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ABST~CT 

A rational method iE presented to predict the penetration 

of free-falling objects into deep-sea sediments by combining 

proven empirical theories from the field of soil mechanics with 

known hydrodynamic phenomena, 'l'he impact velocity of the ob­

ject and the shear strength profile and density of the sedi­

ment are assumed to be known. The penetration problem was 

solved through the us0. of a computer by equating the work 

done during penetration to the energy of the object falling 

through air and impacting onto a modeled «Jeep-sea sediment. 

The objects were simple geometric stwpcs ranging in wcj ght 

from 500 to mo:re than 1,000 pouncJ s . 'I'hc impact veloci lies 

ranged £ran zero to twenty feet-per-second. The results are 

comp~lrecl v;ith full scale tesLt; am] reconuncndati.ons tire made 

to extend the method to a writer-sediment interfnce, 'l'he 

method successfully prc::dictn the pcm trati.on of objects into 

weak, saturated, sediments within lhc accuracy of the Stilte­

of-thc-art techniqu ~; for measuring the i=: ec.1imcnt rnechonicul 

properties. The impact duration time was observed to be 

relotively constant and fadependent of obj cct velocity, shnpe, 

and weight implying that it may be a unique property of the 

dynamic behavior of u sediment type. 
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I. INTRODUCTION 

A. PURPOSE OF INVESTIGATION 

Various types of objects will be lost which fall through 

the water column and impact on the ocean bottom as man con­

tinues to move more freely on the surface and through the 

oceans. Such objects can range from small and very expen-

sive instrument packages to fleet submarines. It is important 

to know exactly how far they have penetrated into the bottom 

during search operations since complete penetration below the 

surface of the sediments may require a search by other than 

visual or acoustic methods. 

The velocity and free fall attitude of an object that has 

been located and photographed on the bottom may be estimated 

from the penetration distance if the physical and mechanical 

properties of the sediment are known. The impact velocity 

and attitude could be potentially useful in reconstructing 

the event and also for determining the amount of energy trans­

ferred to the sediment and radiated from the point of impact. 

The recovery method and force necessary to break a lost 

object free of the bottom during a salvage operation will 

depend to some degree upon how far the object has penetrated 

into the bottom sediments. 

The fields of soil mechanics and foundation engineering 

have been concerned mainly with static situations including 

the prediction of the very slow settlement that a structure 

undergoes as it is erected. The weight is thus applied to 
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the soil in progressively greater amounts. Deep ocean 

bottom installations may be preassembled, floated to their 

site, and allowed to free-fall to a position on the bottom. 

The free-fall method of implantment is potentially useful 

for ocean structures since it decouples the structure from 

the influence of surface motion and tethering lines. Pre­

diction of an accurate initial penetration depth upon con­

tact, therefore, becomes a critical design factor. 

An indication of the sediment's mechanical and physical 

properties can be obtained by observing probes of known 

physical configuration as they penetrate the bottom since 

penetration depth depends on sediment strength. 

B. SCOPE OF INVESTIGATION 

The purpose of this investigation was to develop a method 

to predict the penetration depth of objects dropped into a 

simulated deep-sea sediment. Experimental d~td was available 

to test and verify the analytical method that was developed. 

The full scale experiment employed large, heavy objects and 

it was necessary to let the objects fall through air to 

allow them to reach a velocity at impact equal to the highest 

expected terminal velocity of free-fall through sea water for 

very dense objects. In addition, dropping the objects in 

air eliminated free fall stability problems as the impact 

attitude was effectively controlled and the effects of 

angular momentum on the impact were minimized. The sediment 

used in the experiment was of re-worked continental origin 

characterized by low shear strength and high water content 

typical of deep-sea and pelagic deposits. 
9 



The initial boundaries and limitations that were imposed 

on the study were designed to simplify the complexities of 

the problem to permit the mechanics to be understood, and 

to retain the ultimate objective of practical application of 

the method at sea. The conditions are summarized below. 

1. The impact velocity at the top of the sediment column 

was in the range from zero to 20 feet-per-second. Zero 

velocity at the top of the sediment column involved releasing 

the object at the sediment sur:1ce and its acceleration 

through the soft upper layers before coming to rest. The 

upper limit of 20 feet per second was believed to be a real­

istic terminal velocity in sea water for most objects. 

2. Free fall was assumed, or gravity was the only down­

ward force acting on the object. 

3. The object shapes were limited to simple geometries 

with established hydrodynamic properties from theo~etical 

calculations or empirical tests. Configurations designed to 

penetrate, such as a coring tool with a long barrel and large 

mass on one end were not considered. 

4. The sediments were taken to be cohesive, with no 

angle of internal friction. They were also assumed to be 

low strength, less than four pounds per square inch, and to 

have high water contents typical of marine sediments. 

S. The study did not include the effects of any settle­

ment after initial penetration. 

6. The minimum factors necessary to predict penetration 

depth were considered to bes the impact velocity; geometry 

and mass of the object; and the shear strength profile and 

density of the sediment. 10 



C. HISTORICAL BACKGROUND 

The loss of the u.s.s. THRESHER and the problems involved 

in the location of the hull which had penetrated deeply into 

very soft sediments served to emphasize the fact that little 

was known about physical phenomena associated with deep-sea 

sediments and the mechanism of penetration. This disaster 

prompted the original full scale experiments carried out by 

the Naval Civil Engineering Laboratory and used to verify 

the method developed in this study. The THRESHER disaster 

also pointed out the difficulties involved in sampling sedi­

ments at deep ocean water depths and using only a few samples 

tested in a laboratory to predict as precisely as possible 

the sediment's dynamic behavior in-situ. This study is only 

a step to\t.1ard understanding all the variables and their 

relationship to each other. 

The following is a review of the state-of-knowledge before 

the investigation and the technical background. The variables 

involved and the development of other penetration equations 

are discussed. 

1. State-of-Knowledge 

The problem of earth penetration by projectiles is a 

classical one of terminal ballistics and an immense amount of 

both theoretical and experimental literature exists on the 

subject. Empirical attempts to determine the thickness of 

earth embankments needed to protect soldiers were made as 

early as 1742 (Young, 1963). In recent years the free-fall 

penetration problem has been studied to provide protection 

11 



against artillery, to estimate forces acting on a structure 
during earth impact such as would be required by orbiting 
nuclear power plants that would have to remain intact during 
re-entry and landing on earth, and to determine physical soil 
properties remotely by an acceleration-time record transmitted 
from a projectile penetromcter. The studies have involved 
the fields of engineering, mechanics, fluid mechanics, geology, 
soil mechanics, aerodynamics, wave propagation, as well as 
other disciplines. They were conce1·ned with tho problem of 
a body falling with high velocity through air and impacting 
on hard continental soils. Bibliographie~ of prior invoati­
gations are available (Schmid, 1969 und Young, 1969). Dynamic 
studies in the field of soil mcchnnics on land arc still in 
their infancy. Whether they can be extended to structures 
and the penetration problems in the deep oceans probably will 
remain a question for some time into the !ulure for four basic 
reasons. 

First, the velocity of an object free-falling through 
water will be much less than the velocity of a sJmilar object 
in air. At very low velocities, from zero to 10 feet per 
aecond, the inertia of the object may not be important com­
pared to other factors. In water the added maas of entrained 
fluid muat be accounted for, but probably would be ignored in 
air. 

Second, continental soils are quit~ difforcnt from 
deep-aea sediments. Sediments in tho ocean basin• typically 
have very small grain sizea, often clay siz~• of .005 an and 

12 



-ller. the rate of aediaentation ia meaaured fraction• of 
■illimetera per year with very old layered material found 

relatively cloae to the top of the aedimcnt column. Deep-

Ma aed1ments aie completely aaturated with inter■tititial 

pore water often accounting for half their bulk volumo. the 

pore water i■ not. tho vure water commonly found on land, but 

the ch•ically complicated sea water which cau■e• flocculation 
of aome sediment particles and the presence of authigenic 

■inerals near the aca-aodimcnt interface. Lower in the ■edi­
■ent column, diagonaia and ccmentation bc:tween particle■ . 
occur formi119 a loose fabric often with the porosity being 
relatively constant with depth. The effect■ of the low 2 

d9CJree centigrade temperature and high 6,000 pounda-por­

aquare-inch pressure encountered at the median ocean depth 

create an entirely different environment than found on the 

continonta. 'ft,o degree of reworking by ht'nthic organisms 

aay alao be important in determinin9 tho mechanical character­

iatic■ of the upper layer• of tho sediments. 

Third, when measuring the mechani.cal properties of 

tho ■edimenta, the amount of disturbance that the sample 

undorgoe• a■ a reault of the sampling process, handling and 

preparation for teatinca, temperature and pressure change■, 

and organic growth or decomposition is difficult to precisely 
eatimate and may vary from one sampling and testing technique 

to another (Richards, 1961). 

Fourth, if the sediments in tho upper layers are 

treated as a au■pension of particles jn a fluid, which may 

13 



be a valid approach to sediment dynamics if the water con-
tent 1• over 100 percent, then another problem arises. The 
fluid dynamic• of non-newtonian materials have been researched 
for conduit flows such as slurries in pipelines, but very few 
inveatigationa of external flow about a body [Pazwash and 
Robertson, 1969}, and unsteady flow at a boundary have been 
Mde. 

2. Prior Investigations 

There arc only a few records of objects that have 
been lost and recovered. The instances where things have 
been recovered or photographed to document and determine the 
penetration depth tog~ther with adequate data about the 
1DOchanical properties of the sediment are virtually non­
existent. Tho same lack of data exists in reports written 
.ibout the fe"w cases where penetration was investigated. The 
report• typically set forth equations with empirical constants 
and contain no information about the controlling sediment 
parameters. 

Much literature and empirical information is available 
about pile driving. The forcing of a long piling into soft 
aediments is, however, quite different from the free-fall 
penetration problem. 

D. TECIDIICAL BACICGROUND 

All of the variables were studied, then the development 
of the previous penetration equations was researched before 
an attempt was made to solve the penetration problem. A 
review of the known variables for which data exists was made 

14 



to develop a method that would be of use at the present 
time using available data and techniques. 

1. The Variables Involved 

Penetration may be a function of more than 20 differ­
ent variables and may be described by the following equation: 

f 

where, 

(Vo' M, A, z, e, r, s, E, II , p s, T, 4> , w, s, E 

"s, c, k, "Y , c\ , Pw• as, h) = 0 

Vo = impact velocity 

M = mass of the object 

A = cross sectional area of the object 

z = depth of penetration 

r = surface roughness of the object 

s = object shape 

e = void ratio of the sediment 

E = Young's modulus of the sediment 

II = Poisson's ratio of the sediment 

Ps = density of the sediment 

T = time for penetration to occur 

~ = mineralogic and chemical composition of 
the sediment 

"s 
= viscosity of the sediment 

C = shear strength of the sediment 

k = permeability of the sediment 

8 = sensitivity of the sediment 

w = water content of the sediment 

"Y = dilation of the sediment 

a = grain slze of the sediment 

15 
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E = post depositional changes of the sediment 

pw = density of the water 

~w = viscosity of the water 

h = water depth 

as= adhesion of the sediment to the object 

Such a list is self explanatory and is not exclusive. 

Some of the above properties are related to others, and the 

parameters may thus be reduced in number by a dimensional 

analysis [Liu, 1969). Some of the properties, however, are 

not amenable to a mathematical analysio, for example the 

grain size distribution and the grain's morphology and 

orientation in the .sediment fabric. A phenomological 

approach to the problem may, therefore, be required (Muga, 

1966). To put all of the variables into a system of 

equations may be an impossible t~sk, and for this reason 

the prediction of penetration into deep-sea sediments may 

remain somewhat of an art and not susceptible to an exact 

solution for some years. 

The deep-sea sediment particles accumulated over 

millions of years occur in many types which reflect unique 

depositional conditions of the earth's history. The 

mechanical properties vary widely, as subsequent to 

deposition the sediments may have undergone secondary 

cementation, diagenesis, recrystallization, and a degree of 

reworking by animals in the top important l~ycrs [Smith, 

1969). Some problems involved in learning more ab0ut deep­

sea sediments are set forth in the following paragraphs. 

16 



The detail• of the aea-aed. ment interface and upper 

sediment layers in the depths of the ocean are only grossly 

known the world over. In the moat studied ocean, the North 

Atlantic, Keller (1967), estimates one core has been analyzed 

for sediment mechanical properties for every 30,000 square 

miles of ocean floor. Less d3ta ia available in the Pacific. 

fl\e variation of the ocean bottom's nature and the high cost 

of about 1,000 dollars per foot of core recovery and analysis 

will limit any groat expansion of knowledge. 

Much input to the design of foundations on land is 

based on past local experience incorporated into local 

building codes. On land, tests can be conducted nnd equation• 

developed that fit special circumstances in certain areas at 

considernbly leas oxpcnnc than in the oceans. Also a past 

history oxioto for land arcno of interest, wheroaB compara­

tively liLtlc has beon kno~n of deep-sen sediments until very 

recent times. Although the hori~ontal area variability of 

deep-sea sediments may be lesa than that of continental 

sediments, to empiricnlly categorize the s v~nty pe rcent of 

the earth's surface covered by water and anticipate a return 

in leas than the number of years that have elapsed since 

structure• have been built on land would be folly. 

2. The Development of Previous Pcnetrntlon Equations 

A review of the development of penetration equations 

eaphaaizoa the importance of the various constants that net 

to coii,trol the penetration depth. The discus£ion that fol­

low• combine• the outlines given by Schmid (1969), and 
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Young (1969). First and most basic from Newton's second 

law, 

F(t) = Mx(t) (2) 

it can be shown that penetration depth is determined if 

velocity is known as a function of time. In general this is 

not the case for unsteady motion at a boundary. 

Other classical equations are also based on Newton's 

second law where resistance to penetration is a function of 

the instantaneous velocity, V; 

-1-et; cl+ fl (V) + f2 (V2) + ... fn (Vn) (3) 
• 

which postulates that during the first phase of penetration, 

at high velocity, the motion is governed by resistive forces 

proportional to velocity to some power, and at the final 

stages of penetration the resistance is independent of velo­

city. If the functions, f 1 , f 2 , • • • .fn, are taken to be 

constants and the highest power of n assumed to be 2, then 

equation (3) simplifies to; 

-Mx = a + /3 V + 'Y v2 (4) 

where at high velocities the forces controlling penetration 

are proportional to v2 or analogous to drag force in fluid 

flow. At moderate velocities resistance will be proportional 

to the first power of V, analogous to viscous resistance, and 

at the last stage, proportional to a consta~t force indepen­

dent of velocity. According to how the constants in equation 

(4) are treated, the following classical equations can be 

derived after integrating twice with the initial conditions, 
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V • v
0 

at t = o, and final conditions, V =oat t = T. 

Robins-Euler z = 
M v2 

0 

2 er 
(constant resisting force) (5) 

Poncelet 
'Y v2 

z = _J:! ln (1 + ---2) (resisting forces (6) 2 'Y er constant and similar 
to fluid drag) 

Reaal 
'Y V 2 

z = M ln (1 + ~) 
'Y Q 

(resisting forces 
similar to fluid 
viscosity and 
fluid drag) 

(7) 

The question relative to the use of the above equations rests 

with the constants, er, ~, -y, which are determined by the geo­

metry and mass of the object and the type of medium being 

p~netrated. Schmid [1969] discussed several empirical 

penetration equations from the literature which are vari­

ations of the above classical. equations. The constants were 

determined from high velocity impacts on continental soils. 

Thomason and others [1968] used Poncelet's equation 

to determine the amount of charge required for an explosive 

anchor system. 

where 

z = P ln (1 + b v2) 2 gib a o 

p = W _ weight of projectile 
A normal frontal area 

a= constant related to the shatter strength 
of the medium (for "mud" a= 320 psi) 

b = an inertial coefficient for the material 

i = a form factor, usually 1.0 
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Evaluation of a and b ia a proDlea and unfortunately 
a comparison of predicted and actual penetration was not 
given. However, the penetration depth's dependence on high 
velocity was illustrated. 

Young (1969) presented a semi-empi:,-:-ical ■olution to 
the penetration problem derived from 160 full scale teats on 
continental soils with impact velocities ranging from 100 to 
1,000 feet-per-second. Penetration was treated as three 
phases, (1) impact, (2) moving through the soil, and (3) 
coming to rest. The phenomena of entry is not the same aa 
moving through the soil, but the surf~ce effect of entry was 
found to be negli.giblc after the object had penetrated three 
body diameters. The basic form of Young's equation was1 

where 

s ::: a shape parameter of the object 

A = cross sectional area of the object 
w -weight of the object 

Vo - impact velocity 

N = constant dependent on soil properties averaged over penetration distance 
TWo equations were determined for two ranges of velocity, 
one for less than 200 feet per second and one for greater 
than 200 feet per second. The low velocity equation was1 

z = 0.53 (N) (S) (:)ln (1 + 2 x 10-s v!> 

(9) 

(10) 

and nomograms were given for easy solution. All Young's data 
fitted within!. 20% deviation. Again it should be noted that 
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the aoil property conatant, H, could vary by a factor from l 
to 50 and •waa arbitrarily aasigned by those knowledgeable 
in the field•. 

If penetration ia treated as being resiated by viscous 
force• only, the following results accQrding to Schmid (1969): 

tel'- A V(t) 

which baa aa ita solution 

where 
A" 

Q. -
M 

When t goea to infinity, the maximum penetration becomes: 
V 

z ~ ..J2. 
0 

(11) 

(12) 

(13) 

(14) 

but aqain resolving the vi scous par'1mctcr of the sediment,,,, 
and eatablishiny a reali s tic tim , t, become difficult. 

&oils do not behave as i sotropic, linc,1rly elastic 
aatorials,cxccpt possiuly at very omall st r ains (D'Appolonia 
and Lambe, 1970). Penetration into a mat •rial causes the 
elaatic limit of the material to be exceeded and theories of 
elaaticity cannot be applied directly to the problem. 
Theories of elasticity and plasticit)' applied to proulems 
of deformation assume idealized stress strain laws which arc 
not well suited to soils and more basicall)' ignore the 
i■portant dimension of time, ~nd Assume that the state of 
•train is instantaneous. 

Various viscoelastic models, Figure 1, with combina­
tion• of ~elvin and Maxwell models, of a sediment can be 
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assembled and solved by Laplace or Fourier transforms, if 

time dependence is linear. 

~ 

elastic rebound 
. permanent deformation 

deformation 

MAXWELL KELVIN 

no permanent 
deformation 

Figure I. KELVIN AND MAXWELL VISCOELASTIC MODELS 

HoweveL the problem of determining the necessary soil param­

eters is non-trivial, and to get a unique solution, several 

sets of parameters are required [Schmid, 1966). 

Mojern advances in rheology and the continued develop­

ment of the finite elem nt method with appropriate yield 

~riteria such as developed by Noh and Wilkins in 1964, and 

outlined by Schmid [1969), ancl the analysis of the initial 

settlement problem by D'Appolonia and Lambe, [1970), may he 

useful but again the probl (.:! tn of relating all parameters and 

determining the stress-strain behavior and yield criteria of 

a 1:heologically complicated material such as deep-sea sedi­

ments, may remain elusive for the near future. 

In very weak, high "ater content, deep-ocean sedi­

ments, the penetration problem is somewhat similar to the 

problem of ship slamming. Studies of ship slamming and 

unsteady hydrodynamic impacts at a water surface have mainly 

been concerned with peak pressure, velocity-time relation-

ships as£ function of the form of a structure as it penetrates 
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a fluid boundary and not penetration depth. Extensive 

literature and model test records exist [Ochi, 1962). 

A method to estimate the impact velocity fran the 

observed penetration depth was developed by Mandl and Givens 

(1964) after an aircraft was lost and crashed into soft clays 

in northern Canada. The method developed and explicity 

solved an equation of motion for a sphere and cylinder 

penetrating at high velocities into a Leda clay 

-(m' + M)Y. = Mg - F - D 

where 

(15) 

F; the static strength of the clay, a function 
of penetration depth only 

D = a drag force considered a function of 
penetration depth, velocity and time 

Experimental tests of high velocity impacts into clay, 

(greater than 800 feet per second) confirmed that the method 

overpredicted penetrntion depth. The over-prediction ,,ms 

expected since Viticous dissipation nnd elastic wave initi­

ation were ignored. 

After a detailed examination of mathematical methods 

available for annlysis of unsteady motions of an object 

crossing an air-water interface, Moran (1965), concluded that 

none of them could yield a uniformly valid approximation to 

the solution of surface crossing and that the best hope for 

obtaining a reliable estimate was with numerical analysis. 

3. Known variables for Which Data Exlsts 

Since all of the methods reviewed rely totally on the 

ability of the selected variables and constants to correctly 
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parameterize the penetration problem, it was necessary to 
review what is known about the variables. The physical 
properties of the object are assumed to be known but the 
description of the sediment strength is subject to the 
interpretation of empirical tests or, in some instances, 
phenomenological observations. Even thcugh deep-sea sedi­
ments are very different from continental soils, a review of 
what has been learned about the mechanical behavior of fine­
grained clays on land and what is known about deep-sea sedi­
ments is necessary to assemble a wcrkuble solution. Also 
the problems of sampling and testing at sea cannot be 
ignored. 

Information about th.? following parameters: density, 
water content, void ratio, shear strength, and sensitivity, 
which describe the mechanical behavior of deep-sea sediments, 
either exist in the litcratur~ or may be easily determined 
through laboratory tests which have been standarized and 
soon may be routinely performed at sea on oceanographic 
vessels. 

The bulk density of deep-sea sediments is determined 
from routine measurement of the weight of a known volume of 
sediment. Typical values range from 74 to 125 pounds per 
cubic foot with the most common sediments in the range from 
78 to 109 pounds per cubic foot (Keller, 1967). The bulk 
densities of North Pacific sediments are generally lower 
than those of the North Atlantic. 

The void ratio and porosity are a measure of the 
volume of sediment in a sample compared to the volume of 
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voida, which are filled with sea water in the case of deep­
sea sediments. They are also a measure of particle point to 

point contacts and bonds (Schmid, 1969). The measurement i ■ 

easily made with a pycnometer that measures that volume of a 
known weight of oven-dried sediment. 

Sensitivity, the ratio of the original undisturbed 

shear strength to a remolded and disturbed shear strength, 

is important to the penetration problem since the object 

moves through disturbed sediment during penetration. It• 

importance is hard to estimate since most sam~lcs are dis­
turbed to some degree. Mitchell and Houston (lq69) indicate 

that in the range of sensitivity from 1 to 8, typical of 

deep-sea sediments, the mechanism that causes sensitivity is 

chemical cemcntation, which is not woll understood by soil 
mechanists but obviously important. 

For a· cohesive sediment, the strength is a measure of 
the sediment's ability to resist mechanical deformation. 

Large masses of cohesive soils generally fail along a sur­
face and hence the strength of a cohesive soil is defined as 
shear strength. For purely cohesive sediments undergoing 

large deformations, particle to particle intcractiono ~hich 

would cause an "angle of internal friction" and increase in 
the strength of the sediment are generally assumed not to 

exist. However, as more sophisticated testing techr,iques 

are developed, this may prove to be an erroneous assumption. 

Typical values of shear strengths were given by Keller 

(1967) to range from .25 to 2.5 pounds-per-square-inch, with 
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the ao•t c:OIIIIOII range between .5 and 1.5 pound•-per-■quare­

inc:h. The llorth Atl~ntic: baain aedimont• have ali9htly 

h19her atrencJth• than the llorth Pacific. fll• preaence of 

carbonate■ will increaae ahear atre119th, but few carbonate• 

are found below 12,000 feot. In the Gulf of Mexico, Bryant 

and other• (1967), found ■hoar atrengtha of silty clay 

turbidite■ of the abya■al plain■ to range fram .J to 1.1 

pounds-per-square-inch with the pelagic ■odimenta of the 

continental •lope• having strengths up to 5.9 pounda-per­

■quare-1nch. 

Richard■ (1967) prodictod that a reduction of in-aitu 

atrength would be causod by sampling and laboratory testing 

and that the reduction might be proportional to the grain 

aize, the amount of gases in solution, and temperature in­

creaaes that cause increased b~cterial action. However, 

••plea teated in-situ at 300 meters with a vane device 

corrolntod well with tests from core■ taken fran the ■ame . 
area a year earlier and tested with a fall cone and laboratory 

vane (Richards, 1967). Recent experience indicate• this may 

have beon an isolated instance of agreement. 

Laboratory test■ to determine tho effect■ of tempera­

ture and pres■ure on shear ■trcngth and consolidation have 

been carried out with greatly disturbed, remoldod samples 

(Vey and Nelson, 1966). The results were aanewhat incon­

clusive due to the small number of samples and difficulties 

in instrumentation. The results indicated that there was a 

decrease in direct shear strength with increased environmental 



preaaure for a fine grained sediMnt with high void ratio. 

'!he vane ahear teat■ with increa■ed environaental pre■■ure 

ahowed an increase in ahoar atrength for pla•tic aediaent■ 

and a decrease in •hoar ■trength for lea■ plaatic sediment■. 

In 1969 the first in-situ ahoar ■trength teat• of 

ocean sediaenta which later were correlated with laboratory · 

teat• of core samples were carried out by Inderbitaen (1970). 

In general aenaitive clay■ have low val :Jc■ of strain 

at failure (Houston and Mitchell, 1969) and this contributes 

to the problem of determining the shear strength of very woak, 

aaturated, and sc,r.aotimes flocculated sedimont in tho upper 

few feet of tho ocean bottom. Shear strength is 1110asured by 

a variety of inatrumcntsz direct shear, triaxial shear, 

unconfined compression, vane shear, fnll cone, and cono 

pcnetromoters. Jl!ach method has its own techniques and some 

are more ~pplicablc to typical deep-sea sediment■ than others. 

The very weak, high water content, upper lay~r• of 

aedimont that are critical in the penetration problem arc 

often lost or disturbed in the s.impling process and must o!tcn 

be physically contained during laboratory testing. This pre­

cludes the use of an unconfined compression teat or any teat 

that requires trinnin9 the sample before testing. The vane 

ahear and fall cone teats can be done on a sample in its 

original container and the vane shear has tho added advan-

tage of easy adaptation to in-situ testing. ~ravitz (1970) 

ccnpared the results of Wykham-Farranco vane, Torvane, and 

fall cone teats on weak sediments and found th.it the results 
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fraa the fall cone were more repeatable than the Wykham­

Parrance vane or t.he Torvane which showed least repeatability. 

'J'heae results may have been expected since an important 

factor in vane shear testing is the rate of loading and the 

separation of static and dynamic resistance [Housel, 1959). 

The vane test's advantages are: First, it can be 

conducted in-situ and a strength-depth profile is easily 

obtained where all other methods require reentry of a hole, 

which may be very d i fficult in the deep ocean, or discrete 

aampling which disturbs the sediments. Second, it is a 

aimple inexpensive technique when compared to sampling and 

laboratory testing. Third, it does not require a system of 

weights or free-falling objects to cause the soil to fail 

and therefore has the potential to be used at sea on a 

rolling, pitching ship. 

The vane test limitations can be summarized as: 

Pirat, it can only be uocd in uniform, saturated, cohesive 

sediment. Second, when done in-situ it does not obtain a 

aamplc for evaluation. Third, it imposes a failure surface 

which may not be the weakest surface or relevant to the 

problem being studied. 

Eden (19~6] found that the vane will yield higher 

strengths with more consistent results in sensitive clay 

with shear strengths less than ten pounds per square inch 

when compared to a fall cone. This is in conflict with the 

more recent tests of Kravitz and emphasizes the problems in 

testing. Kravitz made statistically significant tests on a 



laboratory prepared montmorillonite sample and Eden tested 

natural clays. 

Shear strength values from a vane were found to be 

15% higher than those obtained by an unconfined compression 

test on Gulf of Mexico slope sediments {Morelock, 1969). 

This may be partially balanced by the findings of Inderbitzen 

{1970) who found that laboratory vane measurements were 22" 

lower than in-situ measureme~ts made from DEEP QUEST at a 

depth of 3,500 feet. This is in rough agreement with the 

estimation made by Crisp {1968], of a decrease in shear 

strength due to an expansion of pore water caused by tempera­

ture and pressure changes. Crisp estimated that an expansion 

of pore water by two percent would occur by raising a sample 

from 12,000 feet deep and 2 degree centigrade temperature to 

surface temperature and pressure. This expansion could 

significantly alter the strength properties of a sediment 

and Crisp showed shear strength should decrease 10 to 15 

percent. 

The in-situ tests conducteu by Inderbitzen showed a 

uniform increase in strength with depth in the sediment, but 

the laboratory tests were erratic, suggesting that the differ­

ence may have been caused by disturbance during sampling and 

preparation for testing. 

Penetrometers offer the great advantage of potentially 

being self-contained instruments. They either recor~ or 

transmit a force v~rsus time curve from which depth of 

penetration by integration and soil properties can be 
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inferred. In order to extrapolate to different shapes and 

velocities, however, the curve's shape must be a character­

istic of the sediment parameters. There are real problems 

with instrumentation and directional stabilization as the 

penetrometer penetrates since centric impact rarely occurs 

with other than symmetrical objects (Schmid, 1966). Three 

other problems also complicate the penetrometer approach to 

determining sediment properties in the oceans. First, to 

get deep information, the penetrometer must have enough 

energy to penetrate, and at low terminal velocities in water 

it will probably require a smooth, known, driving force. 

Second, viscous forces may predominate on small ponetromcters 

making extrapolation to l,1rgcr objects very difficult. Third, 

penetrometers do not retrieve samples for analysis of other 

sediment parameters. 

Acoustic sounding and seismic methods do not discrim­

inate enough of the structure of the upper layers of sedi­

ments important to the penetration problem to allow their use 

at the present time. In the f ,ture the use of high frequency 

pulsed sources mounted on deep vehicles, hold promise for 

better resolution of the upper layers. 

The methods of determining sediment strength that 

have been discussed were developed for us~ in classical 

foundation engineering where a safety factor based on 

engineering judgement would be applied to the final result. 

The penetration problem is quite different as it requires an 

exact answer since an error factor of two could mean the 

30 



difforence between an object boing c0111plotely buriod below 
the aurface or having ono half of the object exposed and 

eaaily located. 
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II. METHOD OF ANALYSIS 

Prior to a discussion of the method used to solve the 

penetration problem in the air-to-sediment case and the 

modifications required for use at sea, it is suitable to 

quote directly from Terzaghi and Peck [1948). 

"Because of the unavoidable undertainties involved 

in the fundamental assumptions of theories and in the 

numerical values of the soil constants, simplicity is 

of much greater importance than accuracy. If a theory 

is tiimple, one can readily judge the practical con­

sequence of various conceivable deviations from the 

assumptions and act accordingly. If a theory is com­

plicated, it serves no practical use until the results 

are condensed into graphs or tables that permit rapid 

evaluation of the final equations on the basis of 

several different assumptions." 

A. ASSUMPTIONS THAT PCRTAIN TO 'l'HE SEDIMENT 

Deep-sea sediments are not well defined in the literature 

dealing with soil mechanics. Therefore a list of important 

aasumptions considered in developing the penetration pre­

diction method are stated: 

1. The sediment is completely saturated with sea water. 

2. The water content of the sediment is 75 percent or 

more, as is typical of marine deposits in the deep ocean 

basins. 
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3. Organic material that would tend to bind the sediment 

particles together is either absent or is present in very 

small quantities. 

4. The sediment will fail along its weakest plane. 

5. The only shear resistance is cohesion. 

6. The initial penetration takes place in such a short 

time that the effect of permeability is nil. In a study of 

time-dependent deformation of clays Barden [1969) noted tha t 

the effect of adsorbed water on individual particles was that 

pore pressure equals the applied pressure at the first 

application of load. 

7. Any lithification or cementation that may have developed 

along individual particle-to-particle contacts is broken at the 

time of impact. This implies a portion of the sediment is 

remolded at impact. If the particles do not react with one 

another by other than mecl1anical means, the mixture will 

behave as a viscous fluid [Peck and others, 1953, Pazwash and 

Robertson, 1969). 

8. Shear strength varies in an irregular manner with 

depth. The variat i on of ve locity gradients is greater in the 

deep ocean basins than over shallow areas (Ewing and Nafe, 

1963) which implies that deep ocean sediments have been 

deposited in layers. This is confirmed by visual observation 

of deep-sea core samples which often show horizontal layers 

of different colors and textures. When studying in-situ 

strengths, Indcrbitzcn [1970) found that horizontal vari­

ations were much less than vertical variations. He also 
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found that the percentage of variation in shear atrength 

decreased with depth, which may indicate that biological and 

chemical processes are taking place in the upper layers and 

minimal consolidation occurs. 

9. The bulk wet density of the sediment can be considered 

constant with depth in the surficial sediments. The shear 

strength of a saturated sediment depends to a large extent on 

the structural arrangement of the particles and Scott (1967) 

points out that soils can have different structures at the 

same denEity, but may not have the same structure at differ­

ent densities, which implies that shear strength is not a 

unique function of density. X-ray diffraction and polarized 

light microscope techniques cannot reveal the details of 

particle configuration or orientation in fine-grained marine 

sediments. HO\vever., electron microphotographs of sediments 

from the Gulf of Mexico show them c;haractcrized by a loose, 

open arrangement of randomly oriented particles and that 

partlcle rearrangement resulting from gravitational consoli­

dation is not apparent [Bowles, 1969). 

10. The energy transmitted to the sediments in the form 

of elastic or gravity waves from the initial impact shock is 

negligible in comparison to the total energy dissipated during 

penetration. Impacts on soils and fluid media :,ave been 

studied for a long time, but there is a very difficult instru­

mentation problem with detecting energy transmitted away from 

the impact site. According to Hunter [in Schmid, 1966) the 

Hertz impact theory, which refers to impacts in the elastic 
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range, atatea that the portion of total energy that 1• 

vibrational energy 1• very Mall aa 10119 a• the impact 

velocity ia le•• than the velocity of sound in the medium. 

Schllid (1966] measured the distant dynamic diaturbancea 

cauaed by a small pcnetromotcr impa=ting into mate~ials whose 
rheological properties were known or e .1aily teated, such as, 
greases, wax, and homogeneous soils. High frequency v · ration 
was detected in the hard materials and it waa determined by 
uae of surface accelerometers that the largest amount of 

energy propagated from the point of impact waa 4.3 percent 

of the total energy available. His calculated propagation 
speed suggcstc~ that che motions measured at the surfaco 

wore Stonoley waves. Ochi and Bl~u 0<1' (1962) when conducting 

model tests of ship hull forms ~lainming onlo n water surface 
found that forces were ve ry large for .01 eccondn and pressure 

due to impact phenomena we re over within .07 scconda, yet t he 
model'• velocity decrease during this time was lens than 4 

percent. Chuang (1970) in a s l milar investigation, did not 
detect any significant acoustic proosurc variations at a 
distance away from the impact point and concluded that water 

could be considered incompressible for impact velocities from 
0 to SO feet per second. 

B. METHOD OF SOLUTION FOR THE AIR-TO-MUD CASE 

A rational, phenomenological approach ~as used to solve 

the penetration problem rather than an empirical method 

because of the poor state of knowledge that exists relative 

to actual behavior of deep-sea sed i ments. With engineering 
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Judgment, this method may be extended to different objects 

and different cases more easily than an empirical approach to 

.the problem. 

1. Role of Hydrodynamics 

The aedimcnt was treated as a homogeneous, incompressible 

fluid to enable an estimate to be made of (1) the momentum 

transferred from the body to the sediment, and (2) the drag 

forces exerted on che object at high velocities. If the sedi.­

ment waa a true fluid it would have an infinite strain for· an 

applied strosR. Therefore, the forces required to initiate 

failure in the sediment and bring the body to rest were taken 

•• the forccR calculated using the ultimate bearing capacity 

formul11 developed by rrnndtl ~nd Terzc19hi. 

Treating Leep-sea sediments as fluidn has been an 

approach applied to the study of turbidity flo\vs and slumping 

on the continental slopes. The term "spontaneous liquefaction" 

is often used when referring to saturated clays and implies 

fluid properties. Briefly, Morg nstcrn [1967) states thilt 

liquefaction occurs ~hen the sediment is loaded to the collapse 

atreas of the sediment fabric and the load is the n transferred 

to the interstitial pore water. The increase in pore pressure 

then produces hydraulic gradients which further disrupt the 

aediment fabric causing the solids and pore water to flow 

macro~copically as a viscous fluid. Houston and Mitchell 

(1969) describe the fluid phenomena as occurring ln sensitive 

clays which contract during shear because of their open 

fabric. If the clays are saturated, the contraction tendency 
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results in a large trans~er of normal stress from the clay 
skeleton to the pore water causing pore prcssurP. to increase. 
In saturated deep-sea sediments this transfer of normal stress 
may be almost instantaneous. Continuing the description of 
Houston and Mitchell (1969), as the remoulding caused by con­
tinuing strain becomes more pronounced, the effective normal 
stress may fall to a very low value. Very little strain is 
reguired to break bonds at particle contacts and there is 
some build-up of pore pressure even before a significant 
number of bonds are broken because of slight elastic compression 
of the fabric and incompressibility of the pore water. The 
resistance of sensitive clays due to dilational energy was 
determined to be sm'111 or absent by liouE.;ton and 1:li,tchell (1969), 
and Walker (1969]. Because, first, ~thigh void ratios little 
or no tendency toward dilation w.:i£ observed during shear, even 
at high strains, and second, the effective stress had been so 
reduced at high strains the mobilized resistance of the clay 
fabric was small. Mandl and Givens [1964) when conducting 
high velocity penetration tests into a clay, judged that the 
compr~ssibility phase of impact lasted until the surface 
boundary breaks and that the static yield strength of the 
clay was exceeded by many orders of magnitude under impact 
and the clays behaved in a dynamic manner similar to a fluid. 
Schmid (19661 when conducting low velocity free-fall impact 
experiments on a clay also observed that liquefaction occurred. 

Another reason to treat deep-sea sediments as a fluid 
was that their bulk wet density has a narrow range of variation 
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with depth in the upper laye·rs of sediment and the assumption 
of a median density over the range of expected penetration is 
a good approximation. 

2. Ultimate Bearing Capacity Equation 

The bearing capacity of a soil is a measure of its 

ability to support a load relative to its limiting equilibrium. 
According to Harr (1966), the first rational approach to 

developing a method to predict ultimate loa ~ carrying capacity 
of a soil was p1.·ovicled by Terzaghi who recognized that if the 
three dominant factorH contributing to bearing capacity, the 

weight of the soil, the effects of surcharge, and the strength 
parameter of the soil, could be assessed, a good estimate of 

bearing capacity would be obtained. 'l'crznghj_ chose as a model 
of the failure mechanism of the soil the solution lo the prob­
lem of penetration of circular punches into metal as developE1d 
by Prandtl and Reissnr;!r. In the original solution Prandtl 

was able to neglect the effect of the weight of the metal 

moved to the influence of surface loadings on the surrounding 
material. When the material was assumed to be isotropic and 
·homogeneous with no angle of internal fricLion, Prandtl's 

solution yielded, 

( 16) 

On the basis of experiments and Prandtl's solution, Terzaghi 
and Peck (1948) derived the following semi-empirical equation 

for the bearing capacity of a circular footing. 

(17) 
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where q = pressure at surface to cause failure (psi) 

c = cohesion or shear strength of the soil (psi) 

~=unit weight of the soil 

Df = depth of footing below the surface of the soil (in) 

Nc,Nq,Ny = factors which dep~nd en the angle of internal 
friction and depth of footing 

The first term represents a contribution due to the 

shear strength of the soil, the second the effect of material 

removed by putting the footing belO\-J the surface (equivalent 

to buoyancy in water), and the third term, the effect of an 

angle of internal friction (assumed to be zero for deep-sea 

sediments). The equation is modified slightly for square or 

oblong footings and Mcycrhof (1961) gives conotantu for wedge 

and cone shaped footings. More complP-tc di.scussions of the 

bearing capacity equation and slight va r iations in the values 

of the constants can he found in tcxtc on soil mechanicE 

(Terzaghi and Peck, 1()43: Harr, 1966: t1nd Hough, 1969). 

Terzaghi's equation was the closest to Prandtl's (which 

require R theoretical failu r ~ surfaces) and it has been 

empirically verified for many years. It wa8 therefore 

selected as a reliable relationship for estimating the static 

strength of deep-sea sediments. The values of the constants 

and the shapes used in equation (17) are given in Table I. 

In the bearing capacity equation, the shear resist­

ance mobilized on the failure surface of any surcharge 

material i s neglected, hence the equation is conservative 

and relates only to events occurring below the footing or 
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penetrating object. During penetration, static resiatance 

will occur in the undisturbed portion of the aediaent below 

the deepe■t penetrating part, the other surface■ of the 

penetrating object arc subjected to remolded aediment or 

aediment already set in motion by the penetrating object. 

Therefore the bearing capacity equation constants used in 

penetration prediction were considered to be for shallow 

footings for all depths of pcnetr~tion. 

l. The Character of Failure 

Before a final method of solution was selected, 

motion pictures of penetration ~ into soft sedimento aa-.d still 

photographs of soil failures were 11tudled. In tho motion 

pictures, the sediment was ob~crvcd to move lat~rnlly out~~rd 

from the object and have somc\·Jh4 t of a r.cparation p int !rom 

the object. Whilo dr opping plates vertically into a Eimu­

latecl aediment, Erchul Jl968] f ound that polyme r coatings to 

reduce drag on the plates had little effect at hjgh enlr~nc 

velocities and postulated that the sediment may not have bc-en 

in contact with the plates . He also observed that at low 

velocities the lubricants did reduce adhes ion to lhc plate 

and conslderably greater penetration occur.red with lubricate<l 

plates compared to unlubricated ones. 

To find a qualitative indication of the effect of 

fluid in interstitial spnces, Rowe and others (1962) dropped 

probes into finely ground (less than 40 microns) silica dust. 

At atmospheric pressure the dust displaces laterally and 

craters were formed. In a vacuum with no air in the inter­

stitial spaces, resistance to penetration was 100 percent 
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9reater and the dust did not move laterally and no mounds 

or crater• were formed. 

The motion pictures of penetrating objects in the 

teat pit revealed little splatter and little surface dis­
turbance at a distance from the penctratlon point. Clark 

and Robertson (1965) observed motion pictures of a buoyant 

body exiting from water and came to the conclusion that 

energy lost due to surface effects was small. Moran (1965) 

alao arrived at the same conclusion. 

4. Eguation nf Motion 

Since penetration is a dynamic ph~nomena involving 

the unsteady motion of a body, tho first attempt at cvctlu­

atiny tho penetration d pth involved writing on quation o! 
motion for t·hc obj --ct ni; it p .n trntc<l the ~ din1cnt. Tho 

final solution rcgui d a work <'n r<Jy upp oach that allowed 

the chnng • ln velocity c\lld pc-nc all n dcplh to bC' determined 

incrcmcntnlly with n comput riz d numerical echcm without 

the rcquir ment to int grate lhc equation of mot· n am) 

eatablir;h the instnntan ouo r lationchip between force, mass 

and acceleration. 

The forces actinq on au object pen tratiny d sediment 

characterized as a fluid with a static strength are shown in 

Pigurc 2. The equation of motion cnn be 11written as follO\lvsa 
Ma :: ~ Applied Forces (18) 

Where the applied forces nre: weight of t.he object, the sedi­

ment static strength, the buoyancy provided by the sediment, 

the force to overcome the inertia of the sediment, and the 

drag forces. 
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ln::;of l 
_ weight l 

II:: .\: ... \I. 

,' buoyancy of \ / t ' 

:..--r \ sedimen~ -: 

sediment !.totic 
strenoth • 

,.I&" I U 
- nX = M9 - p --y Ax- m • -0 t 

body's weight static b sediment's 
h uoyaricy . inertio strengl inertia 

I • t 
1 Cd Ar, x 

drag 

figuro 2. FORCES ACTlt!G ON A PENETRATING OBJECT 

The ·change o! the bouy'a motion as it penetrates t.hc 

■ediment is the equivalent of the rcFoistilncc encountered by 

the .oody, or the energy involved in the change is equal to 

that expended in propelling the body. Momentum is trans­

ferred to a surrounding fluid by: (1) a certain volume of 

fluid being accclcrat d uni f ormly, (2) the fluid being put 

into turbulent motion, (3) <.'omprcssion ~aves, (4) gravity 

wave& or spray (Hoerner, 1958). All of the morn•ntum is 
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eventually consumed by viscous friction. The last two modes 

of momentum transfer have been assumed to be negligible for 

the velocity rang~s and object sizes under consideration and 

were discussed p~eviously. 

The treatment of the drag force, or the momentum put 

into the fluid by turbulent motion and viscous drag, outlined 

below, follows that given by Mandl and Givens [1964). 

The drag forces cannot be evaluated easily for unsteady 

motion through a fluid boundary. The coefficient of drag can 

be approximated by: 

(19) 

The first term represents the contribution due to viscous 

drag: the second is that due to form drag: Bis a constant 

depending on the shape of the body and is usually represented 

by the first term in an infinite serie s (nseen's approximation). 

For a circular disk placed broadside to a stream (3 :-: 
64 , while 

,r 

for a sphere (j = 2'1 (Lamb). 'I'he term c
0

_, corre sponds to the 

asymptotic case as Reynolds numbe r approaches infinity in 

Navier-Stokes flows, it depends on geomet1~y and not the fluid 

dynamic properties. Inspection of experimentally obtained 

drag coefficients versus Reynolds number relationships for 

bluff bodies show that Cd is a slowly varying function at 

large Reynolds numbers. For bluff bodies with sharp edges 

nearly all the drag is form drag. The experimentally deter­

mined values of Cd~ in the case of bodies with sharp edges is 

approximently 1.0. For bluff bodies without sharp edges, 

such as spheres, the form drag also depends on the position 
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of flow separation which in turn depends on the critical 

range of Reynolds numbers. The equation of motion then 

becomes: 

(m , +M) •x• - l fl " l • 2 - Mg - p - l 
8

Ax - - A ~ - - P, AC x ( 20) o 2 Dp,x 2 d_, 

If the viscosity of clay is taken to be on the order 

of 3 x 10- 3 , lbs - sec/in2 [Whitman in Mandl and Givens, 1964), 

the Reynolds number for the objects that were under study with 

a three foot maximum dimension and with a velocity of ten 

feet-per-second, is on the order of 2 x 102. Admittedly a 

constant value of viscosity for a rheologically complicated 

substance such as a deep-sea clay is a gross over simplifi­

cation, but the order of magnitude of the terms indicates that 

the viscous drag contribution to the equvtion of motion may 

be ignored [Mandl and Givens , 1964). Also, towards the 

terminal phase of motion where the effect of viscosity is 

liable to increase rapidly wilh decrease in the rate of 

strain, the influence of viscosity will be negligible since 

the velocities are small and the other terms in the equation 

are larger by several orders of magnitude. Since form drag 

rcpresen~s pressure forces on the body which are significnnt 

at the higher velocities, it could not be neglected. 

5. Added Mass F.ffects 

Another reason to treat the sediment as a fluid was 

to have a method available to estimate the volume and velo­

city of sediment displaced as the object penetrated. Womack 

(1967) verified that the amount of saturated clay moved 

during penetration was equal to the size of hole created. 
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The energy requirod to move the sediment i ■ conserved since 
once the sediment is put in motion by the objoct it will 
continue to move away from the object creating a larger 
crater as the object is slowed by other forces. It ia very 
important though, because the drag term of the equation of 
motion is dependent on velocity squared and the inertial 
effect of the sediment motion will alter he velocity-time 
history of penetration which h s significant ef!cctR depend­
ing upon lhe shape and in,pacl velocity of the object. 

Added mass is cau ·cd by hydrodynunic prcseur forces 
Which arc proportional to the instantan us values of accel­
eration and according lo Wendel (1950) ~PP ar to hav lhc 
same valu • in a viscuus or inv.in ic flu :i • s long u ~ 111dll 
bodi s are not involved. Th iH de-cl r - <let r,n · nccJ 
according to quati n~ anl m·th d. g vcn by ~aund rs (1957), 
which arc tabulHt~d in Tab - II. 

Thu asoumptlon.,; per nining t l ta fln.i • ,:>µ,·o~:imat 1cm 
of deep-sea s • 1i 1cnu, can h sumrnariz d an follc\,. and are 
lhc same as giv n by Moran ( 196!.- ) in a sludy of al r entry 
and exit. 

1. Irrotational fl w - viscous cf cct8 on the pr s­
sure felt by th body are g n ally Hmall and the varia ions 
in inviscid forces arc more impo1·tant tha11 viscous dn19. 

2. Incompressible flow - impilct • locitics arc w 11 
below the spc d of sound. 

l. Surface effects ar negligibl . 
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The problem with determining depth of penetration 

from equation (20) is that it cannot be integrated during 

the unsteady motion of an object transiting a fluid boundary 

from one fluid to another. This is true for the following 

reasons: (1) m', the added mass and mass of the displaced 

sediment, is a function of depth of penetration for an object 

whose submerged portion changes shape as it submerges; (2) 

the dominant term, that of static soil strongth, varies with 

the depth in a highly irregular manner; (3) the location of 

the air-to-sediment boundary condition is unknown a priori; 

and !inally, (4) the flow is unuteady. 

6. Transformation of the> Eql!~!j.011 to Work-Enerqy 

The equatio11 of motion may ea.·ily be resolved into 

an equation of energy and \•Jork \vhich is time independent and 

a function of incnrnents of dis t ance. 'rhc development is 

given bclo\v. 

Multiplication by dx gives 

~ d - d d (dx) = L.,Fx x - M x dt dt 

The firFt integral with respect to displacement is: 

(21) 

(22) 

(23) 

The left hand term represents the work done on M during the 
I interval dx and can be evaluated if Fx is a known function 

of x. The right hand term represents the corresponding 

change in kinetic energy of the object. 
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Kinetic energy is a scalar quantity that depends only 

on the mass and magnitude of the velocity. Since the velocity 

is squared it is always positive. The total mechanical energy 

of the body is equal to: 

E =KE+ PE (24) 

For an object penetrating the sediment and coming to rest, 

the energy of the object can be accounted for by: 

El+ EIN - EOUT = E2 (25) 

This simple balance states th.-,t the total energy E1 of the 

object at the beginning of an interval plus any energy put 

into the object minus any energy taken out must equal the 

final energy, E2 , of the object at the end of the interval. 

When the l">bj cct has lost its energy in OVl:~rcoming buoyancy, 

static soil strength, inertia of the sediment, and drag, it 

will stop its motion. 

A particular reference level for the energies is not 

needed since energy is relative. ~1 e potential energy 

depends on an arbitrary s e lection of datum for zero potential. 

Also the kinetic energy is arbitrarily expressed relative to 

the condition at zero velocity. Hence any physical measure­

ment over an interval describes a change in energy. It 

follows that reference to an arbitrary datum used for the 

expression of energy will cancel. 

The work-energy method approach to solving a problem 

is powerful but dangerous because an answer is always obtained 

with no indication that the answe r is corr0ct. The method 

balances work to equal en8rgy available and if a portion of 
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of the energy available is not considered, or incorrectly 

computed, work is still done and an answer results. In the 

unsteady case of penetration, using an iterative solution 

almost requires a computer because errors in computation will 

not be indicated but will appear as energy gained or lost. 

The answer will not appear wrong unless a gross error was 

made. 

In analysis of the penetration prol•lem only mechani­

cal ~nergy was considered, with the sediment and object 

being a conservative system in the gravitati.onal field. 

Thermal, chemical, electrical and atomic energies were 

neglected. 

7. Method of Solutton Used with a Compu.!.£!_ 

The numerical iteration scheme UR d to solve the 

penetration problem was the Silmc for each object shape. 

Briefly, it divided the objc?ct into sections or slices in 

the same plane as the sediment surfc1c:e. Then the work 

necessary to subme rge ei'lch section and the work done by 

the sum of the subme rged section~, the forces due to the 

inertia of added mass and displaced mass of the sediment, 

the static strength of the sediment, and drag in moving an 

incremental distance equal to a section thickness were 

calculated and subtracted from the kinetic c-nergy and change 

in potential energy of the object. Penetration depth was 

determined when the total kinetic cneryy of the object 

equaled zero. 

A description in mathematical terms follows and a 

block outline of the computer solution i~ shown in Figure 5. 
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Constants and necessary approximations for each object are 

listed in Table I. The computer programs arc included as 

Append·ixcs C through H. 

Refer to Figure 3 for an explanation of the 

definitions that follo~. 

Position 1 

Po~ition 2 

Figure 3. DEFINITIONS 

v ~ average velocity of tl c objec t a s it t ansil. 1 distance x from pos it ion O lo po.,; i t. ion l. 
(Assumes a linear vclo ·ily gradi nt) 
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v
2 

~ average Y9locity of the object as it transits 
distance x from position 1 to position 2 

M • mass of the object 

m' = added mass at section 1, plus the mass of 
1 displaced fluid at Focction 1 

m' 2 
• added mass at section 2, plu s the mass of 

displaced flu i d at section 2 

z;; m' - m' 
1 2 

U = work done 

= work done agai nst buoya ncy forces as object 
transits f r om position 1 to position 2 

U
8 

= work done a<J<linst sed iment static strength as 
tho objects transits from po·ition 1 to 
position 2 

Ud = work done ag~i nst drag forces aG the obj e ·t 
transits fr m porition 1 to pos ition 2 

AU = the ch:mg "' in cncrJy of th body as it tranfiits 
from Ftui--i ti.on 1 to pori.tion 2 , not i nL'lu<ling 
chanye in pot nliul e n '.l"~JY 

El =- tot,l nncrgy o f th' uhject at position 1 

E2 
:::. tot al e nergy of the obj c.: ct: at position 2 

APE = chang i n pol'nt.i~J. e nergy of the object over 
di tJtanc ~ X 

From equation (22) 

(26) 

u = 1/2 m' 
2 

v2 - 1/2 m' 2 
vl (27) 

it follows t hat 

AU = 1/2 m' 
2 - 1/2 mi vf + 1/2 

2 + u + u + Ud v2 m'v 
1 2 b s 

(28) 



NOTE: l. Am' was accelerated from a static condition, zero 
velocity to the velocity at the end of the section 
over which it was com~uted. 

2. Am' was assumed to be zero after the object had 
penetrated to its maximum dimen~ion since 
separation of the sediment from the object was 
apparent at this point. 

The incremental distance, x, is fixed, and the various masses 

are known as is the work necessary t.o move the object from 

position one to position two. Velocity at position two is 

unknown. Therefore from the work energy relationship 

E = E + PE - A U =: 1/ 2 Mv 2
2 2 1 (29) 

Combining equ~tion (28) witl1 (23) and solving for v2 gives 

(30) 

In the i tern tion scheme, \vh c n v 
2 

oq u ?1ls z ro, the sum of the 

increments, x, is the pcn '"' tru tion dc.p tl1. 

The work done against buoy ancy fo r ces is a straight­

forward calculntion t hat i s discus.,e -J i.n - l c rnent ary fluid 

mechanics texts . In the con,puter iter ation scheme where the 

sections of nn object are taken lo be slices wilh vertical 

sides it becorneE-: 

Ub = 1/2 "r A 2 
X 

plus E.., AX 2 

(for the section being submerged) 

(for all sect it.,ns below the one 
being submerged) 

The work done agninst drug forces \✓ an t aken to be: 

where "r - bulk wet density of the sediment 

= drag coefficient for the approximate obj ec t 
shape that is below the sediment surface 
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. 

A= the maximum cross sectional area of the object 
below the sediment surface and normal to the 
velocity vector 

v = average velocity over the distance moved, 
assuming a linear variation in velocity. 

The work done against the sediment static strength 

was calculated from the ultimate bearing capacity equation. 

(32) 

where cf = a constant depending on footing shape 

NC = a constant depending on the type of sediment 
and footing profile 

C = shear strength of the sediment 

When the penetrating object had il fl.at plnne forcing 

into the sediment such as a cylinder impacting on end, the 

cross sectional Lrea, A, of the flat area and the shear 

strength, c, of the sediment at the penetration level of the 

flat area were used in the equation nbove. In the case of 

o'µjects with rounded or sloping sides, a judgment had to be 

made of a cross sectional area and represe ntative shear 

strength. The area selected was the maximum cross sectional 

area normal to the velocity vector at the surface of the 

sediment, or the maximum cross sectional area of the object 

if the area had penetrated ~ -neilth th~ sediment surface. 

This method of approximating Q sloping or curved surface by 

a projected horizontal area appears valid for blunt objects 

(Meyerhof, 1967). Since the shear strength characteristics 

of deep-eea sediments in the upper layers appear to change 

radically with depth in the sediment column, «· shear strength 

for equation (32) was determined by selecting an average 
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depth according to the zones of plastic failure implied by 

equations (16) and (17). This was se lected as one-half of 

the penetration depth until the maximum cross sectional area 

had been reached, then it became the depth of penetration 

minus one half the penetration depth when the maximum cross 

sectional area was coincident with the surface of the sedi­

ment as illustrated in figure (4). 

penetration depth x 

cross sectional area, A 

;\\~ ·-1 _,. , ~., sediment surface .,~,-I ·:-':I\?::°--:.~ , 
\ • 

d('pth determining the value of c 

penetration depth • 

__ l __ • ==-=5) 
---0~ half the depth when the maximum cross sectional 

area was coincident with the sediment surface 

Figure 4. DETERMINING THE DEPTH OF "c" FOR NON-FLAT OBJECTS 



The method described was adequate for curved and 

conical objects and approximates a reprcF.entative strength 

in the theoretical zones of plastic failure in the sediment. 

An alternative and more refined method of selecting A and c, 

would have been to use thP differences in the cross sectionrl 

area from section to section and apply the value of cat the 

depth of each section. This increased the complexity of the 

iteration procedure, hence wns attemp1 .ed only when there 

were discontinuities in the penetrating object's shape such 

as might occur with a truncated cone. 

The distance of each iteration wa s chosen only to 

conserve computer time and approximate the expected accuracy 

of the field tests. Larger and smalle r iteration intervals 

were tested for effects 011 the final depth and as long as 

the interval was lesR than one -half of the cli!jtance between 

shear strength measuremcntR, convergzncc was always appar ent. 

With a linear shear strength profile, the intcrvnl is limited 

only by the desired accuracy of the solution. 

The equations for adcl c:d mabs arc given in Table II. 

A flow chart of the basic program is given in Figure 5. 

Appendix A presents a set of curves which qualitatively 

illustrate the relative influence of each force in the pene­

tration equation. They were obtained by using the sediment 

shear strength profile cypical of the world's deep-ocean 

basins as determined by Hoag [1970] and sho~n in Figure 13. 
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Acrodynar,ic Drrlg L nd 11,Yd, o ynam i.c J •. '..:'2.l:..,!.!l..!=.£, Chnp. II, Pub­

lished by the author, Midlancl rarl , N w Jersey, 1958. 

2Terzaghi, Karl and Peck, Ralph B., Soil Mnct1n'!,ics in Engineer­
ing Practice, p. 172, John Wiley and Sons, 1948. 

3Meyorhof, G. G., "Th Ultimate B~aring Capacity of Wedge 
Shaped Foundations", ProcePcl i nqs, 5th In rn.ttlonal Confer­
ence Soil Mcchanic6 and Fmm,dntion t;ngin • ri~, v. 2, p. 106, 
Paris, 19<>1. 

4saunders, Harold t.;. , Hydrodynamics_ in f- h p D sign, v. II, 
p. 421, The Society of Naval Architects and II rine Engineers, 
1957. 
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Set constants for object, weight 
dimensions, coefficients, sediment 
density, section interval 

I 
Calculate section properties for 
entire object 

l. Average projected area 
2. Volume 

I 
Calculate added mass for each section 
and change inaadded mass 

I 
Calculate work done by buoyancy 

I 
Read: 1. Impact velocities 

2. Sediment shear strengths 
I 

Calculate: 1. Original enorgy 
2. Potei1tial ene r~n' 

I 
Calculate shP-ar strength profiles 
(linear variation hetwee n points) 

- -
I 

Calculate work dune by sedimcn~-===:r--

Calculate velocity, neglcctin~ work 
done by drng 

Calculate work don~ by drag 

Recalculate velocity using nverage 
velocity and <lra9 

~--1Does not equnl O 

Equals O 

Compute penetration 

Stop 

figure 5. OUTLINE OF COMPUTER PROGRAM 
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C. MODIFICATION OF THE METHOD FOR USE AT SF.A 

T~e method was ultimately developed for general use at 

sea with as few restrictions as possible placed on size and 

shape of the object and on the type of sedi~nt. HO\'Jever 

the only data available to test and verify the method was 

for an air-to-simulated deep-sea Eedimcnt case. 

There are three relatively simple alterations that should 

be made to the computer program before it can be used in a 

water-to-sediment car.:;e. The three alterations should act to 

increase penetration depths at highe r velocities and their 

overall effect is to increase the importance of an accurate 

determination of the shear strength profile. 

First, the added mass effects will change by the ratio of 

the density of sea water to the den s ity of the sediment. ~1is 

can easily be accomplishc.~d by dropping the unit value of sea 

water from the bulk wet density t e rm in the pro<Jrums. 

Additionally, the added mass of the object free-falling 

through the water must be added to ci1c total kin~tic energy 

of the object at impact and a method for calculating the 

effect of this entrained water muss taken into account. 

Second, the buoyancy term will also change by the ratio 

of the density of the sea water to the density of the 

sediment. 

Third, the drag term will change by the ratio of sea 

water density to sediment density. Also a drag term must be 

included for the part of the body that projects above the 

sea-sediment interface. The easiest way to accomplish this 
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would be to include a drag term for the whole object and add 

a drag term for the portion of the object submerged in the 

aediment. 

The three modificationft will serve to roduce tho influence 

of added mass, buoyancy and drag and cause the acdimcnt 

static atrenyth term to become even more dominant than in 

the air-to-sediment cacc. ~cller (1964), used the standard 

bearing capacity equation, only, to predict the initial 

aettlcm~nt depths of a rectangle, square, and cylinder into 

soft bay sediments. The re6ults were poor and he concluded 

that problems with dctcrmininc:; an nccuratc strength of the 

sediment were the reaoon his calculations alwnys underesti­

mated lhc oettlC'mcnt d µth. 

To correctly use the method at sea, li veral corcfl should 

be taken an<l their phyliical • nd mcchanic,.11 prop ~r-ti a avcragc-d. 

Averaging should rcuuce rror~ caus ,d by ·ampling and t<."tling 

disturbances. The effect of Acnsitivity, as it npplios to 

the shear strength uEcd in computing pcn .lration d pth, is 

uncertain. Pos11 ibly the rcmold d sh •ar strength iu a butter 

value if it is assumed that impact i;hock •ffcctivcly rcmolds 

the sediment to an unknown extent. In sensitive acdiment, a 

range of predicted penetration depths should be calculated 

according to the degree of sensitivity. 

The orientation that th~ objc t hau a il first otarts to 

penetrate has a signific.-int cff ct on total p nctration. 

After free-fall in several thousi.md fee t of water, the 

object may 6till be tumbling or c,scillatinCJ if il is unstable. 
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SchMid (1966) found that a significant portion of a falling 

body's energy may be in its angular momentum which is not 

included in this method. 

For these reasons when predicting penetration depths, a 

canputer routine should be used to solve for a range of impact 

velocities, shear strength profiles, and object orientations. 

The calculations can be done by manually using larger inter­

vals, as was done to check the first computer solutions, but 

since energies are being equated an<l the method is iterative, 

extreme caution must be used since an answer, correct or not, 

always results. 
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IV. RESULTS OF EXPERIMENTS 

A. THE PROBLEM OF MODELING IN SOILS 

Some problems with testing and modeling the dynamic 

behavior of soils are discussed before reviewing the data 

available to test the penetration prediction method and the 

results of the tests. 

The field of soil mechanics has traditionally been con­

cerned with large scale construction operations. Many of 

the methods used to calculate the stability of slopes and 

foundation designs are based on ultimate collnpse criteria 

and much of what has been learned about soil behavior was 

derived from studies of catastrophic large Beale failures. 

BJ.g construction proj ects are seldom und0.rtaken without 

expensive, full-~cale, field tests of critical portions of 

the foundationD, and modurn buildings nrc carefully instru­

mented to monitor thuir settleme nt and reaction to ceismic 

disturbances. A good indication of the state-of-the-art of 

soil mechanics is implied in the large safety factors 

recommended in texts and building codes. The lack of under-

standing is, in large measure, due to the inability to 

parameterize and model u substance as complex as a soil. 

When the problem is nar.rowed to the field of saturated 

deep-sea sediments, t.he problems of modeling arc som0.what 

reduced. A modeling approach to invcr;tigate the dynnmic 

response of soils to impulsive loads was conducted by Wcstine 

(1966) who found that a satisfactory case could be made for 
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a model with saturated clays, but granular materials with 

angles of internal friction were impossible to simulate, 

since dilation and pore water pressures were hard to model. 

Frolich (1967) attempted to model the dynamic behavior of 

submarine sediments, but unfortunately he passed away before 

publishing his final results. 

There are several areas wh(?re modeling dynamic pene­

tration phenomena in deep-sea sediments may prove to be 

impossible. 

Under dynamic loads a saturated deep-sea sediment may 

behave as a bingharn body. The inertial resistance of the 

sediment to deformation coupled with the threshhold ,=;tress, 

or static resistance of the scdim nt, may be very h, r d to 

separate if the muss and therefor , inertia, of the pl.!ne•­

trating body is small or on the ~~m ord r o! magnitud ~s 

the static resistance 01i iner t ial rc s i s lanc of the r.oi.l. 

An analogous problem, but s impler by on fa(.'tor, is uns tc~ady 

fluid flvw at low Reynolds numbers \•.1h r e inertial and Vi6cous 

forces arc the same oruer of magnituue . In tho dynumic.· 

testing of soils this problem can l>c circl1mventc-d by full­

scale tests using obj ects with large maSSl.'S. 

A similar problem involvP.s surface effects and the 

adhesion of deep-sea sediments to an object. The effects 

of adhesion have been shown to be influenced by polymer 

coatings, surface roughness, surface chemical compos i tion, 

etcetera, by Erchul 11969) and other i1westig~tors studying 

pile driving on land. Surf~cc e ffects mny control p n tra ion 
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•ignificantly if the object has a large surface area in 

relation to ita total mass. A means of minimizing adhesion 

effects wnuld be full scale tests with large masses. 

If a •tudy's purpose is to learn more about adhesion, or 

mass effects, then modeling may be the beet approach. However 

extrapolation of modeled test results to objects laryec by an 

order of magnitude may be inv'1lid. 

Finally, when attempting to model a sediment composed of 

clay particles which arc very small, to reduce t.hcm further 

by an attempt ot modeling the intcrparticlc nt•.:ractivc forct."S 

and pore water viBcous effects, may be impossJ.ble. Alao, the 

instruments available to mca,mr th modeled sediment strength 

mny not have lho required accur~cy or pr < ision for a ·educed 

scale. 

B. Dl\TA AVAIIJ\BLE 

The Naval Ordnanc-o T st Station, Pam,dcna, Californiil, 

constructed a large pit from sh •ct piling, 37.5 feet in 

diameter, and filled it to a depth of lb f ct with a very 

weak sediment from Seal Beach Lagoon, California. The pit 

was used to conduct tests 0:1 the holding strE'ngth of anchors, 

breakout forces c,f objcctB imbcddcd in the mud, and experi­

ments with dynamic penetration. The pcnetrati~n experiments 

were carried out under tho direct i on of Dr. R. J. Smith in 

September, 1965. The penetration xpcrim•nts arc dcscrib d 

below. 

1. Description of Obj els ann Te s ts 

Figures 6 through 11 show the six dif f ,er nt objects 

that were dr.oppcd into the test pit. All six \'verc fabricated 
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The Elphcre \o1as made of a 
heavy steel plate and 
weighed 561 pounds in air. 
A padeyc provided an attach­
ment point for lifting . 

..... ---~2, .. • -----

figure 6. SPHERE 

- ---· --□:: ..... ... ...._ - -

The horizontal cylinder was mad . from a 
oil drum. It weighed 540 pounds in air. 
lifted by a two pennant bridle with one 
w~lded at each li. 

Figure 7. HORIZONTAL CYLINDER 
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The cylinder-on-end was also 
made from a 55 gallon oil 
drum. For the first tests 
it weighed 540 pounds in air. 
Later a flat, ~ound plate 
was welded over the lip of 
the drum at the end that 
penetrutccl, making it smooth 
to reduce the an,ount of air 
that might have been trapped 
there. The plate increased 
the we i~ht to 561 pounds in 
air. The urum \vas lifte d by 
a three pennant bridle attached 
to its uppe r end. 

Figurn 8. CYLINDER-ON-END 

The cube was fabricated from 
steel plat e and weighed 702 
pounds in air. It was lifted 
by a four pennant bridle to 
each corner of one face. 

I i: , 
,_. I 

!11·1 I,: 

1 
' I 

.____._.,___,,;__ ____ ...J,11', ; ' l I ' I I 

Figure 9. CUBE 
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The rectangular para­
llelepiped weighed 
1,014 pounds in air. 
It was constructed of 
steel plate and lifted 
with a f our pennant 
bridle to four corners 
of a large side. 

• Figure 10. RECTANGULAR PARALLELEPIPED 

The cone was fabricated of 
steel plate and we ighed 
1,127 pounds in air. It 
was lifted by a three 
part pennant to the flat 
side and dropped point 
down. 

----·35%"---M 

Figure II. CONE 
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with a steel shell for structural rigidity and the cavity of 

the shell was completely filled with fresh water for weight. 

The w.-;dght could be changed if desired, however for pene­

tration tests they were pressed full at all times. Dimensions 

of the objects are shown in i nches. 

The objects were suspended by u crane over preselected 

stations in the mud pit. They were released by a quick 

release hook that was tripped manually by pulling a line from 

the side of the pit. The objcctn \ve re rele ased at different 

heights above the rnud-air interface to allow them to reach 

velocities of 5, 10, 15, and 20 feet per second as the 

object's lowest portion contuctcd tho s ediment-air intcrfnce. 

The zero velocity test. was considered t o be a ze ro release 

height, and the obj ect was rele ased with its lowes t po~tion 

just in contQct with the s edim~nt-a i r jnte rfilcc. 

Slow mot.ion picturc f:i, 32 f r.am .s p r second, of almo~t 

all the penetrations were available. ~1 c y were carefully 

studied in a fr ame-by-frame projector t o double che ck the 

rouyh data shee ts for height of drop Llll<l pcncl.raU.on depth. 

The movies also gave an indication o f the s t abil i ty of the 

object at> it penetrated. Remarks nbout ach p 11-tra tion are 

given in Table x. Times for penetration and times for 

rebound were estimated by count ing the f r ames of the movie 

film for each event. The movie s confirmed the obi· r vations 

of Chuang (1970) tha t air trapped b -low a body i mpuc ting on 

a fluid does not alte r the penetration depth. Any ui.r that 

was trapped below the body usually ve nted by bubbling ~p 
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alongside the object after it had come to rest. Only in 

one or two cases was it observed to form a jct with a 

significant amount of entrained mud. 

The penetration depth was determined by visual 

observation of marks painted on the objects which were scales 

divided into one quarter inch increments. The depth refer­

ence was the undisturbed surface of the pit. Depth obser­

vations were made at each corner of the rectangular objects 

and at a diameter of the axisymmetrical objects. The pe,1e ­

tration depth was considered to be the nume rical mean of the 

several measurements. Any exceptions to this method and 

angles of tilt at the object's final rest position are noted 

in the remarks column of Table X. The exccptionc occurred 

when the cylinders-on-end tipp--u co111plct.c ly over after coming 

to rest. The pene tration be fore tipping \vus uscc.1 if it 

could be read from the movies with un accurucy of one half 

inch. 

2. Descr_iption of th· S12 dimcnt 

There was a real probl m findin~1 a suitable material 

to simulate a true deep-sea sediment, compounded by the 700 

cubic yards of material required to fill the test pit. The 

material sele~ted wa s lagoonal mud, described as "unconsoli­

dated grey sediment with medium sand sized mica flakes", from 

the tidal flats of Seal Beach La0oon. Tables III through V 

contain detailed analysis of its mechanical propl .r ties, and 

mineralogical and chemical analyse s of the lagoonal mud from 

samples taken from the borrow pit. A year after the pene­

tration tests were completed, Muga {1966), while measuring 

68 



TABLE Ill. MECHANICAL PROPERTIES OF THE SEDIMENT IN THE TEST Plr 

Depth (in) 0-3 4-7 

Color (GSA No.) SGY 6/1 5GY 6/1 

Odor H2S H2S 

Bulk Wet Density (gm/cc) 1.,s2 1,559 

Vane Shear Strength (psi) 0.364 1.~95 

Remolded Strength (psi) 0,364 1.736 

Sensl tivl ty 1.0 0,9 

Water Content 82.9 66.3 

Specific Gravity of Solid, 2.914 3.019 

Dry Density (gm/cc) 0.794 0.937 

Vold Ratio 2.676 2,226 

Porosity (%) 72.8 69.0 

Saturated Void Ratio 2,416 2.002 

Organic Carbon (%) 1.385 0,578 

Percent Sand 6.0 2.0 

Percent Silt 30.0 18.0 

Percent Clay 64.0 80.0 

Median Diameter (mm) 0,0020 0.0018 

Note: Samples were obtained with a two and one-half inch core liner from 
the site where the t~diment originated. 

5s ample s collec t ed by R. J. Sm i th and ~nnlyz•d at t he 
Naval Ci vil Enginecrin9 Labor .i t ory in Port Hu e neme . 



TAII.E JV. MINERALOGICAL ANALYSIS Of THE TEST PIT SEDIMENf> 

COARSE SILT TO SAN~ 

Quartz 

K-Feldspor 

Calcite 

Opal 

MuSCOYltc (llllte) 

ACTIVE CLAYS 

Kaallnlte 

Mixed Layer 

INACTIVE SILT TO CLAY SIZ§ 

Goethitc 

Halite 

Oroonlc 

PERCENTAGE 

15.39 

7.69 

3.36 
1.47 

11.54 

Total • 39 .~5 percent 

16.31 
29.'11 

Total =- 35. 58 percent 

5.83 

4.53 

4.41 

Total = 14.77 percent 

Not~: The mixed layer was composed of 67 percent montmorillonitc and 33 
percent chlorite. Tho muscovite was chiefly tcrrigenous (clostle) and occ;urrcd 
In coarse ,ilt-sizcd grains. The onalyses were mode by a combin:ifo:,;"I of x-roy 
diffraction, chemical, and petrographic methods. Infrared :absorption anoly~es 
and differential thennal analyses were used to o!>lnin supplemental date. The 
values shown arc recomputed to 100 percent ond arc reliable to about ±15 
percent. 

6 Whe lan, J. A. , ~-R .po rt on Minercl l o9y_ of o .ca 11 Bolt.om 
Sed ime nt s , p. 10 unpubli ·ii •d report to t 1e Nav~l Ci vil 
Engine e r ing Laborator y, Se p tembe r, 1967. 
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TABLE V. CHEMICAL ANALYSIS OF TEST PIT SEDIMENT
7 

OXIDE PERCENTAGE 

SI o2 48.34 

Al2 o3 18.26 

Fe
2
o3 7.88 

MgO 2.98 

eao 1.92 

K
2
O 2.74 

Na2O 3.02 

H
2
0 2.78 

L.0.1. 9.67 

Total 97.59 

Sui-face H20 73.01 

7 Whe lan, op. c it., p. Sa. 
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TABLE VI. RANGE OF VARIATION OF TEST PIT SEDIMENTS 

"The main fcoture of the soil is its highly variable properties, being 
both nonhomogeneous and nonisotrophic. Some of the variations are indicated 
below. 

RANGE OF VARIATION (42 TESTS) 

MINIMUM MAXIMUM AVERAGE 

Vane Shear Strength (psi) o.o 1.050 0.530 

Remolded Strength (psi) o.o 0.861 0.390 

Original Water Content (%) 43.5 79.6 63.5 

Void Ratio 1.104 2.126 1.710 

Poro$ity 52.5 68.0 61.9 

Liquid Ltmit -11.0 68.0 56.1 

Plastic Limit 27.5 43.4 34.2 

Liquidity Index 70 255 136 

Percent Sand 1.7 25.5 10.2 

Percent Si It 30.8 54.~ 40.5 

Percent Clay 35.8 66.0 46.4 

"In addition, soil samples were subjected to numerous trie1xiol, permeability 
and viscosity tests. From these 1csh it was dctormincd th:it; (i) the yield 
strength of the 1soil 1 is approximately 0.5 psi; (ii) pcrmcobility is practically 
nil; (iii) cohesion, c, is clmo~t zero; (iv) angle of internal friction is c1lmost 
zero and (v) vhcosity is independent of the rates of ~heor or deformation 
(i • e . , rpm) • " 

8 Muga, J., Brc.1kout I'Q.LCJ.~.S.., p. 4, U. s. Naval Civil 
Engineering Labor.1tory Tc chnicul Note N-863, Port 
Hueneme, September, 1966. 
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break out forces in the test pit, conducte d more tests to 

verify the mechanical properties of the sediment. Table 

VI is a summary of Muga's tests. It is obvious that tho 

lagoonal mud was not uniform but clrnractorizcd by variability, 
but a major cause of the variability was undoubtedly th~ 

result of sampling disturbanc s and con inual reworking. 

Muga also stated that the mean Vi6cosity was 300 square feet 

per second. This value represented a series of measurements 

taken with a commercial rotating-type viscuncter. He did not 
attempt to correlate the viscocity wlth tho vane shear 

strength bccauoe of the .. marked variability in the soil 
properties". Since th sctlirn ·nt contained approximately 

40 percent oilt to Hand fiizcs, there w.ifl c rtainly some 

angle of internal fri<.:t.ion causccl by the::1 la r qc t1izes and 

this waR probably th• r eason Mu9 found a hich vi s co£ity 

measurement. It also a~pc ~rcd that thcr • were more coar se 

grain nizoa present a year after pen tration t •sts w re con­

ducte d ,-ihich indical •cJ poss ibl • cont~mitwtion with other 

materiill. For thio rcilson 1-iuga ' s value s v.i re not taken as 

absolutely correct, but they w ·re includ0d to illustrate 

the variability of the sediment us nd for the t s ts. 

Figure 12 shows the mean shear st r e ngth profile of 

the sediment from 550 mcasurcm nts. Although the mean 

strength profile is not representativ of the avera90. shear 

strength profile for the world' s deep-ocean ha f;i ns shown 

with a solid line, Figure 12, from Hoag (1970], it is 

remarkably close to the sh ar strength profiles of the edges 
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of the Zigsbee Abyssal Plain as shown by Bryant and others 
(1967). 

The numbering system designating the loc~ ~ion, or 
station, where each penetration test was conducted is shown 
in Figure 13. The shear strengths at each station w~re taken 
using a two inch by five .inch vane. 'l'he vane was operated by 
hand from a punt floating on the surfuce. It was driven into 
the sediment in six inch increments and torque applied by 
hand with a standard torque \vrcnch and the maximum torque, 
converted to shear strength, r0cordcd. Not all of lhc vane 
tests were conducted in t he prese nce of an engineer and some 
were done by different p E-> rsonucl. Generally the shcur 
strength prof iles arc cons i r t cntly similar , with some erratic 
pointr., but there in s rn l! • c-orrc l ·1t ion botWl' c n ve ry errat.ic 
profile s ancJ the dute of t es t s , \vhich inch ·a tc<.l opera tor 
skill .:1nd care may have liau an i u f lu 1 cc . The.! method of 
obtaining shea r strength valu s greatly influ0nccs the value 
obtain0d c1cc ording t o Te rzi'l gh .i. [1960) and i t \•ns difficult to 
get consistent readings f rom an unstabl C:! ptut with no cont rol 
on the vane's rotat i onill speed. 

Other meth ods of dete rmi ning Ehear ctrength profiles 
in the mud pit were conside red, but rejected for the follow­
ing reasons. In 1'365, thE> exi s ting p,nc tromctc r probes 
related resistance encou11Lercd to shear s trcn Jth by mpirical 
tables or graphs, and the very low st rength of t h mud pi t 
was out of the empirical r ange. 'l'he uso of these devices 
would ht1ve r equi red modifications of the in :..;trumc nt · and 
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Figure 13. LOCATION OF DROP STATIONS IN THE TEST PIT 
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extensive testing to obtain empirical relationships. Second, 

the sediment in the mud pit probably had somo slight but 

unkn~n angle of internal friction and th vane test mca­

aurea a cohesive shear strenyth which iE influenced by the • 
angle of internal friction in a minor way. However, the 

vane test seemed the most practical test for shear ~tr nglha 

in cores and in-silu testing. Th r fore, van shear strengths 

were used exclusively to keep the results comparnblo to a real 

aituation. 

The horizontal varialJility of the b ::;erved shear 

atrcngthn at six inch d pths 1 • ,hown in a plan view of the 

mud pit, Figure 14. The m·asur ·m.nL~ taken on dif( rent 

dates in the sarac location al :Jo c.ho\ a Apr .iid in vaJu 

The variability of th• shc,u~ t.rcn th in the mu<l pit 

was pr lJably not r ancJ ,, !vr lh • fol low· ng ·casons. 

1. Tho huge volum . of Int t .d.ill r quired to fill the 

pit ncccssitat d h:mdlinq by large nsl:ru U.on equipment 

which could have ucoo1 d UE i at 1 clmnkr. of mat rial and 

allowecl them to be plac ~d in Lh pit scnlJally undisturb d, 

while most of the! sediment i:W yr atly clisturbcc.l during 

excavation, hauling anu plnc ·nent. Th v ry high sl cL1r 

strengths hav been attr i uted to the relatively small vane 

coming in contuct with one of thcs• hi\ r d chunks. The chunk 

would not necessarily aff~ct p n tration d plh unl ss an 

object \,LIS dropped v ry clo 't.o on· b c.:iuse the fi dim nt 

was incompressible and mo •d aR a unit. Most of the obj cts 

were large comparcu to th• chunk or Vf-'rtical diR ancc 

between anomalously high observed shear strengths. 
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2. Although it was not noted in the analysis of 

the sediment, some organic material or foreign objects may 

have been present since no special precautions we::rc taken 

to sieve the sediment while it was be ing placed. 

J. The cxtrem ly low ·ralucs of observed shear 

strength may be attributed to th c..: method of handling the 

sediment aflcr a penetration trial. 'l'he holes made by the 

objects and other experiments with the scuime n.t were smoothed 

over, filling dcprcssio.1s with a shov .1 and rake. Then shear 

strengths were tak n at e ach station and µenctration drops 

conduct•d at a later tlm . . After .111 th e stations had been 

used, the proccdu1 wao rep nL•d. Since othe r lcsts were 

being conducted concurr ·ntly, the hol f i llin.f ,:md smoothing 

was a continuou!1 op rc1li n. Uni!oul t-. l] y .;omc~ Vl! ry soft 

material and \,.it l."" acc \.111ul~tcJ a t t.h butloms of the hol _s 

and this a c mt. f r tli an rnalon • 1) lm· ::;hear strength~ at 

consicl rabl diFLc.1nc . l c low the i-;ur.f .. u; . 

Th low s 11 '-:i tivj t of the <; ·dir 1~11 - b for• s.impling 

and the con t-i.11u.:1 l re,·,CJrk ." nlJ :i. t: unc.Jcn; n t :l d. l. . t0 . ts \vcrc in 

progress, l ed to the conclusi n thnt the scdim nt uc , d for 

the tests had a sensitivity of on . a nd lhat the ubs0 rvca 

in-situ shear strength of the s edim nt ¼a a good r epre­

sentation of i. ts u<.:tual in-situ strc.~ ngth, if lhe probl ms of 

test op rator error nnd the anomalous p jnts due to h~rd 

chunk~ or s ofL s pot s could "' r . c lv cc1 . 

Fortuna tely, cnou:.1h ilta, 716 po'nts, exi s ted to make 

a stati s ti ·ul aunlysis and a m a n str ngt.l p 1:o fil c· of th e 



mud pit. Table VII includes a matrix of all the observed 

shear strengths. The anomalously high anrl lo1r, values were 

identified by eye. Since the profile should have been 

fairly fimooth with all the reworking the sediment underwent 

during placement and teHts, the hard and soft spots were 

ca~ily selected by visual inspection. The values considered 

anomalous are underlined in Table VII. 

The mean and standard deviation of shear strengths as 

a function of depth, both with and without the anomalous 

values, are listed in Table VIII. It should be noted that 

the anomalous values oft.en cause the standard deviation to 

more than double. 'I'hc me c.1n !,hc.ir strength profile of the 

mud pit and one s tandard dcviolion culculnlcd without the 

anomalous points arc sl10\ n .in Fi9ure 12. 

At each station the nnomulous points were udjusted to 

fit a smooth profiJ e that generully wu s within one i:itundard 

deviation of the me an. The adjuutrncnt 1roccss was again 

subjective, as the precision of the originnl data dld not 

warrant a more sophisticuted approach. The observed sh 'ar 

strengths for each station were plotted with the mean pro­

file. Then the unomal.ous points were moved to fit a general 

smooth trend of points within one standard d viation from the 

mean. The figures in Appendix D illustrate the adjustment at. 

each station and the solid line is the actual shear strength 

profile used by the compute r solution t o predict p .nctration 

depth. 

The shear strength an<l sl~nda ~d deviation va lue at 

the ~ir-sedimcnt interface was t~ken to be zero, in that sea 
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TABLE VIII. MEAN SHEAR STRENGTHS AND STANDARD DEVIATIONS OF 
TEST PIT. 

DEPTH MEAN SHEAR STRENGTHS ONE STANDARD DEVIATION 

(in\ (psi) (psi) 

6" .50(55) •60(69) 
.23 .38 

12" • 73(60) .75(73) .32 .44 

18" • 99 (61) 1.11(73) .47 .84 

24 11 
1.50(60) 1. 72(73) .63 1.21 

30" 1.80(60) 2.22(73) .62 1.57 

36" 2 .03(56) 2.77(73) .70 1.94 

42" 1. 98(50) 2.87(73) .60 1.87 

48" 2.20(57) 2. 71 (72) .74 1.60 

54" 1. 93(25) 3.40(3,1) .75 1.96 

60" 2.3\25) 2.69(34) .71 1.81 

66" 2.52(28) 2 .47 (34) .82 1.21 

72" 2.52 3.0\34) .87 1.49 
(24) 

Note: The first columns under the shear strengths e nd s cndorcJ clcviotions are 

values computed with the onomolo:.,s points di :;cordcd. Th ,~ ~econd colurr.ns ore 

values computed with all the d::ito points. Tho subscripts in parenthesis ore the 

number of data points. 
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water was continually added to the test pil to offset 

evaporation losses and the top of the pit was continually 

being rew.:>rkcd by raking. In general, n virgin undisturbed 

sediment should have a finite strength at the surface. 

C. RESULTS 

Table IX summar .i.zcs the ob~·crved penetra tion u epths, the 

predicted depths, and tabula tes the difference between ob­

served and predicted. A numerical an.i ly&is of tlw dif ferenccs 

between observed and predicted depths was not made because, 

with f ew exceptions, the method developed accurately pre­

dicted the penetration tlupth within lhc c;..~per i n,cntal unc r­

tainties of: depth m <1£ur 'mcnt ,mcJ she.ir :;trcn9t:h accuracy. 

The method ov .rest.in c'lt. cl p n \ tral.i.on 17 t imc ~nd uncler--

cstj m.:itecl p ·)m. tr, .. tic,11 22 times. 'l'hc L:i rgr•r;t. cl.Lf fl' r(!ncc s \-J e re-! 

unuercst imcJ tc .. , of p , t:i: ,.1tion. In ,111 l' aG is ot d.i ficrc·n ~cs 

greater thnn four i nclw s , th' pr<.' cHct ion had to rely on ~rn 

adjust cl sh 'ar strength. 'l'hi ;; i nrll <.:..it.c d .-t probh!m wilh 

measuring th shear s treng t h i:tt that s tat.ion and .i.n plie:cl t h e 

presence of a sof t pocke t in the sediment. '!'he 1'1r~c dis­

crepancies ulso occurred \vith impact velocities of five feet 

per second. 

Table X sets forth th, pene tration du La alonc:i \vith notes 

taken from movies of the le ts. '!'he time-to-p .n'lr<1te wns 

observed by counting th" fram s of th' mov.i.c.• film from object 

impact until all dowmvard mo t ion hucl c0asc 1,..l . The rebound 

time W.lR also ob<·crved by c ounting movie fram s. The r bound 

distance \oJas estima t ed from Uw picture s and is be lieved 
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Table IX. SUMMARY OF RESULTS 

OBJECT PENETRATION 
VELOCITY OBSERVED PREDICTED DIFFERENCE 

(ft/sec) (in) (in) (in) 

SPHERE (wt. == 561 lbs) 

o.o 9.5" 10.7" + 1.2" 

5.0 13.5" 12.1" - 1.3." 

10.0 14.0" 14.0" 0.011 

15.0 24.2" 24.5" + 0.3" 

20.0 20.0" 20.5" + 0.5" 

s.o 16.0" 11.5 II -4.5" 

10.0 16.0" 12. 1" - 3.9" 

15.0 19 .0 11 23.0" +4.0" 

20.0 19.5" 20.4 II + 0.9" 

HORIZONTAL CYLIND ER (wt. ;--: 540 lbs) 

o.o 5.5" 6.0" + 0.5" 

5.0 11. 5" 7.5" - 4.0" 

10.0 13.0" 13.8 11 + O.C 11 

15.0 17 .0" 17.0" 0.0 11 

20.0 16.011 15. 9" - o. 1" 

20.0 14.7 11 14.7" 0.0" 

CYLINDER ON FU\ T END (wt. = 540 lb~) 

5.0 14 .0" 8.7" - 5.3" 

10.0 15.5" 12 .8" - 2.7" 

15.0 15.0" 14.2 11 - 0.8 11 

20.0 16.2" 

0.0 8.0" 8.4" + 0,4 II 

5.0 4.2" 4.4" + 0.2" 

10.0 18.0 11 16.0 11 - 2.0" 

15.0 14.0 11 12 .7" - 1.3" 

15.0 18.011 14.611 - 3.-1" 

20.0 19 .0" 16.8" - 2.2 11 



TABLE IX. (CONTINUED) SUMMARY OF RESULTS 

OBJECT PENETRATION 
VELOCITY OBSERVED PREDICTED 

(ft/sec) (in) (in) 

CYLINDEt ON FLAT END (wt. '"' 561 lbs) 

5.0 12.6" 

10.0 14.0" 14.0" 

15.0 18.5" 20.4" 

20.0 13.5" 16. 1" 

CUBE (wt. == 702 lbs) 

o.o 4.5" 3.7" 

5.0 5.7" 4.4" 

10.0 8.5" 9.7" 

15.0 13.0" 12.8" 

20.0 17 .O" 14.9 11 

RECTAhlGLE (parallel epiped, wt. '"" 1014 IL:.) 

0.0 3.0 11 3.2" 
5.0 5.0" 7 .0" 

10.0 9.2" 9 .4 II 

15.0 14.8" 14 .7 11 

15.0 15.5" 19 .0 11 

20.0 21.6 11 20. 1" 

CONE (wt. = 1127 lbs' 

o.o 55.0" 50.0" 

5.0 !>3.5" 51. 0" 

10.0 49.5" 54.0" 

15.0 65.0 11 64.0" 

20.0 62.5" 59.0" 
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DIFFERENCE 
(in) 

0.0" 

+ 1.911 

+2.6" 

-0.8 11 

- 1.3" 

+ 1.2" 

-0.2" 

-2.1" 

+0.2" 

+2.0" 

+0.2" 

-0. 1" 

+3.5 11 

-1.5 11 

-5.0" 

-2.5" 

+4.5" 

- 1.011 

-3.5 11 



accurate to one inch. Penetration depth refers to the 

object's final resting position and did not exclude the 

rebound distance. The percent of ultimate bearing capacity 

was calculated as: the ultimate bearing capacity of the 

sediment at the depth the object came to rest, divided by 

the actual force applied to the sediment by the obj ct at 

its final re s ting position. The shear strength adjusted 

column indicat -s whe ther or not an anomalous shear strength 

value was adjusted which directly affcctea the calculations 

of penetration prediction. 

The timc-to-pcn0tratc meas ur me nt was don . in an inexact 

manner, but is r emar kably cunst,1nt when th range of 

veloci t ies and di f f •rent obj t~ct shap •~; a ·c• co:1s i<lc r ~a. It fi 

relat i ve cont, ncy in r,. Jut i n t o lhc ot he r p·ramctc r J m~y 

in<licatu tha t it in r e lated t o a un i qu e basic prope rty of 

the sedime n t. . Schmid (l Y6G] obscrv ·d th l! s ame phenomena 

when testing s mall p " Hc.; Lr o1nc:tc r ~ with c:ti f f crcnt impa ct 

velocities. 

The rebound tim and rl istnnc' w0rc ve ry difficult to 

estimate due to the short durntion and fact th.:it splatter 

sometimes partially obscu cd the ol.>j c-ct. Some of the rebound 

of the object, and appilre nt •labtic behavior of the s ediment 

was originally though t to h c au sed by a buoyancy e ffect. 

Hov.Jl•vcr the cavity for.med by pe netration clid not collapse 

until r ebound was over ancl the obj ct was cs"e ntially at 

rest. Subjectively it appea r ~; that r ebound is a func t ion of 

an claRtic prope rty of the sediment. 
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The percent of ultimate bearing capacity that was reach d 

by the different objects seems to relate to impuct velocity. 

In all the penetration tests the objects were left in place 

for at least 24 hours ancl in s ome cases up to eight days nnd 

then checked to s0e if they had settled further into the 

sediment. No further settle ,c nt \oJa.· ob. erved in any case. 

At an impact velocity of five f eet-pe r-second the obj e cts 

consistantly penetra t ed to a level where 300 p0rcent of the 

ultimate bearing cupacity \ ,rn available to su Jport the object. 

This implies that a structure b •lng cmplaccd by a freP-fall 

technique would only require a velocity o f five f eel-pcr­

secon<l to generate th safety factor of tbrc n•c,,mm . ndc n in 

soll mcchunics in a ~.jttw io11 \<i h o t he ultim::it bec1ri ng 

capacity equ~tion is uscu. 

As obsC'i-.vcd in the mov1es , any air nt-r.1ppcd und r the 

objc ~t had negligible ·f f ct on •j_t-h r r e bound or pc nt.~ ­

tration depth. Rom1 kd objc- · t s s u<.:h ilD th · Dphr • anc.1 

horizontal cyliwJcr did not b \..: h,r-1 cJi f tcr ·11tly from t he flat 

sided objects that did e ntr.iJ? soi ni r . 

Cratering .ind pile up of the sedime nt. w~R s light. In all 

cases, even with the rectangular para llcleµ lp~d impacting at 

20 feet per second, the crater lip was l ess tha n 2 inchcr. 

high. The sediment moved lutc rally away fr om Lhc obj cts and 

not up. 
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IV. CONCLUSIONS AND RECOMMENDATIONS 

A rational, phenomenological, theory has been applied to 

the problems of free-fall penetration into a simulated deep­

sea sediment. The theory correlated well with full scale 

tests. A more complete solution will probably only be 

available after more is understood about the mechanical 

properties and dynamic behavior •of deep-sea sediment. 

A. CONCLUSIONS 

The method predicts the penetration of free-falling 

objects into weak, saturated sediments for an air-to-sediment 

case within the accuracy of th t~ prese nt. state-of-thc-nrt 

techn.i.ques for measuring the sediment mechanical properties. 

It should work equally well in a water-to-sediment case with 

some modifications. 

The impact duraU.on time, from the instant of contact 

until the object comes to rest, was observed to be rela­

tively constant and may be a unique property of the dynamic 

behavior of a sediment type. The duration time was rela­

tively constant even though the penetration dist~nce chan9ed, 

the object shapes were different, and the kinetic energy of 

the falling objects ranged from Oto 5,000 foot-pounds. 

The method may be used with larger, heavie1~ objects but 

caution must be used in extending the method for use with 

smaller objects since viscous drag and surf~ce adhesJ.on 

effects may be important for smaller masses. 

'J7 



At high impact velocities the effects of added mass and 

form drag cannot be neglected in computing penetration depth. 

The accuracy 'of the constants and variables in the standard 
' 

bearing capacity equation have the most control over pre­

dicted penetration depths. 

B. RECOMMENDATIONS 

The method should be experimentally verified by full 

scale tests at sea or by controlled tests in a large tank 

ashore using a uniform sediment \•Jhosc mechanical properties 

are known. Experiments of the scale needed would require a 

major effort but could include investigations into other 

unknown nrcas such tis the free-fall attitude and stability 

of various shapes in water, the verification of terminal 

velocities of free-falling unstabillzcd objects in a water 

column and the study of brc~kout forces and salvage methods 

required to retrieve the objects. 

Whenever an object is recovered from the deep-ocean floor 

every effort should be made to obtain photographs of the 

object. The sediment aro11nd the object should be extensively 

sampled and completely analyzed to allow verification of this 

method of predicting penetration deptho 
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APPENDIX A 

FORCES ON OBJECTS PENETRATING A TYPICAL SEDIMENT . 
Appendix A includes a set of curves which qualitatively 

illustrate the relative influence of each force in the 

penetration equation. They were obtained by using the 

sediment shear strength profile typical of the world's 

deep-ocean basins as determined by Hoag (1970] and shown 

in Figure 13. The curves are normalized for depth of pene­

tration on the abcissa and the muximum force encountered on 

the ordinate. Time is independent of the calculations and 

the shape of the curve ·near the origin is largely a fur~tion 

of the iteration interval. 
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APPENDIX B 

SHEAR STRENGTH PROFILES OF THE TEST PIT 

The shear strength profiles at each drop station are 

ill\lstrated together with the adjusted plofilc used in th~ 

penetration predlction computatJ.on. The profiles are in the 
same order as listed in Table VII. 
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