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INTRODUCTION

Rescarch into the behavior of projectiles pene-
trating into scafloor materials was compkted recently
by the Civil Enginecring Laboratory (CEL), Naval
Construction Battalion Center, Port Huencme,
California. The results of this study are directly
related to the design of direct-embedment anchors.
Embedment anchor systems have heen developed
(Smith 1971, and Taylor and Beard, 1973) with rea-
sonable success by using existing relationships and
cxercising a good deal of judgment, However, it was
recognized that substartial time and dollar savings
could be realized in future programs if designers had
available 2 method for making more accurate and
reliabke predictions of embedment depth for a can-
didate embedment anchor system. This report deals
with the development of such a method.

in addition to the design of direct embedment
anchors, the behavior of projectiles penetrating into
soils and cemented soil materials is an integral part of
several other types of engineering endcavor. Piles
resist abrupt settiement according to the same laws of
mechanics governing penetration. Although the
technology of pile design is welldeveloped, it is
belicved that this research can contribute to the
development of more accurate pile design techniques
for deep piles in soft scafloor soils. Also, the applica-
tion of penctration behavior in the design of dynamic
penctrometers and in the utilization of dynamic
penctration data to evaluate the engincering proper-
ties of soils is important. Work presently underway at
CEL to develop an optimum cxpedient pencticmeter
for deep scafloor soils is fully utilizing the results
reported hercein.

A further application of penetration technology
is in the designing of better coring equipment. This
application is currently under investigation at CEL.

A final category of scafloor engincering
benefitting from improved penetration technology is
the estimation of the depth of embedment of
salvageable objects. The estimated portion of an

object visible above the scafloor is important in plan-
ning a scarch, and the embedment depth should be
considered in presclecting gear for grappling,
grabbing, securing, and lifting. For most salvage
efforts, embedment is relatively shallow, when
compared to the decp penetration of primary concern
in the present work. However, the basic conclusions
of the present work relating to the applicability of
conventional bearing pressure theory and dynamic
soil strength can be generalized readily to the shallow
penctration case.

BACKGROUND

The problem of penctration has been considered
analytically in the development of propellant-
launched, penetrating anchors. Christians and
Meisburger (1967) relied upon an empirically derived,
specific form of the Poncelet Equation. Others,
including Acrojet (1968), have utilized simpler
expressions involving 2 constant resistance to pene-
tration.

An exhaustive assessment of the state of the art
in penetration prediction was performed by Schmid
(1969). He recommended integrating cquations of
motion incorporating basic material laws (static and
viscous resistance, for example) in order to obtain
relationships for predicting the penetration behavior
of freefalling objects into soft seafloor materials.
However, the choice of which material resistance law
was left to the user.

An cxtensive study of high-speed penctration
into earth materials was performed by Sandia Corpee-
ation; the results were summarized by Young (1969).
Most of thc Sandia work was done with rocks and
harder soils, although a few tests were conducted in
soft muds. Young recommended the use of an empiri-
cal nomograph together with empirically obtained
soil parameters not casily related to conventional soil
test data,



ARSI S TSI A AN A A A I P T b s F 5

[ NP

Field tests were conducted by Migliore and Lec
(1971) at CEL on an instrumented penetrometer/
vorer m a terrigenous mud in 130 feet of water in the
Santa Barbara Channcl to acquire data for use in
evaliating proposed penctration prediction tech-
niques. Data from these tests showed substantial
variation from available predicrive techniques. A
regression-analysis-derived  procedure was recomr
mended for making predictions in soils similar to the
test target, but generalization o other svils based
upon soil test dara or other soil property information
was left in doubt.

A recurring problem in the works cited, as well
as in other works (see the references given by Schmid,
1969, for example), is the difficulty encountered in
rclating theories to actual soil propertics except
empirically for each new soil of concern. A better
understanding was necded of how the physical and
mechanical properties of soils as determined from
conventional soil mechanics testing procedures could
be incorporated with physical laws into 2 general rela-
tionship for penctrator performance.

APPROACH

The approach taken in this work involved pri-
marily the use of scalemodel tests to determine
empirically the relationships between soil propertics
and penetrator performance. Test data were analyzed
within a framework that was fairly rigidly predeter-
mined by the lws of motion, the theories of
plasticity and fluid flow, and conventional practice in
the arcas of soil testing and foundation bearing
capacity asscssment. Data from ficld tests and other
sources were used to substantiate, refine, and verify
the scaling up to large size of the relationships derived
from the model test program. User recommendations
were based upon these relationships with constants
derived from the testing, from accumulated data on
seafloor soil propertics, and from conventional fluid
mechanics experience,

MODEL TESTS
Test Procedure

Each test consisted of firing a pencetrator into a
target while taking high-specd movies of the pene

mator and taryet and monitoring the acceleration of
the penctrator.

Target Materials. Materials used in the model
tests were (1) a clavey silt from Scal Beach, Cali-
fornia, in soft and medium-soft consistencices, (2) the
same silt together with portland cement in three
different formelations of soil-cement having differcnt
strengths, and (3) portland cement concretes made
with expanded shale aggregate in soft and hard for-
mulations and with a river sand aggregate in a formu-
lation of medium strength.

Silt targets were constructed by placing the soil,
which was in a pasty consistency, into a specially
constructed tank. The paste was prepared in a
planetary mixer under a vacuum of approximatcly 29
inches of mercury in order to minimize the amount
of free air left in the soil after placement. It was felt
that this procedure would produce 2 uniform target
in which the material was essentially sawrated,
thereby giving 2 true indication of the variations in
soil shearing resistance with velocity. However, it was
impossble to remove all the air bubbles; conse-
quently, the material was subject to some local com-
pressior: rather than being incompressible as had been
desired. Although the small air bubbles present
undoubtedly compressed during projectile penetra-
tions, it is felt that the volume accommodated by
compressing bubbles was substantially less than that
displaced by the advancing projectile. Thercfore, the
observed soil deformation patterns and penctration
resistances remained indicative of the behavior that
would occur in a natural, saturated sediment.

Each prepared target was used repeatedly for
several penetration tests. Three half-section tests were
conducted at different locations adjacent to the
acrylic plastic face of the test tank. Subscquently,
several full-seetion tests with smaller projectiles were
conducted at other locacions in the remainder of the
soil. Care was taken 1o space the test Jocations several
inches apart in order to minimize the effects on a new
test of a hole left from a previous test.

Each silt targer was prepared by placing the soil
with the tnk in a horizontal oricntation, After filling
and screeding, the surface to be covered with the
acrylic plastic face was covered with a thin Javer of
graphite and contrasting talcum-powder lines spaced
cn a 2-inch-square grid. The graphite was usea 10
reduce frictional contact with the plastic in order 10
give an accurate picture of the soil deformations in
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Table 1. Prope:ti¢s of Cemented-Target Maverials

Strength (w:iglit Free Wcig!itfzment ; ‘Average Shear
Aggregate Designati Water ( Weight Drv) Strength
signation T A— N N
Weight Cement Aggregate (kgf/cm2)?

Sile soft 12.2 0.06 F 1.2: :
Silc medium 5.8 0.13 54
Sile hard 3.1 0:26 22
Expanded shale soft 1.0 0.26 40
Expanded shale hard (1] 0.58 172
Fine sand - 1.0 ; 0.31 88

“ Specimen and target aged at least 7 days; strengtks measured shortly after
penetration testing, softer materials by vane shear and harder mazerials by

unconfined and confined compression tests.

the half-space. Figures 1 through 3 show the steps
taker; in the preparation of a silt target.

The material for the silt-cement targets was
prepaved by mixing pre-wetted silt with portland
cement in a planetary mixer. The amounts.of port-
land cement and water were varied to yield three
different formulations having about the same con-
sistency before setting, Water and cement contents
and measured strengths for the three formulations are
given in Table 1.

The mixed materials, which were placed in
6-inch-diameter by 12-inch-long test specimen molds,
were cured in a.spray-humidified room at 70°F for at
least 2 weeks prior to testing. Strength measurements
were obtained within a-few days of the penctration
tests, The cast-iron molds were left around -‘the
specimens  during the penetration testing in an
attempt to prevent the specimens from splitting so
that the material deformations and local stresses at
the penetrator were maintained as being representa-
tive of the behavior in a semi-infinite space. A silt-
cement target after testing is shown in Figure 4.

Penctrators. The penetrators used in the silt
model tests are shown in Figures 5 and 6. Half-
section penetrators (Figure 5) were 1-3/8 inches
in diameter by approximately 12-1/2 inches in
length. Two half-section steel penctrators were used,

SRRl b o =

one with a blunt nose and* the other with a conical
nose having a length. equal to twice its diameter. A
thin layer of friction-reducing plastic material was
attached. to the flat side-of each half-section pene-
trator to facilitate movement of the penetrator along
the acrylic plasdic face.of the test tank during pene-
tration.

The full-section- penetrators used in the silt tests
(Figure 6) were cylindrical and had dimensions
exactly one-half those of the half-section penctrators.
A blunt-nose and a pdinted-nose penetrator were
fabricated from both steel and aluminum. The lighter
material, which provides greater decelerations under
otherwise similar circumstances, was used to deter-
mine the effect of instantaneous deceleration on
penctration resistance.

The penetrators used in the silt-cement and con-
cret¢ model- penctration tests are shown in Figures 7
and 8. The cylindrical penetrators were 3/8-inch in
diameter by about 6 inches ir length. Conical noses
were used having length-to-diameter ratios (sharp-
nesses) of 2, 3, and 4. A “‘serrated” quasi-cylindrical
penetrator also was used having a conical nose with a
sharpness of 2, followed by a body consisting of
truncated cones each having a sharpness of 4 and a
truncated length of 1/2 inch. Also, a lance-shaped
penetrator was fabricated having a conical nosc which
tapered from a 1/64-inch diameter at the point to a
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Figure 2. Silt model target with photographic grid.
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Figure 3. Silt model target, penetrator, launchier, and
instruments rea. v {or tests.

1/2+inch diameter ag the rear over o length of about
5-1/2 inches, followed by a shaft section having a
3/8-inch diameter. The flat-plate penetrators (Figuie
8) consisted of plates 1/16-inch thick with length-to-
width ratios (slendernesses) of 1, 1-1/2, and 2; cach
plate had a singleside surface area of approximately 6
square inches, Two additional plates, each having a
thickness of 1716 inch, a singlesside surface area of
about 6 square inches, and a slenderness of 2, were
fashioned into a shape similar to the “sediment
fluke™ anchor-projectile of an cexisting propeflant-
launched  direet embedment anchor (Tavior and
Beard, 1973) to provide data on the performance of
that anchor-projectile. All of the projectiles for the
cemented macerials were made of mild steel, and all
had a threaded portion approximately 172 inch in
lensth at the rear 10 connect it to a universal
launching shaft and instrument housing unit.

Equipment. The model test tank used in the silt
tests (shown in Figure 3) was made of 3/8-inch-thick,
steel painted to resist corrosion, ft consisted of a half-
cyhindrical section 3 feet in diameter by about 3 feet
in fength attached o a half-hemispherical end section.

Figure 4, Silt-cement target with penctrator being
- extracied after test.

Flanges were attached to all edges to make the walls
rigid and to provide a surface for bolting and sealing
the acrvlic plastic face to the half-sections, A neo-
prene rubber seal was used to hold the water that was
placed several inches deep over the top of cach silt
target.

The penetrators were launched from g com-
merciadly available stud driver gun fitted with a barrel
large enough to drive 3/8-inch studs. The gun was
modified to prevent the escape of the propellant gases
before the launching shaft had cleared the barrel, and
a safety feature was overridden to allow the gun to he
fired without having the barrel in contact with any
surface.

The penctrators were  launched  downward
through a 3-inch-square hole cut from a 3/4-inch-
thick plywood plate placed atop the test tank, The
hole allowed some lateral adjustment of the pene-
trator position prior to firing, and it provided
sulficient clearance for the instrument cable to follow
the penetrator without damage. The height of the gun
wis  adjusted with plywood spacers so that the
launching shaft would exit the barrel shortly before
the penetrator began to enter the target,
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Figure 9. Vacuum pump and mixer for soil

preparation.

Scveral pieces of equipment were required for
preparation of targets. A .planctary mixer was used
together with a bank of vacuum pumps as shown i
Figure 9 to provide uniformly mixcd and de-aired soil
for placement in the tank. Wooden spacers were con-
structed to support the future top surface of the tar-
get as soil was placed in the tank as it lay on its side.
A template was constructed to facilitate placement of
talcum powder in lines 1/8 inch in width on a 2 x
2-inch square grid. Other equipment utilized included
common lifting devices, placement tools, containers,
and weighing and measuring devices.

Conventional cast-iron concrete eylinder molds
were utilized for the cemented targets. The cured
targets were placed underwater in the sile test tank
atop a bed of compacted sand. After testing, an air-
driven load-testing machine was utilized to. extract
each penctrator from its target while the extraction
force was measured.

Instrumentation. High-speed motion  pictures
were taken with a variable speed camara at rates up to
5,000 frames per second. Penetrator travel between
frames was determined by comparing the movement
of the projected image with a scale placed on the

‘front of the test tank which also appeared on-the

film; overall accuracy was approximately 0.1 inch dif-
ferential movement. Timing indicator marks were
placed on the film at 0.001-second intervals. The
operation of the timing indicator marker was fairly
goad during the early test series, but it deteriorated in
the later series; it produced overall penetrator veloc-
ity accuracies varying from *2% to as much as £30%.

A piczoelectric transducer measured the
instantanicous deceleration of the penctrator during

.cach test. The time base was provided by the

accurately known speeds of the recording devices.
Three different models of the accelerometer were
utilized during the course of the tests; the sccond one
was substituted for the first one to reduce size, and
the third one replaced the second-one after it was
damaged by excessive shock during a test into silt-
cement. The three transducers are shown in Figure
10. The third one (the smallest) proved to be highly
satisfactory and durable, sustaining peak shock
aceclerations in excess of 20,000 g. One of the trans-
ducers is shown again in Figure 11 along with its
mounting screw and the penetrator adapter. Also
<hown are the launching shaft, accclerometer housing,
and the instrument cable.

The outpur of the accelerometer was fed
through a miniature coaxial cable to a charge
amplifier. The cable was reasonably durable for most
tests, but behavior became erratic for the tests in the
concrete targets. The charge amplifier conditioned
the signal over a wide range to provide a standardized,
calibrated output 10 a tape recorder. A parallel signal
from the charge amplifier was filtered and monitored
on an oscilloscope, from which a permanent record
was obtained with a still. camera mounted on the
oscifloscope screen.

The ctual distances traveled by the models were
measvred with a steel tape dgecurate t¢ within approx-
imately 0.03 inch over the distances measured.

A final instrumentation item was the
load-testing machine utilized to extract the pene-
trators from the cemented targets. Extraction forces
usually were monitored on the low range of this
machine (up to 600 pounds full scale with an
aceuracy of approximately 10 pounds). When the
extraction load exceeded 600 pounds, the
6,000-pound, full-scale range was utilized with an
accuracy on the order of 50 pounds.
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Two types of measurement required reduction
to a2 more meaningful form: the high-speed motion
pictures and the accelerometer data. The high-speed
movies, in addition to providing qualitative informa-
tion on soil deformation patterns, ensbled penetrator
velocity to be determined by scaling distances and
cakulating film speed. Film speed was determined
from the measured distances between the timing
indicator marks. The timing marks (recorded on the
film at 1/msec) were numbered, beginning with zero
at the start of noticcable penctrator motion. The
distances to the timing marks were scaled in terms of
number (and decimal fraction) of frames. The slope
for 2 plot of number of frames versus timing mark
number was used to compute the film speed in frames
per sccond. Then, from the computed film speed,
precise times were computed for cach film frame. The
scaled position of the penetrator was plotted against
this computed time for each film frame. The pene-
trator velocity was determined from the slope of this
plot, with the impact velocity corresponding to the
greatest slope.

The accelerometer data, rccorded as an analog
frequency on magnetic tape, was digitized, input into
a computer, and integrated twice with respect to time
to obtain velocity and displacement, Velocity was
augmented by a constant so that it diminished to zcro
at the end of the event, signified by the acccleration
trace ceasing to show deviation from a constant
(zero) value. Displacement was taken as zero at the
start of penetration, which was readily detectable
from the acceleration trace. Deceleration, velocity,
and displacement were plotted against time and
against cach other, two at a time, to give a total of six
plots. These plots were used to determine values of
instantancou, (as opposcd to average) deceleration
versus velocity and displacement for scveral cqually
spaced points during cach cvent; this information was
furcther analyzed by hand.

Although precautions were taken to cnsure that
all instrumentation would function properly, the
performance of the acceleration-measuring instrumen-
tation on some tests required the data to be modified
to fit other measurements. The problem involved
drift of the zcro-acceleration output of the system
with time, especially when the charge amplifier was

problem, which often occurs with piezoelectric rans-
ducers, was caused by one or more small electrical
leaks in the circuits upstream from the output of the
charge amplifier. If leaks occur in the acceleration-
sensitive clements, such as the cable or transducer, 2
shift in zero output can occur abruptly when large
accelerations are sustained by these clements. On the
other hand, leaks in clements not sensitive to acceler-
ation produce a slow drift. Smooth drifting was
observed during some of the silt tests, and abrupt
shifts were obscrved during some of the cemented-
material tests The cables were replaced and
precautions were taken to reduce the likelihood of
obtaining erratic data, with some success. However,
successful data interpretation required correction of
the crratic data by adjustment of zero levels in the
computer operations. Further, when the computed
overall velocity and displacement changes werc
checked against film-measured velocities and
manually measured displacements, the latter were
given morc weight and werc used to correct computer
values by a proportionate adjustment of instan-
tancous data.

Test Data

A typical view of a silt target after penetration
by a half-section projectile is shown in Figure 12. The
soil deformation patterns that were observed through-
out motion pictures of such penetration events are
shown in Figure 13. Also, high-speed films provided
penetrator-position-versus-time data; these data were
plotted, and the slopes of the data curves were uscd
to computc impact velocity for correcting the
accelcrometer data.

A deceleration trace from the oscilloscope
screen is shown in Figure 14 for a silt test with a
blunt-nosed aluminum penctrator. The computer-
reduced plots for this test are shown in Figure 15,

The test data from all of the model tests are
summarized in Table 2 along with analvtical calcula-
tions that will be discussed in a following section,
These data are overall-type parameters, such as
impact velocity and ultimate depth of embedment.

Instantancous conditions were cvaluated for
several points in the soft and medium silt and in the
silt-cement test series. These data are summarized in
Tables 3, 4, and 5, along with analytical computa-
tions that will be discussed in a following scction.
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Figurc 12. Silt target after penctration by pointed

half-section model.
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Figure 13. Artist’s reconstruction of soil deformations observed in high-speed
movies; silt target with blunt half-section penetrator.

Figure 14. Deceleration trace of a blupt-nosed aluminum penetrator in

stlt-target test.
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Material Effective Arcas
Symbol Pencwrator | Shear . Material Bearing (em?) Effy
Test Penctrator Used in Weight, Serength, ""‘_ "v?‘ty Density, Pressure M
No. Designation Ploting w = Mg s, Sensiu T=r Factor ] M
Data @0 2 S, (gfrem3) N, Frontal, Side, ]
(kgf/em®) Af Ag

Sis pointed ® - 0018 1.5 1.4 1 2.39 80.3

S2s pointed ® - oo1g 1.5 1.4 11 2.39 80.3

S3S pointed ® - 0018 1.5 14 11 2.39 80.3

S4S pointed o - 0018 1.5 14 1 2.39 80.3

$5S pointed ® - 0.013 1.5 1.4 11 2.39 80.3

S6S blunt [} - 0018 1.5 1.4 9 2.39 754

§7S blunt ™ - 0018 15 1.4 9 2.39 754

S8S blunt o - 0018 15 14 9 2.39 754

$9S blunt o - 0.018 1.5 14 9 2.39 754
s17 blunt stecl u] 339 0013 1.5 14 9 2.39 68 4
sis pointed aluminum o 171 0.018 15 1.4 n 218 59 1
s19 blunt aluminum 0 170 0.018 L5 14 9 2.39 59 1
s20 blunt steel (] 339 0018 1.5 1.4 9 2.39 65 4
s21 blunt steel o 170 0018 1.5 14 9 2.39 61 1
§22 pointed steel ° 342 0018 1.5 14 11 2.15 55 4
§23 pointed aluminum o 171 0018 15 14 11 2.16 59 1
S24 pointed steel ™Y 342 0018 1.5 1.4 1 2.23 63 4
S8 blunt stecl e 339 0.035 1.5 15 9 2.39 67 4
s9 pointed stecl ® 342 0.035 L5 1.5 11 2.18 54 4
s10 blunt aluminum o 170 0035 1.5 1.5 9 2.39 58 2
St pointed aluminum 0 171 0.035 1.5 1.5 n 2.17 51 2
s12 blunt steel (] 339 0.035 1.5 1.5 9 2.39 64 4
S13 pointed steel e 342 0.035 1.5 1.5 11 2.16 48 4
R2 spade + 202 1.19 2 1.65 7 1.4 75 3
R3A spade -+ 202 54 4 1.58 7 0.9 46 2
R4A spade -+ 202 220 7 1.72 7 0.8 30 2
R1 pointed ® 195 1.19 2 1.65 11 >1.6 >45 >3
R3B pointed serrated - 183 54 4 1.58 11 0.70 235 z
R4B pointed ® 192 220 7 1.72 11 0.65 11.5 2
RSB very pointed ) 185 220 7 1.72 12 0.6 18.5 2
RSA lance AN 190 220 7 1.72 15 0.57 14 y
(07] 2:1 plate ] 196 40.4 3 1.6 7 0.7 10.3 2
c4 1-1/2:1 plate O 191 87.9 3 2.3 7 0.8 8.3 I
cs 1:1 plate [ 200 172.0 3 1.6 7 1.0 8.9 2
C1 pointed o 192 40.4 3 1.6 11 0.40 2.5 I
Ctb pointed ® 190 10.4 3 1.6 11 0,52 5.0 ‘I
Cé very pointed @ 185 172.0 3 1.6 12 0.20 1.0 1l
C3 lance o 190 87.9 3 2.3 15 0.18 4.0 A
LSP1 very pointed ® 1,250,000 0.31 2 1.6 11 170 16,000 1,56
1.SP3 pointed ® 1,250,000 0.14 2 1.5 11 170 14,000 1,54

7 Side wall serrated.

b

V = v, for static tests, 2/3 v, for dynamic tests.

"mﬂzcul

3
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Table 2. ‘Overall Test Data and Computations.

\
ective Areas i““"" . Net Soil Normelized
(@md) Effective | Effective Effective ined 'R“"."'"‘“ Resistance, Velocity,
Mass, Velocity, |  Embedmeat ¢ | Decclerstion, Cnstamce TR S
2 Leogth o 2 Fosce F* ¥ Fu =
Mg #» Depeh, Z Shear Zone Yo ien ~ AT A T
;e . {cm) " . =2 l’nu'af"+l?n Ag Ag Ap
, Side, @0 (m/sec) L (cm) 't 2 )
‘ Ag ©z g0 (kgl/cm?) 102 ;*/kgf-sec)
Laboratory Model Tests :
80.3 - 0.232 - 150 Sratic 3.00 1.259 0862
803 - 0219 - 150 Suatic 2.64 1.109 0.811
80.3 - 1140 - 150 Static 3.36 1.391 422
80.3 - 0960 - 15.0 Static 3.77 1.567 35S
9 3.3 - 0.0257 - 150 Static 1.68 0.765 0.0944
9 754 - 0.0263 - 150 Suatic 1.2¢ 0.519 00987
754 - 0.0656 - 150 Static 288 1.199 243
754 - 0.254 - 150 Suatic 3.08 1.289 0938
9 75.4 - 0272 - 150 Static 2.16 0.904 1.004
9 68 431 653 689 134 347 184 0.635 18.10
8 59 263 8.75 37.5 120 1115 3.1 1.186 26.75
9 59 262 720 45.5 125 578 1.68 0.541 21.12
9 65 431 5.35 490 12.7 3.63 191 0.707 15.51
9 61 262 6.62 37.8 120 642 1.85 0.635 20.36
5 55 434 6.54 299 11.2 740 3.55 1.514 31.39
6 59 263 9.08 337 1.7 12.50 346 1.341 28.71
3 63 434 8.23 413 12.3 8.65 4.10 1.624 24.65
9 67 438 >1243 >73.8 >135 <11.5 <5.37 <1.725 >17.69
8 54 441 8.14 300 1.3 12.6 5.90 2.485 13.76
9 58 269 9.20 339 1.7 14.2 399 1.382 14.98
7 51 270 1295 26.6 10.8 34.7 9.54 3.830 17.42
9 64 438 8.22 38.1 12.0 106 498 1.850 13.02
6 48 441 9.04 229 10.1 19.2 8.82 3.802 16.88
75 309 498 23.13 6.62 545 169 111 00421
46 233 50.8 10.93 5.07 1,201 280 302 0.0124
30 222 51.8 7.11 3.50 1922 425 521 0.00449
>45 >351 51.5 >30.7 <11.34 440 157 <88 0.0253
235 222 53.4 17.78 8.66 817 182 249 0.00762
115 214 50.8 9.65 3.34 1,361 291 437 0.00461
18.5 219 53.1 16.25 8.05 884 194 m 0.00200
i4 221 54.4 125 7.75 973 215 365 000212
10.3 201 54.8 2.24 1.12 6,830 1,372 1,950 0.008U8
8.3 197 50.3 1.58 0.79 8,150 1,607 1,995 0.00480
8.9 204 57.4 1.37 0.69 12,230 2,500 2,488 0.00324
25 196 23.3 2.92 1.46 948 186 453 0.00263
50 198 67.2 47 2.35 4,890 968 1.845 0.00472
1.0 187 61.7 3.18 1.59 6.100 1,140 5,686 0.00150
4.0 196 69.6 7.15 3.58 3,450 676 3,730 0.00146
Large Scafloor Penetromcter Tests
16,000 1,562,000 17 800 400 3.95 7,260 41.2 0.13
14,000 1,543,000 7 700 350 .88 2,454 14.2 0.15




M e b

Penctration R::‘::e N:::::;'d m'::e Minimum Strain-Rate ]
Resistmce . A s"a"*m Effect, Back-Calculsted
e LA o borag FY/Ag Side Adhesion
.= +W' s =
(kgh D | A A A 2 2 Semex " SN Semin SN+ 5,/5NAg/AR) Factor. 8
(kgf/com?) (107 m“/kgf-sec) SN
3.00 1.259 0.862 6.35 2.09 0.790
2.64 1.109 0811 5.60 1.84 0.654
3.36 1.391 422 7.03 2.31 0.534
3.77 1.567 EX 1] 7.92 2.60 0.695
1.68 0.705 0.0944 3.56 1.17 0.909
124 0.519 0.0987 320 0.96 0.582
288 1.199 243 7.40 2.21 0.606
308 1.289 0938 7.95 2.38 0.940
2.16 0904 1.004 5.58 1.67 0.516
1.84 0.635 18.10 392 1.35 -0.017
i 1.186 26.75 5.99 2.14 0.239
1.68 0.541 21.12 3.34 1.26 -0.112
1.91 0.707 15.51 4.37 1.55 0.052
185 0.635 20.36 392 1.45 -0.025
355 1.514 21.39 7.64 2.83 0.505
346 1.341 28.71 6.76 2.40 0.333
4.10 1.624 24.65 8.20 2.85 0.516
<5.37 <1.725 >17.69 5.47 <1.91 <0.189
5.90 2.485 13.76 6.45 2.39 0.376
399 1.382 14.98 4.39 1.68 0.064
9.54 3.830 17.42 10.00 3.74 0.885
498 1.850 13.02 5.89 2.12 0.282
8.82 3.802 16.88 9.90 398 0984
169 111 0.0421 13.3 2.92 0.829
280 302 00124 8.0 2.95 1.178
425 521 0.00449 3.36 1.96 0.886
157 <88 0.0253 6.33 <2.62 0.748
182 249 0.00762 4.19 2.69 1.386
| 291 437 0,00461 1.79 1.43 -0.531
j 194 31 0.00200 117 0.62 -0.328
1 215 365 0.00212 1.10 0.36 -0.169
| 1,372 1,950 0.00808 6.90 4.05 2.668
‘ 1.607 1,995 0.00480 3.25 217 1.115
| 2,500 2,488 0.00324 2.07 1.45 0.236
; 186 463 0.00263 1.04 0.87 -2.177
| 968 1,845 0.00472 4.15 3.22 3.407
1,140 5,686 0.00150 2.84 2.49 6.141
676 3,730 0.00146 2.83 1.90 1.775
7,260 41.2 0.13 12.1 2.4 1.78
2,454 14.2 0.15 9.2 2.0 1.40
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Figure 15. Computer-processed data for a typical silt-target model test.
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Table 3. Instantaneous Test Data and Computations for Mj

Normalized

Symbol . . o oci Flid
" Usedin | Velocity, | Deceleration, P;n:;rt;mn Frontal Area, | Side Area, | Velocity, Inertial Drag
Test No. e v a ¥ . Ve = —— 1 :
o | (emiscq ® (cm) (cm?) (emd) | o | Pt
(m2/kgf-sec) (xgh .
$17 (] 610 3.34 13.8 2.39 754 0.246 045
509 3.50 30.8 2.39 75.4 0.188 031
407 2.82 444 2.39 75.4 0.151 020
305 3.05 56.5 2.39 75.4 0.113 o1
203 3.86 63.5 2.39 75.4 0.075 0.05
102 4,08 67.3 2.39' 75.4 0.038 0.01
s18 (o] 833 6.3. 10.8 2.39. 51 0.429 0.83
730 13.7 18:5 2.39 80.3 0.277 0.64 -
625 13.5 23.5 2.39 80.3 0.238 0.47
520 13.3 27.6 2:39 80.3 0.198 0.32
416 13.1 309 2:39 80.3 0.158 0.21
312 12.7 33.7 2.39 80.3 0.119 0.12
208 12.3 35.8 2.39 80.3 0.079 0.05
104 11.0 37.0¢ 2.39 80.3 0.040 0.0t
s19 (u] 726 6:3 14.9 2.39 75.4 0.240 0.49
605 5.6 23.8 2.39 754 0.199 0.34
484 5.8 320 2.39 75.4 0.159 0.22
363 5.7 37.8 2.39 V5.4 0.119 0.12
242 5.6 42.3 2.39 5.4 0.079 0.06
121 6.2 44.6 2.39 75.4 0.040 0.01
$20 [ 533 1.7 1.8 2.39 10 1.643 0.34
426 2.0 27.6 2.39 75.4 0.158 0.22
320 4.65 40.3 2.39 75.4 0.118 0.12
213 5.95 45.1 2.39 75.4 0.079 0.05
107 5.75 48.0 2.39 75.4 0.039 0.01
S21 0 651 1.1 6.0 2.39 33 0.602 0.51
543 5.1 17.6 2.39 75.4 0.201 0.35
435 5.9 27.1 2.39 75.4 0.161 0.23
326 7.7 31.9 2.39 75.4 0.121 0.13
217 8:1 35.2 2.39 75.4 0.080 0.06
109 8.2 37.0 2.39 75.4 0.040 0.01




|
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L Data and Computations for Models in Soft Silt.

15

’ No'—m‘!m Fhud- Net Measured Mum Minimum
Velocity, Inertial Drag, Penctration s?;.:xte Strain-Rate Effect,
H S; = “min ~ S N_ + (S,/S,XAg/Af)
(m2/kgf-sec) (kgf) (kgf) max SN,
0.246 045 1.38 3.56 1.02
0.188 0.31 1.59 4.11 1.17
0.151 0.29 1.40 3.62 1.03
0.113 0.11 1.59 411 1.17
0.075 0.05 2.02 5.22 1.49
0.038 0.01 2.15 5.55 1.59
0.429 0.83 1.09 2.30 0.97
; 0.277 0.64 3.36 7.10 2.23
‘ 0.238 ) 0.47 3.47 7.33 2.40
0.198 0.32 3.56 7.51 2.36
0.158 0.21 3.62 7.65 2.41
0.119 0.12 3.60 , 7.61 2.39
0.079 0.05 3.56 7.52 2.37
0.040 0.01 3.23 6.83 2.14
G.240 0.49 1.48 3.82 1.09
0.199 0.34 1.43 3,70 1.06
0.159 0.22 1.61 4.16 1.19
0.119 0.12 1.68 4.34 1.24
0.079 0.06 1.72 4.44 1.27
0.040 0.01 1.93 4.99 1.42
1.643 0.34 0.80 2.06 1.54
0.158 0.22 1.06 2.74 0.78
0.118 0.12 2.40 6.20 1.77
0.079 0.05 3.07 7.94 2.27
0.039 0.01 3.02 7.80 2.23
0.602 0.51 -0.02 -0.05 -0.02
0.201 0.35 1.30 3.36 0.96
0.161 0.23 1.65 4.26 1.22
0.121 0.13 2.27 5.86 1.68
0.080 0.06 2.46 6.35 1.82
0.040 0.01 2.53 6.54 1.87
continued
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Table 3. Continued

Normalized Fluid
Sym b?l Velocity, | Deceleration, | Penetration | Frontal Area, | Side Area, Velocity, Inertial Drag,
Test No. :::m v a Depth, z Ag Ag v —— P _1 2¢ )
e | (s | @ (em) (em?) (em?) w | HTCl
(mzlkgf-sec) (kgf)
$22 o 605 4.9 9.8 2.39 45.7 0.343 044
484 6.85 18.1 2.39 80.3 0.179 0.28 .
363 7.65 234 2.39 80.3 0.135 0.16
242 8.0 27.0 2.39 80.3 0.090 0.07
121 7.1 29.0 2.39 80.3 0.045 0.02
$23 o 786 8.55 10.8 2.39 59.3 0.440 0.87
688 13.0 17.4 2.39 80.3 0.277 0.67
590 15.0 22.2 2.39 80.3 0.236 049
491 16.5 25.4 2.39 80.3 0.198 0.34
393 16.5 28.0 2.39 80.3 0.158 022
295 14.9 30.3 2.39 80.3 0.119 0.12
197 13.9 320 2.39 80.3 0.079 0.05
98 11.5 33.2 2.39 80.3 0.040 0.01
S24 ® 710 6.05 16.1 2.39 79.5 0.263 060 .
567 7.05 25.5 2.39 80.3 0.210 0.38
426 7.50 326 2.39 80.3 0.158 022
284 7.7 37.3 2.39 80.3 0.105 010
142 6.75 40.1 2.39 80.3 0.053 002




3. Continued
lormalized Fluid Net Measured Maximum Minimum
Velocity, Inertial Drag, Penctration St;i;x-kate ‘Strain-Rate Effect,
oY 1 Resi ect, .
TLs, | Fu=3oCoAr | g =Ms:s.ﬂ:'+ w FYAp |'s; = ol
21 of. (kg) (kgf) Stmax SN min ~ § N_+(S,/SHAg/AE)
n*/kgf-sec) u've

0.343 0.44 2.52 5.33 2.37

0.179 0.28 3.74 7.91 2.49
-0.235 0.16 427 9.04 2.84

0.090 0.07 4.55 9.62 3.03

0.045 0.02 4.12 8.72 2.74

0.440 0.87 175 3.70 1.42

0.277 0.67 3.22 6.80 2.13

0.236 0.49 3.97 8.40 2.64

0.198 0.34 4.55 9.62 3.02

0.158 0.22 4.67 9.88 .11

0.119 0.12 4.31 9.12 2.87

0.079- 0.05 4.10 8.67 2.73

0.040 0.01 3.44 7.27 2.28

0:263 0.60 3.54 7.49 2.37
10.210 0.38 4.39 9.28 2.98

0.158 0.22 4.83 1021 3.21

-0.105 0.10 5.08 10.74 3.38

0.053 0.02 4.56 9.65 3.04
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Table 4. Instantancous Test Data and Computations for Models;

|
4

T4

|

Normalized

K

Fhid 3
3?:‘;’:’: Velocity, | Deceleration, | Penctration | Frontal Arca, | Side Area, | Velocity. | Inervial Drag, |
- Test No. . v s Depth, z Ag Ve = 1
' ";:tx;m (cm/sec) ® (cm) {cm?) {cm?) *u =EpvicoA,‘
(m2/kgf-sec) (kgf) :
. S |
s8 - 1,219 8.0 44 2.39 2 0.765 190
1,117 10.0 19.6 2.39 55 0.228 1.60 ;
1,015 12.8 330 2.39 75.4 0.208 1.32 |
914 13.4 41.0 2.39 75.4 0.187 1.07 :
812 13.8 47.4 2.39 75.4 0.166 0.84
710 14.1 53.2 2.39 754 0.146 0.65
609 13.6 58.8 2.39 75.4 0.125 0.47 1
508 13.0 63.5 2.39 75.4 0.104 0.33 :
406 14.0 67.5 2.39 754 0.083 0.21 i
305 15.6 69.6 2.39 75.4 0.062 0.12
203 14.0 720 2.39 75.4 0.042 .08
102 10.6 73.1 2.39 75.4 0.021 0.01 §
§
9 ° 740 13.4 11.1 2.39 52.3 0.191 0.68 !
665 18.8 15.5 2.39 76.5 0.127 0.55
592 21.1 19.7 2.39 80.3 0.113 044
518 21.9 21.3 2.39 80.3 0.099 0.33 p
444 22.3 23.6 2.39 80.3 0.085 0.25 i
370 22.8 254 2.39 80.3 0.070 0.17 j
296 229 263 2.39 80.3 0.056 0.1i i
222 22.1 28.1 2.39 80.2 0.042 0.06 3
148 20.0 29.0 2.39 80.3 0.028 0.03 ;
74 17.8 29.6 2.39 80.3 0.014 0.0i 5
S10 o 907 11.2 1.7 2.39 9.5 1.52 1.05
815 14.3 8.6 2.39 47 0.271 0.85
725 12.8 14.3 2.39 75.4 0.145 0.67
635 12.1 21.9 2.39 75.4 0.121 0.51 i
544 14.3 25.9 2.39 75.4 0.104 0.38 ’
453 21.3 28.8 2.39 75.4 0.086 0.26 E
362 23.3 30.7 2.39 75.4 0.069 0.17 :
272 23.8 32.1 2.39 75.4 0.052 0.09 :
181 24.0 33.0 2.39 75.4 0.035 0.04
91 20.7 33.6 2.39 75.4 0.017 0.01 ;
S11 o} 1,212 26.7 8.57 2.39 38.5 0.404 1.88
1,126 39.2 11.9 2.39 56.5 0.270 1.62
1,040 47.8 14.4 2.39 70.5 0.198 1.38 !
953 50.8 16.5 2.39 80.3 0.182 1.16
866 51.8 18.3 2.39 80.3 0.155 0.95

L.m;.i, [P S VOUROUT DUSIUPO SRR




2 and Computations for Models in Medium Silt.

ormalized Fluid Net Measured Maximum Mini

Velocity . - Strain-Rate N imum

, ’ Inertial Drag, Penctration Strain-Rate Effect,

v v 1 Resistance, Effect, F*/A

LS_ Fﬂ sip'chAF F* =M*s- Fll +W _ F'/A'.- si-h = . ¥
2/kgf-sec) (kgh) (kgh Simax = SN, SuN, +(S,/SXAg/Ap)
0.765 1.90 g 2.06 2.74 1.57
0.228 1.60 3.27 4.35 1.60
0.208 1.32 4.82 6.40 1.84
0.187 1.07 535 7.11 2.10
0.166 0.84 5.76 7.65 2.26
0.146 0.65 6.08 8.08 2.38
0.125 0.47 6.03 '8.01 2.36
0.104 0.33 5.90 7.84 231
0.083 0.21 6.48 8.60 2.54
0.062 0.12 7.29 5.68 2.86
0.042 0.05 6.64 8.82 2.60
0.021 0.01 5.13 6.81 2.01
0.191 0.68 4.12 448 1.55
0.127 0.55 6.05 6.58 2.24
0.113 0.44 6.92 7.53 248
0.099 0.33 7.30 7.94 2.61
0.085 0.25 7.51 8.16 2.69
0.070 0.17 7.76 8.44 2.78
0.056 0.11 7.85 8.53 2.81
0.042 0.06 7.63 8.30 297
0.028 0.03 6.96 7.57 2.71
0.014 0.01 6.25 6.80 2.43
1.52 1.05 1.90 2.52 1.95
0.271 0.85 2.87 3.81 1.55
0.145 0.67 2.68 3.57 1.03
0.121 0.51 2.66 3.53 1.03
0.104 0.38 3.34 4.44 1.29
0.086 0.26 5.21 6.93 2.01
0.069 0.17 5.79 7.69 2.27
0.052 0.09 5.99 7.95 2.31
0.035 0.04 6.09 8.09 2.35
0.017 0.01 5.31 7.05 2.05
0.404 1.88 4.65 5.05 2.55
0.270 1.62 7.89 8.68 3.53
0.198 1.38 10.19 11.07 3.97
0.182 1.16 11.11 12,10 3.98
0.165 0.96 11.56 12.57 4.14
continued
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Table 4. Continued

Normalized

|
! Fluid Net M
f’y:db:: Velocity, | Deceleration, | Penctration | Frontal Area, | Side Area, Vclocat:, Inertiai Drag, Pene
Test No. . v a I l'n.z A v = _l 2 Resi
‘ n;nmg (em/sec) @ ngr (em?) (em?) 5. |Fu=2""CoAe | pope
} e (m2/kgf-sec) (kgf) ) (l;
| - ‘ =
1 sn o 780 53.0 19.7 2.39 80.3 0.149 078 1
693 54.0 21.2 2.39 80.3 0.132 0.61 11
| 606 54.3 224 2.39 80.3 0.115 047 1
| 520 53.8 23.4 2.39 80.3 0.099 0.35 1
\ 433 52.0 24.3 2.39 80:3 0.082 0.24 11
\ 346 50.6 25.0 2.39 80.3 0.066 0.15 1
| 260 48.8 25.7 2.39 80.3 0.049 0.09 1i
| 173 45.5 26.1 2.39 80.3 0.033 0.04 u
87 0.3 26.4 2.39 80.3 0.017 0.01 1
| s12 s 815 3.9 0.77 2.39 45 3.03 0.35 (
735 5.7 13.1 2.39 71.7 0.160 0.69 1
653 7.2 2.2 2.39 75.4 0.125 0.55 1
571 15.4 27.7 2.39 75.4 0.110 0.42 ¥
490 17.8 30.7 2.39 75.4 0.094 0.31 {
408 19.4 33.1 2.39 75.4 0.078 0.21 ]
326 20.0 34.9 2:39 75.4 0.063 0.14 ¥
245 20.8 36.2 2.39 75.4 0.047 0.08 i
163 20.8 37.2 2.39 75.4 0031 0.03 3
82 19.5 37.8 2.39 75.4 0.016 0.01 1
| ¥
513 ' 897 7.0 1.5 2 1.709 1.03 i
815 18.3 7.9 35 0.295 0.85 ¢
734 23.1 11.3 53 0.185 0.69 g
652 25.6 13.9 67.5 0.134 0.54 g
570 27.3 16.0 79 0.109 0.42 9
489 28.2 17.9 80.3 0.093 0.31 10
408 28.1 18.9 80.3 0.078 0.21 10
326 27,9 20.6 80.3 0.062 0.14 10
245 27.0 21.5 80.3 0.047 0.08 10
163 25.6 22.3 80.3 0.031 0.03 $
82 22.5 22.7 80.3 0.016 0.01 8
£
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Table 4. Continued

Saak ik

Normalized Fhid Net Measured Maximum .
Side Area, | Velocity, Inertial Drag P ; Strain-Rate Minimum
v & enctration Strain-Rate Sffect,

| Ag v = — F _1 2¢, Resistancs, Effect, EF*/A

. (cm?) Ls, n-Zp‘ pAF F*=M*-F, +W F*/Ag | s = ud

| 2 . o S = tmin ~ SN_+ (S, /SHAS/AR)

(m?/kgf-sec) (kgh (kg “max ~ SN,

| 80.3 0.149 0.78 12.02 13.08 430

' 80.3 0.132 0.61 12.43 13.52 4.45

. 80.3 0.115 047 12.63 13.74 4.52

- 803 | 0099 0.35 12.64 13.75 4.53

803 | 0.082 0.24 12.33 13.40 142

3 80.3 0.066 0.15 12.09 . 13.14 4.33

. 803 0.049 0.09 11.71 12.74 4.20

| 803 0.033 0.04 10.98 11.93 3.93

- 803 0.017 0.01 9.16 9.96 3.28

|

| 45 3.03 0.85 091 1.21 1.06

§ 71.7 0.160 0.69 1.73 2.30 0.72

. 75.4 0.125 0.55 241 3.20 0.93

| 754 0.110 0.42 5.52 7.34 2.13
754 | 0.094 0.31 6.51 8.65 2.52
754 0.078 0.21 7.19 9.55 2.78
754 0.063 0.14 7.48 9.93 2.89
75.4 0.047 0.08 7.83 10.40 3.02
75.4 0031 0.03 7.83 10.47 3.04
754 0.016 0.01 7.43 9.86 2,87
2 1.709 1.03 1.88 12.20 1.94
35 0.295 0.85 6.20 6.74 3.57
53 0.185 0.69 8.12 8.83 3.76
67.5 0.134 0.54 9.19 9.99 3.68
79 0.109 0.42 9.92 10.80 3.59
80.3 0.093 0.31 10.37 11.27 3.72
80.3 0.078 0.21 10.43 11.35 3.74
80.3 0.062 0.14 10.43 11.35 3.74
80.3 0.047 0.08 10.16 11.03 3.64
80.3 0.031 0.03 9.70 10.54 3.48
80.3 0.016 0.01 8.58 9.32 3.07
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Table 5. Instantancous Test Data and Compuitations for Models in Silr:

Normalized Fluid
)} Symbol Velod . . . Velocity, i
- clocity, | Deceleration, | Penetration | Frontal Area, | Side Area, ) Inertial Drag,
* Test No. ghfd-m v a3 Dq)lhal Ap As v':—v— F ,.lpvzcoA

: e | (anssee) @ e | (m?) (em?) Ls, | "HTM OTF e

(m?/kgf-ec) (kgf)
R2 -+ 4,490 660 8.48 0.925 75 0.0745 233 ,
3,840 1,000 13.00 1.20 | 865 0.0416 222 '

3,200 1,160 16.67 1.20 T 93 0.0277 15.45

2,560 1,310 174 3.255 ' 107.5 >0.0186 26.8

1,920 1,400 20.9 3.255 115.8 >0.0129 15.0

1,280 1,290 22.1 ‘ 3.255 123 >0.0082 6.65

640 1,190 2238 3.255 125 >0.0040 1.66

R3A -+ 4,810 -850 2.96 0.705 23 0.0398 16.2

4,440 1,350 4.84 0.925 41 0.0224 17.2

3,700 1,750 6.92 0.925 60 0.0131 12.5

2,960 2,000 8.44 0925 1 75 0.0086 8.0

2,220 2,050 9.49 1.20 1 7 0.0057 59

1,480 1,990 10.22 1.20 81 0.0036 26

1,110 1,920 10.50 1.20 81.4 .0.0026 1.5

740 1,670 10.65 1.20 81.7 0.0011 0.7

370 1,230 1 10.80 1.20 82 0.9008 0.2

‘R4A -+ 4,850 1,400 2.07 0.705 15 0.0109 10.4

4,370 2,030 3.32 0.925 26 0.0061 11.1

3,890 2,040 4.17 0.925 29.5 - 0.0043 8.7

3,400 2,400 4.95 0.925 42 0.0031 6.7

2,920 2,660 5.55 0.925 48 0.0024 49

2,430 2,900 6.02 0.925 < 0.0019 34

1,940 3,080 6.37 0.925 55 0.0014 22

1,460 3,050 6.60 0.925 57.5 0.0010 1.2

970 2,930 6.80 0.925 59 0.00¢7 0.5

485 2,780 6.93 0.925 60.5 0.0003 0.1

R1 ® 5,080 250 3.24 0.713 7 0.228 32.7

4,510 700 15.84 0.713 44 0.0415 25.8

3,950 1,200 22.1 2.852 76.7 0.0260 79.1

3,340 1,600 25.1 2.852 76.7 0.0196 58.1

2,820 1,500 27.7 2.852 76.7 0.0148 40.4

2,260 650 30.2 2.852 76.7 0.0109 25.8
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Data and Computations for Models in Silt-Cement.
| Normalized Fluid Net Measured Maximum Mini
Veloity, . ; Strain-Rate clmimum
Incrtial Diag, Penctrauon EfE Strain-Rate Effect,
| . v F :l pvz A Resistance, ect; F* IAF
" u =7 ol FoxMoe-Fy e W S; e Simia SN, + (5,55, A /AD)
(m2/kgfsec) (kgf) (kgf) max SN, wNe + (SIS NAS/AE
0.0745 23.3 181 21.6 3.18
0.0416 222 287 28.6 4.66
0.0277 15.45 343 34.2 5.30
>0.0186 26.8 378 14.0 39
so0n29 | 15.0 418 15.5 4.38
>0.0082 6.65 392 14.5 3.92
>0.0040 1.66 366 13.6 3.6%
0.0398 16.2 182 6.81 3.14
0.0224 17.2 297 847 3.28
0.0131 12.5 396 113 3.40
0.0086 8.0 458 13.1 3.27
0.0057 5.9 472 104 3.10
0.0036 26 462 10.2 2.99
0.0026 1.5 445 9.78. 2.86
0.0011 0.7 388 8.53 248
0.0008 0.2 286 6.29 1.83
0.0109 104 287 271 1.89
0.0061 11.1 419 291 1.85
0.0043 8.7 424 2.95 1.79
0.0031 6.7 502 3.49 1.81
. 0.0024 49 559 3.88 1.88
. 0.0019 34 612 4.26 1.98
| 0.0014 22 651 4.53 2.04
| 0.0010 1.2 645 449 1.98
| 0.0007 0.5 620 4.31 1.87
. 0.0003 0.1 589 4.10 1.76
\
0.228 32.7 57 6.09 4.21
0.0415 25.8 224 23.9 6.28
| 0.0260 79.1 349 9.32 4.19 4
0.0196 58.1 513 13.7 6.16 :
0.0148 404 495 13.22 5.95 f
0.0109 25.8 206 5.50 2.47 i
continued i
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Table 5. Continued

Normalized

s ! Fluid
’ ymb.d Velocity, | Deceleration, | Penctration | Frontal Area, | Side Arez, Velocity, Imertial Drag,
SO 2 el Bl =gl Ry il Fawid
o | (amsseq ® (cm) (cm?) (em?) . | B2 g
(02 /kgf-sec) g -

R3B < 4,900 1,000 4.63 0.713 10 0.0215 117

4,460 1,200 7.8 0.713 19.5 0.0116 9.7

3570 1,320 11.5 0.713 26 0.0063 62

2,670 1,350. 14.1 0.713 38.5 0.0039 35

1,780 1,380 16.1 6.713 4.5 0.0023 15

890 1,160 17.2 0.713 47.5 0.0011 04

450 840 17.6 0.713 48.5 0.0005 0.1

R4B ® 4,770 1,120 292 0.713 s 0.0076 10.5

4,290 1,560 442 0.713 9 0.0045 8.5

3,820 1,720 $.60 0.713 13 0.0032 6.7

3,340 1,780 6.65 0.713 16.5 0.0023 5.2

2,860 1,800 7.36 0.713 18.5 0.0018 38

2,380 1,670 8.06 0.713 20.5 0.0014 26

1,910 1,640 8.62 0.713 22.5 0.0010 1.7

1,430 1,760 9.10 0.713 0.0007 1.0

950 1,750 9.36 0.413 24 0.0005 04

480 1,590 9.56 0.713 24.5 0.0002 0.1

RSB ° 5,050 1,150 1.91 0.224 0.75 0.0116 13

4,540 960 4.76 0.713 7 0.0042 8.5

4,040 920 7.76 0.713 16 0.0023 6.7

3,530 1,080 10.06 0.713 225 0.0015 5.1

3,030 1,130 11.54 0.713 27 0.0012 3.8

2,520 1,250 13.3 0.713 32 0.0008 26

2,020 1,260 14.3 0.713 35 0.0006 1.7

1,510 1,230 15.2 0.713 37.7 0.0004 0.9

1,010 1,530 15.9 0.713 40 0.0003 04

500 1,610 16.2 0.713 40.7 0.0001 0.1

RSA Ja) 5,350 350 1.61 0.061 0.57 0.0124 0.7

4,760 800 6.45 0.325 7.61 0.0027 3.1

4,170 1,030 9.20 0.570 14.1 0.0017 4.1

3,570 1,200 11.20 0.790 19.9 0.0012 41

2,980 1,350 12.57 0.960 24.5 0.0009 3.5

2,380 1,430 13.7 1.115 28.6 0.0006 2.6

1,780 1,500 14.46 1.205 31 0.0005 1.6

1,190 1,700 15.1 1.205 31 0.0003 0.7

590 1,690 15.36 1.205 31 0.0001 0.4
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Table 5. Continued
Normalized Fluid Net Measured Maximam Minimum
tal Area, | Side Area, Velocity, Inertial Drag, Penctration Sm;u-kgt.e Strain-Rate Effect
v = 1 Resistance, E, > ect, . ’
(::2) (c:’nz) . Fu x?'zc"‘F F*=M%-Fy+W F/Ap 1 5.  =— il 3
S; = Cmin ~ S_N_ +(S,/SNAg/Ay)
(m2/kgf-2cc) (igf) (kgf) max S N_
0.713 10 0.0215 11.7 211 496 2.76
0.713 19.5 0.0116 9.7 257 6.05 3.73
0.713 26 0.0063 62 287 6.75 3.69
0.713 38.5 0.0039 35 297 7.00 3.14
0.713 “s 0.0023 15 305 7.8 2.97
0.713 475 0.0011 04 237 6.05 241
0.713 485 0.0005 0.1 187 440 1.73
0.713 s 0.0076 10.5 229 1.32 1.21
0.713 9 0.0045 85 330 1.90 1.63
0.713 13 0.0032 6.7 362 2.08 1.68
0.713 16.5 0.0023 5.2 376 2.16 1.66
0.713 18.5 0.0018 3.8 381 2.19 1.64
0.713 20.5 0.0014 26 355 2.04 1.49
0.713 225 0.0010 1.7 350 201 1.61
0.713 0.0007 1.0 375 2.15 1.51
0413 24 0.0005 0.4 375 2.15 1.50
0.713 24.5 0.0002 0.1 340 1.95 1.35
0.224 0.75 0.0116 3.3 249 4.17 4.01
0.713 7 0.0042 8.5 202 1.06 0.95
0.713 16 0.0023 6.7 195 1.03 0.81
0.713 22.5 0.0015 5.1 232 1.22 0.89
0.713 27 0.0012 3.8 244 1.28 0.89
0.713 32 0.0008 2.6 272 1.43 0.93
0.713 35 0.0006 1.7 275 1.45 0.91
0.713 37.7 0.0004 0.9 268 1.41 0.87
0.713 40 0.0003 0.4 335 1.76 1.06
0.713 40.7 0.0001 0.1 353 1.85 1.11
0.061 0.57 0.0124 0.7 77 3.80 3.49
0.325 7.61 0.0027 3.1 174 1.62 1.32
0.570 14.1 0.0017 4.1 224 1.24 1.00
0.790 19.9 0.0012 4.1 261 1.00 0.81
0.960 24.5 0.0009 3.5 295 0.93 0.75
1.115 28.6 0.0006 2.6 314 0.85 0.68
1.205 31 0.0005 1.6 330 0.83 0.66
1.205 31 0.0003 0.7 375 0.94 0.75 .
1.205 31 0.0001 0.4 373 0.93 0.74
20
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‘FIELD TESTS
Free-Fall Conc and Corer

Tests were conducted early in the course of the
CEL penetration work with.a free-fall device instru-
mented: to record  deceleration versus -time on a
rotating drum pen recorder. This same device has
been used in- previously pudlished work (Scotr,
1970). The device could-be fitted with 2 conical-nose
penctrometer probe or a gravity corer. Denails of the
tests and analysis of the data have been presented by
Migliore and Lec (1971), along with a proposed pre-
diction method. The use of this prediction method
will be ciscussed further-in a following section.

In an effort to obtan data to verify the scaling
rehationships derived from the model tests, full-scale
tests were conducted with a large penetrometer in
terrigenous silt in the Santa Barbara Channel. The
device is shown in Figure 16; it is ready-for drop from
a surface ship in 1,200 feet of water. The penctro-
meter is about 25 feet jong and weighs about 2,600
pounds; it was constructed by filling a 6-inch-ourside-
diameter steel tube with lead.

Attempts were made to instrument its nosc so
that force could be measured and rigid-bady decelera-
tion recorded with an on-board accelerometer. The
instrumentation system performed poorly, yielding
no force data and only one readable trace of decclera-
tion for the several tests conducted. The test data are
summarized in Table 2. The observed performance
will be compared with other data in a following
section.

Air-Dropped Projectiles

Tests of models having various shapes and
various projecting fins were conducted to provide
additional data on the effects shape and projections
have on penctration resistance. The penetrators were
assembled from interchangeable parts designed so
that many different combinations of shape and fin set
could be obtained. Enough parts were fabricated to
assemble four complete penetrators at any one time,
such as shown in Figure 17.

Figure 16. Large scafloor penctrometer being
launched from MV Gear.

A site was sclected on the western boundary of
the Naval Shipyard-at Mare Island, California, ncar
the main sewage outfall for the station. Soil at the
site is recently deposited San Francisco Bay mud in a
nearly flat, straight.shore area maintained naturally in
a wet condition year-round. Strength data for soil at
the sewage outfall were available from logs of soil
tests conducted for construction of the outfall; these
data are shown in Figure 18. The data indicate that
the sediment down to about 30 feet has a ratio of
shear strength to overburden pressure of approxi-
mately 0.3, and that the underlying scdiment is
substantially stronger, possibly because of desiccation
or erosion that occurred during the last geological
recession of the sea. Bascd upon the topographical
uniformity of the site, these properties were general-
ized to the adjacent target area 200 to 300 feet north
of the outfall.

A helicopter was utilized asa work platform for
dropping and extracting the projectiles. Each test
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Figure 17. Uninstrumented, droppable fic

consisted of (1) hanging a projectile 50 feet beneath
the aircraft on a pullout liné; (2) dropping the pro-
jectile from an altitude of approximately 200 fect by
rcleasing the pullout line, (3) hovering at an altitude
of 20 feet 1o retrieve the pullout line by hauling ina
tag line attached to the end of the pullout line, and
(#) extracting the projectile from the mud by
increasing aircraft altitude with the end of the pullout
line attached to a load-measuring device suspended
from a frame in the aircraft.

The projectiles were not instrumented. FHowever,
high-speced motion pictures were taken at 1,000
frames per second for observing any instability of the
projectiles when entering the mud, and elevated-speed
motion pictures Wu. taken at 48 frames per sccond
to provide data on projectile impact velocity, flight
stability, and embedment depth. Color slides pro-
vided back-up data on embedment depth.

Id penetrators; parts are interchangeable.

The film data were reduced frame-by-frame
manually by scaling to obtain travel distances Depth
of embedment was determined by scaling the length
of pullout line above the mud when the line first
came taut during extraction, and subtracting this
length from the known length of the pullout line.
Timing was determined from the known film speed.

Thirty-six such tests were conducted. In differ-
ent tests, the projectiles were assembled having three
different length-to-diameter ratios (slendernesscs),
tailpieces with and without stabilizing fins, and nose-
picces with and without streamlining, with no flukes,
fairing, and with simulated rectangular and circular
anchor flukes (simulated flukes did not rotate to key
during extraction). Combinations were varied to pro-
vide a sampling of the variables which was approxi-
mately balanced statistically, with repetitions of some
configurations.

22

.
e et s o g g

, B} S,
T R N T PR TPNRIACRY JFURE e SRR Fo WP

Saaamd’

T LAY o WA S ey

-
N

b

!
!

o Tk e b At e o Yok v

a3t

e o

KFEIPEER §

2o et Xy,




Shear Swrength, S, (psf)
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Figure 18. Shear strength from unconfined compression tests at Mare Island, CA,

test site (Anon., 1956).

The test data are shown in Table 6 along with
the analytcal calculations discussed in a following
sectidn. The tests are grouped according to slender-
ness:
DATA ANALYSIS
Underlying Laws

The physical laws pertaining to penetration resis-
tance are related to the forces shown in Figure 19.

Vertical force equilibrium gives

NetForce = Fpy + W - F (1a)

F = Fgg + Fpap + Fy (1b)
where Fp, = externally applied driving force

W’ = buoyant weight of penetrator in soil

F = total penetration resistance force

Fpp = bearing pressure force
F op = side adhesion force
Fy = fluid incrtial drag force

The buoyant weight of the penetrator and the
externally applied driving force contributz to penetra-
tion, whereas the point bearing pressure force, side
adhesion force, and fluid inertial drag force resist
penetration. The direction of all vector quantities in
this figure is positive downward. These forces consti-
tute the analytical framework used in this study; the
relative magnitudes and underlying mechanisms for
these forces werce left open to adjustment according
to the data. Any net unbalance in these forces would
cause a change in the penctrator velocity by accelera-
ting the mass of the penctrator along with the added
mass of the soil moving in association with the pene-
trator, The conditions of zcro driving force, a
negative penctration resistance force, and a positive
initial velocity correspond to free-fall penctration.
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Table 6. Summary of Air-Dropped Projectile Data

24

Ratio of Calculated to Measured
Slendemness lniti:.nl Measured De?th of l.imbcdl_ncnt t.'ora
Test . Velocity, | Embedment, Side Minimum Adhesion
No. R:Jt:)o ’ vo! z Factor, 8°*, of—
(ft/sec) (fr)
0 0.1 02 | 03 | o4 | 05
ADS 9.3 60t 14 121 | 111 | 104
AD10¢ 9.3 66 - 17 .08 | 1.01 | 096
ADIS 9.3 60t 11 155 | 1.44 | 1.34
AD16 9.3 60? 16 1.02 | 093 | 0.87
AD20 9.3 51 144 1.09 | 1.01 | 096
AD21¢ 9.3 50 14 1.07 | 098 | 091
AD22 9.3 60b 24 0.69 | 0.63 | 0.59
AD27 9.3 60° 13 127 | 1.t6 | 1.08
AD32 9.3 60b 12 143 | 130 | 1.21
AD34 9.3 61 184 095 | 0.86 | 0.80
AD36 9.3 65 114 153 | 142 | 1.32
Average 9.3 1.15 | 1.06 | 0.99
i::::cdc 9.3 108 | 1.00 | 0.94
ADY¢ 15.5 63 19 0.96 | 0.88
AD12 15.5 65 164 1.24 | 111
AD14 15.5 63b 19 092 | 0.85
AD17 i85 56 204 0.89 | 0.81
AD19 15.5 60 154 1.12 | 1.03
AD24¢ 15.5 66 17 1.09 | 0.99
AD25 15.5 67 174 1.08 | 0.99
AD28 15.5 63b 14 1.31 | 1.20
AD29 15.5 63b 20 093 | 0.85
AD35 15.5 57 134 1.35 | 1.22
Average 15.5 1.09 | 0.99
/S\i':r';‘;i 15.5 103 | 094
continued
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Table 6. Continued

Ratio of Caiculated to Measured
Slenderness Initial Measured Depth of Embedment for a
Test . Velocity, | Embedment, Minimum Side Adhesion:
Ratio, a
No. D v z Factor, 6%, of—
(fr/sec) fv)
0 0.1 02 |03 o4 0.5
AD4 27.8 67° 23 06:82 | 0.76
ADI1 27.8 65 18¢ 0.99 | 0.92
AD13¢ 27.8 72 21 1.05 | 0.96
AD18¢ 27.8 60 17 1.03 | 0.94
AD23 27.8 56 104 1.64 | 1.51
AD26 27.8 66 74 258 | 2.38
AD30 27.8 67b 22 0.85 | 0.79
AD31 27.8 67b 114 1.67 | 1.54
AD33 27.8 67 17 1.13 | 1.04
Average 27.8 1.07 | 0.99
Selected 27.8 104 | 095
Average

@ Reduced from impact velocity to account for effects of encrgy transfer to
added mass on impact.

b Velocity measurement.not obtained; indicated value is average for this
projectile shape.

€ Selected averages are for test numbers indicated.

¢ Questionable embedment depth because of test anomalies.

o
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Figure 19. Forces acting on a penetrating object.

For ease in analysis, it was assumed that the
fluid inertial drag obeyed a velocity-squared law
identical to that for a Newtonian fluid with a mass
density equal to the bulk mass density of the soil
{Robertson and Pazwash, 1971). ‘the data obtained in
this study fell in a2 range where the soil strength over-
shadoved the drag o the extent that it was
impossible to verify. this assumption; however, satis-
factory agreement is apparent and the assumption is
not disputed.

A formula thart is generally used to predict pene-
tration behavior, which accounts for the forces
mentioned above, is the Poncelet Equation (Schmid,
1969), whercin the total resistance to penetration is

F = F* + Fy(v?) (2a)

where F* = plastic resistance force, a constant
not dependenit-on velocity or
displacement (represents Fgg
and F 5y, in Equation 1b)

Fy(v?) = fluid inertial drag, proportional
to the square of the velocity

The fluid inertial drag may be expressed in a manner
commonly used for fluid flow,

Fu(v?) = -;- pCp Apv? (2b)

where  p = fluid mass density

Cp = fluid drag coefficient based upon
frontal area

Ap

penetrator frontal area

penetrator velocity

]

v

Equation 22 was modified rather substantially by
replacing the constant F* term with a term depen-
dent on both depth and velocity in order to account
for the nonconstant nature of the plastic resistance
forces obscrved in the model tests. The bearing pres-
sure force depends on soil strength, depth, and
patterns of soil deformation. The side adhesion force
depends on soil strength, reduction in soil strength by
remolding, and adhesion or nonadhesion (separation)
between the side of the penetrator and the adjacent
soil. Further, the soif strength normally ‘varies with
depth and is known to depend on strain rate, which is
related to the velocity and the geometry of the pene-
trator. A modified form having features to account
for these effects was hypothesized, incorporating
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where S; = soil strain-rate effect, the
ratio of soil strength ata
velocity to that at zero
velocity

Fgg and F 5y = bearing and adhesion forces,
respectively, dependent on
static soil strength, depth,
and geometry

The bearing pressure and side adhesion forces are
given by the conventional formula (Terzaghi and
Peck, 1967, or other standard soils text):

FBE = SMNCAF (3)
A

Fap = s,,a,s-,’- @
t

where S, = static undrained soil shear strength
N_ = bearing capacity factor
Ag = penetrator frontal area
& = side adhesion factor

Ag = penetrator side area

W
L)
1t

soil sensitivity, ratio of undisturbed
to remolded static shear strengths

The similarity between the dynamic deformation
patterns observed in the high-speed movies (Figure
13) and the derormation patterns associated with
conventional static bearing capacity factors led to the
adoption of conventional static bearing capacity
factors for the N, term. The strain-rate effect, S;, and
the side adhesion factor, §,remained as undetermined
functions of penctrator velocity and geometry, and
soil propurties.

Point-By-Point Instantaneous Data

Several points were sclected at equal intervals in
time for each instrumented model test in the silt-
cement test series and, with the exception of the
half-section tests, for cach test in the soft and
medium silt serics. The instantaneous deceleration,
velocity, and displacement for these points are given

in Tables 3 through 5, along with the subsequently
discussed calculated parameters.

The instantancous-penctration data were norm-
alized and plotted in an effort to discover significant
trends of variation in the dynamic soil strength and
the amount of side adhesion occurring at various
velocities throughout the penetration events. A
measure of the dynamic-to-staticsoil-strength®
(termed the strain-rate effect) ratio was obrained by
subtracting the computed fluid inertial drag
(Equation 2b) from the total penetration resistance
(product of penetrator mass and measured decelera-
tion, augmented by penctrator buoyant weight), and
dividing this difference by a sum of products of areas
and resistance factors. The resulting expression is

F*/Ag

i)

where F* = F - Fy. This is cffectively the ratio
of dynamic measurcd strength to static predicted
strength,

Values for this ratio were calculated from the
available data; a pair of values was calculated from
cach data set for assumed values of side adhesion
factor, 8, of zero and unity. This procedure provided
a range of possible values of the measured strain-rate
effect ratio for each data set corresponding to values
of the side adhesion factor ranging between the
assumed extremes. The exact values for the strain-rate
effect and the side adhesion factor existing under any
instantancous set of circumstances were hypothesized
to depend on velocity, soil properties, and penetrator
characteristics.

In order to determine the nature of the varia-
tions in the strain-rate effect with velocity and other
conditions, a2 normalized velocity was selected as

S,

(5)

(6)

where L is the effective length of the shearing zone,
equal to the length of the penetrator body. This term,
when multiplied by a dynamic viscosity, reflects the
ratio of viscous forces to plastic forces in a flowing
fluid, This term was found to correlate well with

* “Static” was taken as denoting behavior at a strain rate equal to that employed in

strength testing of soft silt.
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variations both in the strain-rate éffct and in the side
adhesion factor. Instantancuus data are shown on
plots of computed ranges of S; versus v* in Figures
20 through 22. In these plots, the S; ranges are
shown corresponding to values, of & between the
extremes zero and - unity. It was anticipated that, as
velocity increased from zero 10 2-high value, S; would
increase from 1.0 to a somewhat higher value, and §
would decrease within the extremes unity and zero.
Thus, 2 function was developed to represent the
strain-rate effect at all values of v*. Finite values of
S; were maintained at the extremes in.velocity of
zero and infinity, The developed function is

1 1
1+ = = (7)
(C;v*+ co)"’] S:

maximum S; at high velocities,
referenced to the normalized velocity
of 2 x 10 m2/kgf-sec employed in
the static strength tests of soft silt*

.
1

where S;°

(]

C; = constant, having units of stress times
time

C, = constant, dimensionless

In an earlier publication (True, 1974), the three
arbitrary constants in this function werc evaluated for
overall conditions (impact velocity, ultimate embed-
ment depth) as

S.* = 37 (82)
C, = 200 ke (8b)
2

m
C, = 0.08 (8c)

however, trial fits with the instantancous data showed
that somewhat different values yielded a substantially
better fit for the instantancous data; they are

§:* = 5.0 (9a)
kef-
C; = 100 gn::“ (9b)

Co

= 0.04 (9¢)
It is shown below that the revised curve also fits the
overall data as well as the earlier curve.

Values of § are indicated by the position of the
strain-rate cffect curve on the plotted ranges in
Figures 20 through 22. As shown, § tends to be
nearly unity at lower values of the abscissa for
pointed penctrators in silt, and approximately 0.8 to
0.9 for blunt penetrators under the same conditions.
At higher velocitics, 8 drops to vaguely defined values
between 0.0 and 0.5. This observed behavior agrees
well with the conclusions drawn by True (1974) for
the overali data:

Overall Data

The overall data and the relationships derived
therefrom have been presented previously by True
(1974). The overall data refers to measurements of
overall behavior, including impact velocity and ulti-
mate embedment depth, and computed parameters
based on these measurements. The information
presented here deviates somewhat from that previous
presentation, and it relates the “overall” penctration
performance to the instantancous behavior. The over-
all data from the model tests are presented in Table 2
along with the major computations in tabular form
leading to the graphical derivation of the penetration
resistance rclationships. The half-section tests have
been omitted as the results from thesc tests are
distorted by the effects of friction between the pene-
trator and the transparent plastic face of the test
tank.

The final columns in Table 2 show ranges of
strain-rate effect calculated from the presented data
for the limiting values of adhesion reduction factor,
zero, and unity, These ranges are shown plotted
against normalized velocity in Figure 23. The line
represented by Equation 7 is also plotted, with the
constantc as given by Equations 9a through 9c. This
line follows the lower ends of the plotted ranges of S
(corresponding to § = 1) for low velocities, transiting
to the upper ends of the range (corresponding to § =
0) for higher velocities. The relationship from the
carlier reported analysis (True, 1974) of the overall
data, as given by Equations 7 through 8c, is shown as
a dotted curve for comparison. It is apparent that the

* Static strengths measured at other values of normalized velocity require normalization

to this value,
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revised (solid) curve, as derived herein from the
analysis of the data on an instantaneous basis, fits the
overall data as well as the previously derived curve.

Values of § were back-calculated from the inter-
sections of the fitted (solid) line with the plotted
ranges; these are shown plotted against the norma-
lized velocity in Figure 24. From this plot it is
apparent that & assumes values near 0.8 at Jow
velocities, transiting to low values at high velocities,
with wansition zones and high-velocity values of §
varying in position for different nose shapes.

The values. of § at high velocities and the
positions of the wansition zones should depend on
the’ length-to-breadth (slenderness) ratios of the pene-
trators. As most of the penetrator travel in dynamic
penetration occurs at velocities above the transition
velocity, the value of § at high velocities is of primary
concern, It is reasonable that this value of 8, termed
&¢, for more slender penetrators should be greatér
than or equal to the predicted values, and for the
stubbier penetrators it should be less than or equal to
the predicted values based upon the present model
tests.

The field tests of the penetrators of varying
slenderness conducted in San Francisco Bay mud at
Mare Island provide data for determining the effect of
slenderness on the asymptotic value of the side
adhesion factor, §*, at high velocities, The measured
depths of embedment ranged from 10 to 25 feet. The
calculated embedment depths were obtained by
substituting trial values of 8* together with esti-
mated values of other parameters into an incre-
mental calculation procedure (described in a succeed-
ing section). The values of 6* were adjusted until the
calculated embedment depths were in best agreement
with the measurements, as shown in Table 6. It was
found that, by making a suitable selection of the §*
value, discrepancies between calculated and measured
values of embedment depth could be reduced to a
level consistent with natural variations in soil
strength. The resulting values of §* are summarized in
Figure 25 and Table 7. As the embedment depths
computed by the incremental procedure vary only
about 10% for variations in §* of over 20%, the selec-
tion of approximate values of 6*, using Table 8 as a
guide, should yield sufficient accuracy for most pur-
poses.

Table 7. Minimum Values of High-Velocity
Side Adhesion Factor Derived
From Ficld Test Data

High-Velocity
Slendemess . .
Projectile Shape . Side Adhesion
Ratio,L/D Factor, 5°
Stubby 9 0.11
Medium 15 0.22
Slender 30 046

The ficld tests of the large seafloor penetrometer
provided data for checking the above-derived
relationships for a large, slender penetrator. The test
data are summarized in Table 2. The back-calculated
values of & are greater than unity; possible causes for
this discrepancy include the effect of an unac-
counted-for line drag force, erroneously low values of
assumed soil strength at sub-sampled depths, erro-
neously low values of recommended soil strain-rate
effect at the appropriate value of velocity term, or a
velocity term which does not properly represent wide
ranges in penetrator size and, especially, penetrator
length as related to the length of shearing path. The
data are insufficient to resolve this question.

DISCUSSION
Components of Penetration Resistance

The resistance imparted by a soft, saturated soil
to the deep, vertical penetration of an axisymerric
cylindrical penetrator can be resolved into com-
ponents in order to enable generalization to soils of
various strengths penetrated at various velocities. To
this end, the observations made in the present study
were considered in light of previously established
theory and empirical information.

Bearing Pressure

Observations of the deformation patterns of soil
around an advancing half-section penetrator showed
no separation or other visible departure from patterns
observed after penetration. In all cases, these patterns

29

wm e e Ve—




g

appeared to duplicate patterns associated with the
development of conventional static-bearing capacity
factorsbased on plasticity theory. This led to the con-
clusion that the conventional static bearing pressure
theory is applicable, in a general sense, to the phe-
nomenon of dynamic penetration, subject to modifi-
cation only to the extent necessary to account for the
inertial forces in the system and the effects of high
rates of shear strain on the shearing resistance in the
soil. Inertial forces are associated with the rigid-body
accelerations of the penetrator and its effective added
mass and the fluid-type inertial drag in the soil. Vis-
cous drag forces are lumped with the soil shearing
resistance in this analysis.

Side Adhesion Factor

The adhesive shear stress along the sidewall of
the penetrator normally is considered separately from
the bearing pressure in conventional pile capacity
analysis. The adhesive shear stress immediately after

.driving takes on a value equal to the product of the

remolded strength of the soil multiplied by a side
adhesion factor. The side adhesion factor, normally
unity for soft soils, was suspected of being subject to
reduction by the tendency of the soil to separate
from the penctrator sidewall. This tendency was
hypothesized to result from the outward momentum
of the soil diverted around the nose of the advancing
penetrator. Such conditions would tend to reduce
effective soil stresses and increase pore pressures,
thereby reducing the net soil strength adjacent to the
penetrator, The increase in pore pressures would have
been facilitated by previously supernatant water
tending to be carried along with the penetrator as it
entered the soil. Thus, substantial reductions in the
side adhesion factor were anticipated at high veloci-
ties, even in very soft soils,

The values given ir. Table 7 are recommended as
a guide in selecting a value of 8* for a penetrator of
concern, If more precision is required, model tests
can be conducted to obtain measurements of the
adhesion factor for any shape of interest.

Strain-Rate Effect
Sufficient data were obtained on the soil

materials used in this work to determine the effect of
strain rate on the shearing resistance of the silt test

s0il. The vane shear test data were obtained at rates
of 43, 166, and 830 degrees per minute on the softer
rwodel test materials, and unconfined and confined
compression test data were obtained on the stronger,
cemented materials. Furthermore, the penetradion
tests, which were conducted at various rates, provided
substantial additional information on strainrate
effect.

The phenomenon of penetration offers some
distinct advantages as a basis for determining the
effect of strain rate on shearing resistance in a soil. It
can be conducted at high rates with inertial sffects
limited to a relatively small fluid inertial drag force.
The tendency toward separation at the sidewall can
be controlled by properly adjusting the nose shape
and breadth of the afterbody and/or it can be moni-
tored with appropriate instrumentation. Finally, as
no significant variation has been found in the.shape
of deformation patterns around advancing penc-
trators at varying velocities, the use of a constant
bearing pressure coefficient should yield an accurate
picture of variations in soil shearing resistance with
strain rate when applied to penetration data obtained
at different velocities.

The problem remains of relating the velocity
difference between two blocks of soil or between 2
foreign body penetrating soil to the shear strain rate.
If a constant deformation pattern is maintained, it is
reasonable to assume that the shear strain rate is
nearly proportional to the velocity. Analogous to the
behavior of a fluid boundary layer, it is probable that
the thickness of a shearing zone is proportional to its
length. As the magnitude of shear strain for a given
overall displacement varies inversely with this
thickness, it is reasonable to assume further that the
shear strain rate is inversely proportional to the
length of the shearing zone. This length corresponds
to the circumference of the vane in a vane shear test
and roughly to the length of the penetrator in the
case of penetration. These two assumptions appear
reasonable and were adopted for the present analysis.
The resulting derived relationships are recommended
for engineering applications. For purposes of pre-
dicting penetrator performance, the relationship
derived above for the strain-rate effect (Equations 7,
9a, 9b, and 9¢) should be used to compute a dynamic
soil strength in soils composed of strong grains
relative to the bulk soil strength. This dynamic soil
strength, i.e., the product of strain-rate effect and
undrained strength, is to be utilized in calculating the
soil resistance force,
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Soil Shear Strength

The undrained shear strength of a target material
can be determined by conventional sampling and
testing methods normally employed in-rthe course of
any sound foundation enginecring effort. However, it
often is uscful vo employ a geneisf -l .of ~humb as
an expedient in the preliminary stages of an cfforr.
For clays; soft silts, and some- finegrained seafloor
sediments comprising a large portion of the arca of
the seafloor, such 2 rule of thumb can be surprisingly
accurate. In gencral, the undrained shear strength in
the upper few tens of feet in such sediments increases
approximately linearly with depth from essentially
zero at the sediment surface, provided the sedimenta-
tion process is relatively constant with no removal of
upper layers by erosion, slumping, or other means.
The constant of proportionality, termed C,,has units
of stress divided by length (depth). Values of C,
depend upon the soil composition and density, falling
mainly in the range between 80 and 240 (kgf/m2)/m.
Without more specific information, a value may be
assumed for C, for a generalized silt-sized or finer
deep seafloor sediment as

S 2
Cz =-z-£= 1601‘.?. (10)

A constant strength term can be added to the product
of C, with depth if an clevated overall strength is
anticipated.

Similarly, the ratio of undisturbed to remolded
strength for fine-grained seafloor sediments, termed
the sensitivity, S,, varies from approximately 2 for
medium silts to approximately 5 for clays; a value can
be assumed for S, for a generalized silt-sized or finer
deep seafloor sediment as

S, = 3 (11)

It is emphasized that these approximations are for
preliminary efforts only and should be replaced by
more definite representations of soil properties when
making more precise engineering predictions,

Other Parameters

Based upon the data obtained in this study, an
added mass of twice the mass of soil displaced by the
penetrator accounts for the effects of instantancous
deceleration on observed behavior; this value of
added mass is reccommended for use in dynamic pene-
tration predictions.

This study showed no reason 10 doubt the usc of
standard methods for evaluating the fluid inertial drag
component of penctration resistance. However, as the
study was conducted under conditions where the
magnitude of the drag component was small relative
to the total resistance, this approach cannot be valida-
ted by the data obtained. The use of standard
methods for the evaluation of fluid inertial drag on
dynamically penetrating bodies is recommended
pending possible future developments to the con-

trary.
Equation of Motion

In mathematical terms, a penetration resistance
force composed of the components outlined above is
expressed by Equations 2a through 2c, 3, and 4,
which can be combined to give

5A,
F o= 5,8 (NeAp + 5=

+ —;-pCDAsz (12)

From Equation 1a and Newton’s second law of
motion, the equation of motion is

d
M = W 4+ Fp - F (13)
where M* = penetrator mass plus added mass
t = time

d = differential operator
W = penetrator buoyant weight

Fp = penetration driving force
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CALCULATION PROCEDURE
Development of Procedure

The equation of motion for a penetrator formu-
lated to account for the cffects of strain rate, side
adhesion, and other factors discussed in the preceding
section is not suitable for solution in closed form.
However, it can be solved readily by incremental
techniques. The purpose of this section is to present
such 2 technique by which penetration behavior can
be estimated relatively precisely with reasonable
hand-calculation effort or with only seconds of
calculation time on a desk-top computer.

The equation of motion for a penctrator is given
by Equation 13, with penctration resistance force
given by Equation 12. A different form of the equa-
tion of motion, with time eliminated to facilitate
hand computations, is

M.v%‘_; =W + Fy - Fv2)  (14)

The incremental form to be used for hand computa-
tions is
4
W+ FDi - F(v;, z))

Vier = Vi M*v;

(Z341 - 7 (15)

In this form, all functions are known except v;, ;
(2,1 - 2;.q) is specified to be one-tenth or less of a
guessed embedment depth. When beginning, it is
necessary to guess vy; this is done most directly by
computing v, for v; = v, and then starting over again
using

Vo + Vs

vy = — (16)

It is not necessary to guess V4 more precisely than
this to yield a near-perfect final value, z,, as v,
approaches zero. A flow diagram for this technique
appears in Figure 26,

Comparison with Other Prediction Methods
The predictive accuracy of the rclationships

derived herein was compared to that of previously
available methods. A broad range of penctrator sizes

and associated penctration distances was used.
Included were a test of the smali, blunt steel model in
a soft silt target, an air-drop test of the medium-
slenderness model in the nawral shoreline deposit of
soft silty clay avMare Isiand, and a test of the large
seafloor penctrometer in a soft terrigenous clayey silt
laying beneath 1,200 feet of water in the Santa
Barbara Channel. The depths of penctration for these
tests were measured at 2.3 feet, 17 fect, and 23 feet,
respectively. Targets were limited to soft cohesive
soils. “Predicted” depths of penetration were calcu-
lated by several methods for the documented
conditions occurring during the sclected tests; these
‘‘predictions’” were compared with the test
measurements of penctration depth. The resuits are
plotted in Figure 27.

From this plot it is apparent that the present
work, the method of Migliore and Lee (1971), and a
method involving a Poncelet-form equation with a
static pile bearing capacity used as the constant com-
ponent of penetration resistance give reasonable
results; the largest discrepancics between observed
and predicted depths were for the large, seafloor
penetrometer for which the present work was the
most accurate. The methods of Young (1969) and
Petry (as given by Young, 1969, and Christians and
Meisburger, 1967) were developed primarily for
harder materials and yielded poor results when
extrapolated to low velocities and soft materials with-
out empirical modifications.

The method developed herein is recommended
as it is more fundamentally sound and hence is
expected to be more accurate than even the best of
the other methods (Migliore and Lee), particularly for
cases not closely duplicated by the experimental con-
ditions involved in its derivation. In particular, the
side resistance is weighted too heavily and the frontal
resistance is weighted too lightly in the method of
Migliore and Lee, and the effects of remolding and
strain ratc are not considered. Thus, whereas the
method of Migliore and Lce works well for pene-
trators having slenderness ratios on the order of 5 to
10 penetrating soil having a sensitivity of
approximatcly 2 (the experimental conditions upon
which it was based), it is less accurate for more
slender penetrators (sec data for LSP3 in Figure 27),
and also is expected to be less accurate for pene-
trators of normal slenderness in target materials of
greater sensitivity,
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Exampie Problem

. As an example, calculations are presented here
for a hypothetical penctrator, weighing 300 pounds
(mostly lead), and configured to attain a relatively
large penctration in a soft, scafloor sediment. Initial
setup calculations are completed to provide cocffi-
cients necessary to perform the iterative calculations
in a tabular format. All of the calculations generally
follow the flow diagram in Figure 26, with slight
modification in ordering to facilitate hand computa-
tion.

The sewp cakulations are carried out in
accordance with Figure 26 as follows:

1. The parameters are established as follows:

a. Material properties are evaluated

pg = 96.6 b/t (rypical for fine-grained
seafloor sediment)

S, = 3 (Equation11)

C, = S§,/z =10 psf/ft (Equation 10)

C; = 20 psf-sec (Equation 9b)

C, = 0.04 (Equation 9¢)

$:* = 5.0 (Equation 92)

b. Penetrator characteristics are

W =12570b

Ap = 0.1ft2

Ag =72

D = 0.33 ft (penetrator diameter)
L =5ft

¢. Penetration and flow parameters are

N

¢ = 9 (conventional bearing capacity factor)
%
&*

0.7 (conventional fluid drag coefficient)

0.3 (interpolation from Table 8)
d. The initial velocity is stated as
vy = 60 ft/sec

e. A calculation increment is selected as

Az = § ft (sclected at about one-tenth of
the anticipated ultimate depth of
embedment)

2. The constants as defined in Figure 26 become

x 5.0

0.3 )zxsxsz.z
3 387

Cl ~ 10(9::0.1 + ———xT 387

= 66.5 fe/se?

2x35x322 1 966

C = —3.-;—1-5-: ?ﬁ-! 0.7 x 0.1 = 0.087

2x5x257x322

20
C4 = .1-6-!—5- = 04 sec

Cg = 0.04
3. The initial values are

1
Vi = 60 - 535 [0.0874(60)2 - 213) = 592 fuisec

Zl = Sft

ty = -:.(zléub 'ﬁlﬁ) = 0,084 sec

The hand-calculated solution is shown in tabular
form in Table 8. The predicted depth of embedment,
38 feer, is high but credible considering the high
velocity and the low strength of the decp seafloor
sediment.

The setup calculations described above required
approximately 10 minutes to perform;a few minutes
were required to set up the table, and the iterative
calculations were completed in another 15 minutes or
so. Thus, predicting embedment depth by this hand-
calculation procedurc on an occasional basis might
require 2 minimum of a half hour per test. By
utilizing a desk-top computer programmed to com-
plete the iterative portion of the computations, the
time required to complete all computations, including
setup, programming, and data input, was reduced to
about 10 minutes per test for the 36 field tests of the
penetrators of varying slenderness discussed in the
preceding section.
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FINDINGS AND CONCLUSIONS

1. The hypothesized dependency of penctration
resisance on bearing pressure, side adhesion, and
fluid inertial drag provides a satisfactory framework
‘for predicting penetration behavior in  seafloor
materials.

2. The cffects of velocity and depth on the bearing
pressure and side adhesion components of penctra-
tion resistance are significant. For decp penetration,
they are satisfactorily accounted-for by considering
their influence on the dynamic soil shear strength and
the sikle adhesion. For shallow penetration, a reduced
bearing capacity factor at shallow depths becomes
significant. Thesc cffects are given by Equations 2a,
2¢,3,and 4.

3. Modef and ficld test data have shown that the
ratio of dynamic to static soil surength, termed’ the
strain-rate effect, can be expressed as in Equation 7
with -empirical constants assuming values approxi
matcly as given in Equations 9a through 9c. Simul-
tancously, data have shown that the ratio of actually
developed to potentiatly avaitable side adhesion resis-
tance, termed the side adhesion factor, varies from
near unity at low velocitics to some fraction at higher
velocities, that the high-velocity value can be used as
a constant for practical calculations of dyaamic pene-
tration behavior, and that this value varies approxi
matcly as given in Table 7 for blunt-nosed cylindrical
penetrators of varying slenderness.

4. For the situations modcled, the strength of the
tacget was sufficiently high so that the fluid inertial
drag component of penetration resistance was smail.
Hence, the hypothesized velocity-squared
dependency is untested. It is, however, in agreement
with the theory that the fluid incrtial drag arises from
the change in momentum of the soil as it is deflected
around the advancing penetrator. Drag cocfficient
values, also untested at this point, are tentatively
accepted as identical to those for wrbulent flow of
fluids around simple objects corresponding to the
.penctrator shapes. A value of 0.7 is approximately
correct for cylindrical penctrators such as those
tested.

5. The cffect of acceleration on penctration resis
tance was shown by data on models of different

masscs to be accountable by considering- an added
mass along with the penctrator mass in the equation
of motion. This added mass is approximatcly equal to
the mass of twice the volume of soil displaced by the
penetrator.

6. The instantancous penetration resistance force on
a penctrator can be estimated by using Equation 12.
Strain-rate cffect is given by Equation 7, with con-
stants as given by Equations 9a through 9c. The.side
adhesion factor can be obtained by interpolating or
cxtrapolating from the values given in Table 8; only
an approximate value is required, as predictions are
not nearly as sensitive to skle adhesion factor as to
strain-rate effect. Values for soil strength and sensitiv-
ity can be obtained by conventional testing methods
or, for purposes of preliminary site evaluation, can be
assumed to be as given by Equations 10 and 11. A
bearing capacity factor of 9 should be used for biunt-
nosc cylinders penetrating decply; for shallow pene-
tration, a reduced vaiue should be used in accordance
with conventional foundation practice. A drag coeffi-
cient of 0.7 is satisfactory for blunt-nose cylinders;
for other shapes, conventional values for turbulent
fluid tlow should be used.

7. The total instantaneous body force on the pene-
trator can be used to compute penetrator motion and
ultimate depth of cmbedment in accordance with
Newton's second law of motion. A combined form of
the equation of penctrator motion suitable for
incremental computation by hand or on a desk-top
computer is given by Equation 14. This form is easily
programmed for forward difference or wwo-sided
difference computation.

8. The two-sided finite difference procedure
described in this report can be used o compute the
penctration behavior of an object into a sediment of
virtually any strength-depth profile. Computation
times are about a half hour by hand or about 10
minutes on a programmed desk-top computer.

RECOMMENDATION

A comparison made between several methods
for predicting embedment depth has shown that the
method derived herein performs better than the
others considered. It is recommended that this
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method be used in the engincering of penctrating
clements for Navy seafloor installations.
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LIST OF SYMBOLS

Instantaneous deceleration (L/T2)

Effective average deceleration, equal to
vo2/2Zg (LIT?)

Penetrator frontal area (L2)
Penctrator side area (L2)

Fluid drag coefficient based upon frontal
area (=)

Normalized velocity coefficient in strain
rate effect relationship (FT/L2)

Constant in strain rate effect
relationship (<)

Rate of increase in soil strength per unit
depth (F/L3)

Constants defined in flow diagram for
incremental calculation procedure
(various units)

Pznetrator diameter (L)

Total penetration resistance force (F)
Plastic resistance force of soil (F)
Side adhesion force (F)

Bearing pressure force (F)

Externally applied driving force (F)

Fluid inertial drag force (F)

Combined net normalized resistance term
(L2/72)

Normalized soil resistance term (L2/T2)
Normalized drag term (L2/T2)
Acceleration of gravity (L/T?)

Increment number in incremental
calculation procedure (-)

Penetrator length (L)
Penetrator mass (FT2/L)

Penetrator effective mass, equal to mass
plus added mass (FT2/L)

~N

N

o > <R

Bearing capacity factor {~)

Total number cf increments in incremental
calculation procedure (=)

Soil strain rate effect (<)

Maximum value of S, at high velocities (-)
Soil sensitivity (<)

Static undrained soil shear strength (F/L2)
Time (T)

Instantaneous penetration velocity (L/T)

Penctrator effective velocity for overall
event - equal to 2v,/3 in dynamic tests;
equal to v in static tests (L/T}

Normalized velocity (L2/FT)

Initial penetration entry velocity (L/T) -
may be less than incident velocity because
of loss of energy to shock waves and to
acceleration of added mass during impact

Weight of penetrator (F)

Buoyant weight of penetrator in soil (F)
Normalized weight term (L2/T2)
Ultimate depth of embedment (L)
Instantancous depth in soil (L)

Soil weight density (F/L3)

Finite incremental operator (-)

Side adhesion factor (<)

Minimum value of § at high velocities (-)

Fluid (soil) mass density (FT2/L%)
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