be diagrammed as

original soil
e~ B N _/surfaoe
D o
* Y AN
porepm":'gage/ bottom of object
ject
ik before load application
where D = original embedment depth
D' = portion of depth over which soil is in contact with object
side after load application
B = object width
Fg, = line force on object
p = gage pressure in pore water beneath object {equal to total

pressure loss, Ap) = F,/A
F, = forcecarried by soil = Fg, - W, + W
W, = weight of object in water

= submerged weight of soil displaced by object

> =

= cross-sectional area of object

Water flows under the intiuonce of pressure, p, into the zone in which
the soil is stifl in contact with the object side. The average flow rate, Q, can
be written as a volume of water per unit length, V , flowing over the time
required for breakout, t,,.

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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characteristic horizontal length which represents either the ultimaie average
crack width or the width of the zone of soi! influenced by water seeping into
it. This characteristic length may be proportional to D’. If so, that would
indicate (hat the deeper the object is embedded the greater will be the required
crack width or the greater the zone of irnfluence with regard to the surrounding
soil. If this is assumed,

012 p ! lf
— X k _— — ‘,'-

The portion of the original embedment depth still in contact-with the
obiect 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, F,/Fy,. Therefore,
Fib
D « Df(Fb—)

where f{) = a functional relationship

Flow net factors, N¢/N,, are characteristically related to nondimen-
sionalized geometry terms. One such term for this problem would pe B/D.

N¢ 8)
N, \b

where g() = a functional re:ationship

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

(C-3)
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Helationship C-3 has the same form as Equation 7 of the main text
and thereby lends additional reliability to it.
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NOMENCLATURE

A Cross-sectionsl area of object at soit—water
interiace

B Width of obiect at soil—water interface

D £mbedment depth of object before force

application (V/A)

D’ Portion of embedment depth along which
soil—object contact is maintained after force
application

Fy Portinn of applied line force carried by soil
(Fg, - W, + W,)

Fip Portion of immediate breakout line force carried
by soil (Fgyy, - W, + W)

ng Upward line force appiied to object to cause
breakout

Forp Urward line force applied to object to cause
immediate brezkout

FQ“ Upward line force applied to object during waiting
period

Fq Downward force carried by soil during waiting period
(W, + W, - Fg,,) (for cases in which bearing capacity
1s exceeded during object placement)

F"] Bearing capacity force soil is capable of maintain-
ing [6AS{1.0 + 0.2 D/B)(1.0 + 0.2 B/L)]

h Hydratiic head difference between top and bottom
of object (p/y) (iength)

k Permeability of soil (fength/time}

L Length of object

LTI

B 4 s AN L % T A

Ng/Ng  Dimensionless flow

P Bearing capacity fa
p Gage pressure in pg
Q Rate of water flov;

unit length) (lengtt

r,6,r, Paramete's of log §

equatior
S Undrained shear st
S, Vane shear strengﬂ
(force/tength?)
T Normalized break¢
1, Time required for:
t, Waiting time after
application of Fﬁ
Vg Volume of soit di;
Vo Voiume of water |
W, Weight of object i
W, Buoyant weight o

i), q{), §{) Functional relatic

Ap Total pressure los
v Unit weight of sa
Vs Buoyant unit wei
¢ Friction angle of




/
f object at sotl~water

_object before force

denth along which
maintzined after force

force carried by soil

hreakout line force carried
W)

sed to object to cause

Blied to object to cause
plied to object during waiting

-- d by soil during waiting period

Fcases in which bearing capacity
act placement)

k s0il is capabte of maintain-
:0/8)(1.0 + G.2 B/L)s

pnce between top and bottom

gth/time}

Ng/Ng

r,0,r,

£, gl i0)

Ap
y

Ys

e e e R

Dimensionless flow net factor
Bearing capacity force
Gage pressure in pore water beneath object (Fy,/A)

Rate of water flow into zone belcw object (per
unit fength) (Iength3'time/|englh)

Parameters of log spiral in solution to P1andtl’s
equation

Undrained shear strength of soil {forceftength?)

Vane shear strength of soit (assumed equal 10 S)
(force/tength?)

2‘\2 time-force

-
a3

Normaiized breckout time —( )
02 D

length4
Time required for breakout

Waiting time after object placement and before
application of Fg, or Foy,

Voliume of soii displaced by object
Volurne of water per unit length

Weight of object in water

Buoyant weight of soil displaced by object
Functional relationships

Total pressure loss (force/lengthz)

Unit weight! of seawater

Buoyant unit weight of soil

Friction angie of scil
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