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FOREWORD

The study veported nerein was funded by Department of the Army
Project LAOG1101A91D, “"In-YHouse Laboratory Independent Research," spon-
sored by the Assistant Secretary of the Army (R&D). The major portion
of the study was conducted during 1972-73, although some results are
presented for the first time :rom tests conducted several years earlier.

The project was conceived by Mr. G. W, Turnage of the Mobility
kesearch and Methodology Branch (MRMB), Mobility Systems Division (MSD),
Mobility and knvironmental Systems Laboratory (MESL), at the U. S. Army
Fngineer Waterways Experiment Station (WES). .The test program was
accomplished by personnel of the MRMB and the Mobility Investigations
Branch (MIE) urder the general supervision of Mr. W. G. Shockley, Chief
of MESL, and Mr. A. A. Rula, Chief of MSD, and under the direct super-
vision of Mr. C. J. Nuttall, Jr., Chief of MRMB, and Mr. E. S. Rush,
Chief of MIB. The hitherto unreported duta were obtained under the
direction of Mr., L. J. Lanz, formerly of WES. All other phases of the
study were direcied by Mr. Turnage, MRMB, who prepared this report.

BC E. D. Peixotto, Ck, and COL G. H. Hilt, CE, were Directors of
the WES during.conduct of' this study and preparation of the report.

Mr. . R. Brown was Technical Director.
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NOTATION *

Acceleration

Probe base area; base ares of the standard WES
3.23~-sg-cm cone; and base area of any given
probe, respectively

As a subscript, refers to a circular-base-
area prcbe of the same size base area as the
probe of interest

Cone penetration resistance
Drag coefficient

Probe base diameter; digmeter of the base of
the standard WES cone {d_ = 2.03 cm), and
diameter of the base of any circular-base-area
probe, respectively

Critical depth

Sand penetration resistance force; inertial
force; sand resistance force measured in the
direction of a horizontal probe penetration;
and sand resistance force measured in the
direction of a vertical probe penetration,
respectively

Probe base pressure (cone base pressure or
plate base pressure, depending on which type
probe is being considered)

Cone-sand pressure ratio

Cone stress ratio

Several other symbols that are specifically defined in context and
then used no more than a few times immediately afterwards are not

listed here.
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' V (FZ/A]"Q) x (O'h) Plate-cone stress ratio Ef‘or circular-base-
! Xs ex

area blates (R:h) = ]
ex

g Acceleration due to gravity

G Sand penetration resistance gradient cbitained
with a 3.23-sq-cm, 30-deg-apex-angle cone at
V, = 3.05 cm/sec

G Sand penetration resistance gradient cbtained
with a probe of any given size and shape at
any velocity small enough to cause the Fz/A,
versus probe base depth curve to be near-
linear in the range of depth values sampled in
obtaining Gy

h Depth of cone tip beneath the undisturbed sand
surface in horizontal penetration tests

b ’ i Inertia

Lyd L YA ; square root or the base aresa of the
standard 3.23-cm® cone (L5 = 1.60 cm); and
square root of the base area of any given
probe, respectively '

T

G
T
=
o]

Reynolds number

5
5
kS

P Perimeter of the base of a given probe
3 R, Hydraulic radius (i.e. A/P) of the base of a
f3 given probe
- s As a subscript, refers to conditions associated
3 with a standard cone penetration to obtain G

p VL,V _,V 5V Velocity; velocity in a standard penetration
3 s Xz to obtain G(VS = 3.05 cm/sec) ; velocity in
= a horizontal pénetration; and velocity in a

vertical penetration, respectively

; Vx/\[gax Froude number

VZ/Z Velocity gradient
. (VZ[Z) Velocity gradient ratio
H X8

X As a subscript immediately after F or V
(i.e. F, or V,), denotes horizontal. As E
a subscript in any other case, i~7‘cates i
conditions other thean those asso ated with a F
3 standard cone penetration to obtain G (e.g.,

Gx s Ax s dyy s ¢ (Fz)x , etc.)

: z  As a subscript immediately after F or V
' (i.e. F,  or Vz), denotes vertical

i
5
!

i
3
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Cone tip apex angle
Send unit dry weight
Sand dry mass density 74/e

Inertial force

Sand angle of internal friction

Yield value
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CONVERSION FACTORS, METRIC TO BRITISH UNIIC OF MEASUREMENT

Metric wnits of measurement used in this report can be convertsd to

"British units as follows: : ;
Multiply _By To Obtain
‘ meters 3.281 feet
centimeters . 0.3937- inches
square centimeters . 0;1550 square inchés
newtons ' 0.2248 poundsA(force)
meters per secon? 3.281 feet per éecond
‘centimeters per second - 0.3937 inches per second
kilonewtons per cubic meter — 6.366 pounds per cubic foot
kilopascals 2.1450 pounds per square inch
msganewtons per cubic meter 3.684 pounds per cubic inch
(i.e. psi per inch)
kilograms C.0685 slugs
3
g,
x1

e
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SUMMARY

For a given probe (cone or flat plate, tesied vertically in air-
dry cand of a given strength level, the curve of probe base pressure
{sand penetration resistance force per unit probe base area, FZ/AX)
versus probe base depth departs from near-linearity as velocity VZ in-
creases. For these conditions, values of probe base pressure at
shallow depth increase with increasing velocity, but this pressure ap-
proaches a common value at substantial depth (say, 15 em) for velocity
values in the 3- to 600-cm/sec range.

For a velocity near 3 cm/sec, the slope, or gradient, of the probe
base pressure versus depth curve (termed penetration resistance gradient
Gy) can be expressed for any of a broad range of probe sizes and shapes
by

£\
G, =4(c - 1) X o.2o+<o.8ozi) +1

X
~

NS

where G 1is Gy measured under standard conditions (i.e. by a
3.23-s4-cm, 30-deg-apex-angle cone at 3.05 cm/sec), Ly is YA for the
standard cone, and 4, 1is the VK; for the probe of interest. Expres-
sions were also developed to describe F, at shallow probe base depths
(zero base depth for the cones, 2.5-cm depth for the plates) as a func-
tion of sand strength and probe size, shape, and velocity for a wide
range of values ol each ci these variables. Finally, a technique is
presented for estimating the F, versus depth curve in the O- to 15-cm
depth range for cones, or the 2.5- to 15-cm depth range for plates, for
V, wvalues less than about 100 cm/sec and any of a wide range of sand
strengths and probe sizes and shapes.

A second phase of this study determined expressions that describe
the marked increase in sand G values caused by increases in sand unit
dry weight 7q and/or moisture content.

’n the third phase of this study, dimensional analysis was used
to develop a description of the horizontal force acting on a : lven cone
base as the cone moves horizontally benecath the sand (Fx) as & function
of probe size and velociiy; depth of the cone tip relative to th. wn-
disturbed sand surface; and air-dry sand G and 73 . A short review
of major findings from two studies of horizontal cone penetration tests
showed that these findings agree with and complement resulis of the
WES study. A brief summary of another study presents related expressions
that describe the horizontal and vertical components of force on plane
blades operating horizontally near the sand surface,

xiii
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MEASURING SOIL PROPERTIES T VEHICLE MOBILIIY RESEARCH

RESTSTANCE OF COARSE-GRAINED SOILS TO
HIGH-SPEED PENETRATION

PART I: INTRODUCTICH

Background

1. A major problem that confronts users of soil in engineering,
agricultural, industrial, and military‘applications is forecasting how
the =0il will react to the force that man applies to it. Many years of
study and experience have produced techniques for predicting soil be-
havior under static or near-static loading (dams, foundations, etc.) and
under transient loading spread over a large surface area (roadbeds for
paved highways, airfields, etc.). The study of soil resistance to lc-
calized, high-speed penetration has a much shorter history, and the de-
velopment of quantitative descriptions of’ this phenoienon is relatively
new,

2. Man penetrates the soil with a wide variety of implements to
accomplish his objectives. Th- direction of movement of the penetrating
element may be predominantly parallel to the soil surface {(carthmoving
scraper blade, tillage tools, and tires and tracks of off-road vehicles),
normal to it (foundation piles, core drills, and mechanical or air-
dropped penetrometers;, or somewhere in between (anchors for field gun
emplacements).

3. To date, nearly all studies of s0il penetration by man-made
probes have dealt with soil reaction to either horizontal or vertical
probe movemcnt. With attention limited to these two directions only,
s0il penetration resistance is still ditficult to describe quuntita-
tively because it depends on several probe variables (primarily size,
shape, and velocity, along with weight in free-drop vertical tests),
as well as on adequate qu&ntitativc description of the test soil's

quasistatic strength characteristics.
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:ffh,: The apprbach at the U. S. Army Englneer'Waterweys Experlment
kstatlon (WES) nas. been to concentrate attentlon on penetratlons in
rfclass1eal s01ls, ise. essentlally purely cohes Ave clay and’ purely frlc--=»“
it1onal sand Studles of the aer*al cone. penetrometer 1n flne—gralned

I-k

._cohe51ve) s01Ls have been documented._ . The res1stance of - fine-gralned

coiis to- ‘both horlzontal and vertlcal penetratlons by a va.lety of probe
slzes and shapes was dlSCU°Sed in Reports .3 and 5 of’ thls sorles.s’6
'ThlS report extends . the studles of F ports 3 and 5 to the behav1or of

;enarse'gralned (frlctlonal) soils.

5."The purpose oi the st“dy 1eported hereln was to descrlbe
~quant1tat1vely. =

'ja.ﬂ ~The re81stance of air- dry sand .to vertlcal penetratlon by
_a variety of sizés and’ shapes of cones. and flau plates
-over a range of penetratlon velocmtles.

Tbe Lnfluence of m01sture content .on the re31stance of .
sand to low-g peed yert;eel_penetrgtlons_by the standa;d
WES. cone. L k ' -

" The reS1stanCe ¢mparted to cones and flat blades tested
horlzentally over a range ox speeds in-air-dry sand._

—

A, Vertical penetrations were made in soil Lins of air=-dry o
desert {tums, sond ab sTicus to over 700 cm/sec* with probes of three .
generai shapes: 30-deg-aﬁax-angge, right cifcular cones; flat, circular
:platesiland flat, rectangular psates. Sizes of the probe base_grees
”rangeqsfrom 1.29 to 58.1 cm?. The rectangular plates had width-to-
~length ratios of 1:1, 1:2, L:k, and 1:8. In & second group of tests,
vertical penetrations were made at speeds from 0.025 wo 34.9 em/sec
with the standard WES cone (3.23«cm2 base area) in test molds of air-
dfy to moisc Yuma sand‘(moisture contents Ifrom O}h to 11.5 percent).

* A table of factors for converting metric units of measurements to
‘British uni%s is presented on page xi.




Flnally, in & thlrd groﬂp of tests, horizontal penetratlons were made

in test Bins of air-dry Yuma sand st speeds up to 5.2 m/sec with 30-deg-

apex-aiigle conés of clrcular base areas ranging from 3.23 to 23.2 cme.
T The sand placement techniques used throughont this program
produccd a high degreeJof consistency within-each s0il test sectica.
Within each of the three groups gf penetration tests, Yuma sand test
sections were used that goiéred a major portion of the possible range of
streﬁgth.valués of this éoil: For essentially purely frictional soils,
a WES-de§rloped concépt was used herein to characterize soii strength
Jy G K the clope of the curve of cone penetration resistance C versus

depth of the cone bace beneath the sand surface, vhere C is force per

" unit base area reqplred”to—penetrate a 30il normal to its surface at =

3.05 cm/gec wita a2 30-ueg-apex-angle, right circualar cone of 3.23?cm2A

jbase area. This MRE o is.usﬁally averaged over a depth of 15 cm.

' 8. Complemepﬁary to relations daveloped from the above-mentioned
horizontal penetration tests at WES, major results firom pertinent studies
conducted elsewhere were briefly reviewed. Particular attention was
ziven to relations that desecribe horizontal and vertical forces on flat
blades tested horizontally near the sand surface, and to the horizontal

force on cones tested horizoﬁtally well below the sand surface.
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PART II: HIGH-SPEED VERTICAL PENETRATIONS WITH CONES
AND PLATES IN AIR-DRY SAND

Test Sand and Its Preparation

Test sand

V'Hi 9. Sand used ;n the high-speed vertical penet:ation tests was

taken from aztive dunes near Yuma, Arizona. This sand, termed herein ‘
as Yuma saznd, has a:specific gravity of 2.67 and is a uniformly gré&ed, ) A

fine sand classified SP-SM according to the Unified Soil Classification

e,

System. Gradatiopf and soil propeity data are ;gi‘}enlin fig. 1.

. Sand_preparation

U.S. STANDARD SIEVE NUMBERS

100,20.,30_49 510 7|o x%o u'o 200 o - 1G. TO_ prepé:lfe eéch -test hin,
11 ‘*‘\\ air-dry Yuma sand was depcsited in uni-
90 >‘ 10 form layers;through a 6.3-mm U, S.
" j \ 20 Sﬁandard sieve to fill an 0.8- by 1.6~ I
L J_NJu_\W.J«*». by 16.4-m test bin, and the top layer P
; ol Li1ils .. was screeded level to the same height o :
E é 5 .%3.;1"%.”._._ SN g as the bin sidewalls. Next, the sand f : E
g ; 3 6°j R 40 > was thoroughly harrowed to at least
& LLJT” Bl o & a k0-cm depth over the full width and
? o AUWTDRVWEfgff. ’ 3 length of the bin. Preparation of a _V ?
% 0L TAND —15%42%;z—ﬁ 1160 % very-low-strength test bed was com- A ‘ :
o P P b % pleted simply by releveling the sand 'g
3°i{§§ ?% i % \%é?% 70 surface with a screed strip. All other |
- 20} f%¢,¢h¢‘mr_m.w.13_€.ao test beds were prepared by harrowing,
3 4 gmé_ compacting with a given number of ‘
3 IOE : f: 90 passes of a vibratory skid unit (com- ' 'é
0 ? HEEN éf Qggo prised of an electric vibrator mounted é

GRAIN SIZE, MILLIMETERS on a steel base plate 86 cm wide), and

Fig. 1. Gradation and classi- ther leveling.

fication of Yuma sand 11. The strength of each test

? bed was characterized primarily in

terms of penetration resistance gradient G . Although values of cone

L




k pénetration resistance increased in near-linear fashion‘hearly always to>
“at iehst the CH-cm depth,* reported vaiues of G refiect measurements
only in the top 15 cm to 2onform to general WES practice. Fig. 2 pre-
cent. representative curves of cone penetration resistance versus depth

. DEPTHM OF LONE T1P PENEATH ORIGINAL SANL SUNFACE, CM

3 3 10 13 20 23
1600 Y H T 1 T

1400}~ B .- - - A
NOTE YO CONVERT THE UNITS OF THE S .
ILOPE OFAGIVEN LINE FROM

KPasCM TO MN/mS (THEUNITS

OF G}y MULTIPLY aPa ACH &Y O *

a

o

a
T

CONE PEMETHATION RESISTANGE C) % P
o - > 3
o (=]
o (-4

-0 s 0 ] 20 23
; DEPTH OF CONE BASE BENEATH ORIGINAL SAND SURFACE , CM

Fig. Z. ‘Representative cone penetra-
_tion versus depth curves (°.23-cmf cone,

3.05-cm/sec penetration speed, air-dry
Yurs sand)

i
g
3
|
i
2
3

for several values of G . Tlest beds tor the high-speed vertical pene-
tration tests were prepared to three approximatv strength levels=--G
values of about 1.3, 2.9, and 6.2 MN/mS.

¥ Hure, "depth” refers to the depth beneath the sand surface of the
base of the standard WES 3.23-cm2-base-area, 3.77-cm-height, cir-
cular cone,

s
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Test Equipment

Cones and plates
12. The smooth steel cones and plates used in this part of the

“study are -shown in fig. 3, and are characterized- by shape and size as.

fu.lows.
) Probe Base Size
. . Area
= o Dimensions, cm o
. " No. Probe Shape Diameter Width Length cm
1  Right circular cone ‘ 1.28 - -- 1.29
2 : 2.03 —-- -- 3.23
3 4.05 -- -- 12.9
l" 5.73 - - 25.8
5 8.60 -- -- 58.1
6 Flat circular plate 1.28 -- - 1.29
7 2.03 -- .- 3.23
8 )"'005 - - 1-2.9
9 5.7T3 -- -- 25.8
10 8.60 -- -- 58.1
11 Flat rectangular plate -- 1.27 1.27 1.61
(1:1, width to length)
12 -- 2.54 2.54 6.45
13 - 5 08 5.&3 25.8
1L .- 7.62 7.62 58.1
15 Flat rectangular plate -- L.27 2.54  3.23
R (1:2, width to length) ‘
16 == 3'59 7‘18 25.8
3 17 - 5.39 10,78 58.1
. 18 Flat rectangular plate - 1.27 5,08  6.L45
g (L:h, width to length)
19 -- 2.5k 10,16 25.8
; 21 Flat rectangular plate -- 1.27  10.16 12.9
(1:8, width to length)
. . 22 - 1'80 14.37 2508
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Fijre 3. Test cones and plates used in verticel penc rations ot
Yuma sand in test bins



The nominal penctration veloclitlies were desipgnated as follows:

Nominal Velocity

No. cm/sec
1 3.05
2 30
3 100
Y 200
p) 300
6 600

13. kach probe was of’ onc-piece cteel construction ang consisted
of' a probe head (cone or flat plate) and a shatt. The shai'vs were
strong enougl: to provide straight alignment (minimal flexurc) during
sand penetration, and small enough to produce negligible shaft drag
compared with the sand resistancc force acting on the probe head. Each
probe was 4l cm long overall. The upper end of each shaft was connected

to a force-measuring load cell (fig. L),

Fig. 4. General view of high-speed loading device, double-bin san. test
~ bed, aund instrumentation builiding

Y




.Low-speed penetrometer ,

_ _lh‘: For tests in the sand bins, a mechanized, low-speed’ cone
w'penutrometer was. used to cbtain measurements of standard penetration -

_An electric motor drove the J.23-cm2 cone

're51stance gradient G
':verticaliy'into the sahd at a constant penetration of 3.05 cm/sec.
-Sand res1stance force was measured by a ‘load ce¢l -and depth of penetra-

tlon by a gear-drlven circular potentlometer (flg. 5), so that a con-

tmuouq record of cone penetratlon re31stance versus depth was obtalned

AP
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1 : Fig. 5. Mechanized low-speed cone penctrometer

on an x-y recorder for each penetration (fig. 2). The shaft diameter
used in measuring G was 0.95 cm for all tests with the standard cone
in this report. (Reference 7 states, however, that essentially no in-
fluence on G values in Yums sand is caused by using shaft diameters as
different in size as 0.95 anl 1.59 cm.)

High-speed loading device
15, The powerful and versatile loading device shown in fig. 4

allows loads, large or small, to be applied to test specimens (tires,

it s £l ot

N
4
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'?;ghock absorbers, soils, ete.) at controlled veloeities for preset single.

SRS

- strokes adjustable from 10 to 30 ¢im. Design velocities for the loading
- device range from near zero to about 1300 ¢m/sec.* During the early
11-;ﬂpart of the stroke, the plunger is accelcrated from rest to a Preset
~“velocity; over the middle portion of the stroke, velocity remains con-
: ﬁtant (within #10 percent); and near the end of the stroke, the plunger

is rapldly decelerated to zero velocity. When operating in air at full
30-cm stroke, the portlon of the total stroke that remains within +10

percent of constant speed is about 90 percent for speeds of the order
“of 10 om/sec, but drops ta about 20 percent at maximnm speed,

16, For testrveloglties up to 200 cm/sec,4conventlonal column-- -
type load cells’ﬁere uséd to measure the resistance of sand to penetra-
tion., The very large forces assoclated with both the acceleration and
the decelerstion phases of penetratlons at larger velocities required
that penetration resistance be measured by special low-mass, web-type
load cells with mechanical restraint to prevent destructive overload.

'Only two of these special cells were available at the time of testing,

one of 2224-N and another of 11,120-N capacity. In each test with the
high-speed loading device, an accelerometer mounted just above the load
cell messured acceleration during penetration.

Test Procedures

Standard measurements of G

17. After a given air-dry Yuma sand test bed was constructed,
standard measurements of G were taken at six locations spaced uni-
formly over the length of the test bed at its transverse center line.

A bed was accepted for testing only if all its standard G values were
different from their average by no more than +10 percent, After test
penetrations with the various cones and plates in a given sand bed were

* The nominal upper limit of penetration velocity was taken as 600 cm/éec
for this study because the available load cells were unable to with-
stand the acceleration and deceleration forces associated with higher
velocities.

10
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completed, standard G valuéé vere aggin.ébfainedAat two orAthree-les'

sand bed is the average of all before-test and after-test values measured.

Tests of cones and‘plates

18. At least duplicate (occasionally triplicate) penetrations-
were made for each combination of prbbe size, shape, and velocity
assigned to a given sand test bed.. Testing invplved the measurement of
sand penetration resistance force (FZ), as a fuﬁction,qf penetration of
penetration depth and velocity of penetration. Quite often, situations

arose where system inertial“fqrces,wérg_large,seven:during the near-

constant velocity segment of the pénetraﬁiohfstrdkéithét was of interest.

To preserve resolution in recording FZ_, a special technique was used to
subtract from the overall force signal a signal equivalent to those
forces due to acceleration and develeration of the probe,'shaft, and load
cell that passed through the load cell, thereby allowing Fz per se to
be recorded directly. During each stroke, three separate signals were
continuously recorded: (a) accelerometer output, (b) load cell output,
and (¢) force signal corrected for acceleration. Before each test or
series of tests with a given probe at a given velocity, the high-speed
loading device was exercised by moving the probe downward in air (i.e.
with zero penetration resistance) at the test design velocity. In-air
runs were repeated until, by adjusting potentiometer settings that con-
trolled the correction signal from signal (a), the contribution of in-
ertia to signel (c) was eliminated, and the value of signel (c) remained
constant at zero throughout the in-air run. During the subsequent in-
sand test, signal (c) measured sand resistance force free of the effects
of acceleration and deceleration of the probe load cell assembly. Here-
after, the term sand penetration resistance force (Fz) is the force
measured by signal (c). Records of the relatively low resolution
signals (a) and (b) were used only for spot checks and backup.

19. Two other variables were also electrically recorded: probe
vertical velocity (Vz) and depth of the probe relative to the sand
surface., (Zero depth was the polnt where the probe base was flush
with the original sand surface.) The five electrical test signals were

1l

cations over the length of the test bed. The G value réported for each. .
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recorded on analog magnetic tape and later machine digitized at l-cm
penetration increments.

20. Tests were conducted by moving a sand bin beneath the high-
speed loading device (fig. 4), mounting a given probe, zeroing out the
effects of probe acceleration (paragraph 18); and penetrating vertically
at the desired velocity. A single longitudiﬁéiiiahe'bf tésts at the bin
transverse center line was developed by rolling'tﬁé;bin along steel tracks
from one specified test position to the next. Miﬁimum spacing between
adjacent penetrations was based on a zone centered on the vertical axis
of the probe, the zone being circular in shape and of radius equal to
six times the smaller dimension of the probe for rectangular probes and
six times the diameter for circular probes.8 Fig. 6 illustrates one
such spacing. No influence of adjacent penetrations on individual FZ

SAND BIN TRANSVERSE ¢ versus depth curves was noted
in analyzing the results of
this study.

21l. For each penetration,
the length of stroke required to
regch near-constant velocity was

noted when the effects of probve

acceleration were zeroed out in
air prior to testing. The pre-
test height of the probe above
the sand was then set to a value
slightly greater than this
lengih, so that the probe was
operating near the nominal test
design velocity wheh it con-
tacted the sand. In spite of
this procedure, values of pene-

tration velocity were found to

vary considerably during the

Fig. 6. Example of spacing beiween first 15 cm of penetration by
adjacent vertical penetrations in a
Yuma sand test bin the probe base for nearly all

12




sand penetrations at nominal velocities of 300 and 600 cm/sec, as well
as for some penetrations at lower velocities.

22, This variability in vertical velocity caused no real problem.
A discussion of this consideration and how the level of the velocity

affects the shape of the probe base pressure versus depth curves for

cones and plates, and thus affects the choice of locations along these

o
.
2
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curves to be singled out for analysis, is included in paragraphs 25-30.
23. Each of the cones and plates listed in paragraph 12 was tested
£ at at least one penetration velocity in Yuma sand test beds of three
strength levels--G values of about 1.3, £.9, and 6.2 MN/m3. Probes
smaller than 3.23-cm2 base area were tested only at the lowest test
velocity (3.05 cm/sec) because the two special load cells designed for

high-speed use had capacities too large (2224 and 11,120 N) to allow

accurate measurement of the small Fz values developed by these very

small probes., Neither were all of the other possible combinations of

B oo probe size, shape, and velocity and sand G value tested. Enough were

tested, however, to develop a useful description of the influence of

each of these variables on sand penetration resistance.

Analysis of Data

j'ﬁ " 2k, Results of vertical penetration tests in air-dry Yuma sand at
? ; velocities from 3 to over 600 cm/sec are presented in table 1 for five

g sizes of 30-deg-apex-angle cones, and table 2 for five shapes and a

i; range of sizes of flat plates.

Curves of probe base pres-
sure (F7/A) versus probe depth

2>« Effects of velocity on curve shape. Velocity was found to

nave pronounced etfects on the shape of the curve of probe base pressure
(sand penetration resistance force per unit probe base area, Fz/%) versus
-depth of probe base for each of the cones and flat plates tested. Plate 1
shows the curves obtained for the standard 3.23-cm2 cone in the

G = 2,48 MN/m3 sand test bed for each of the six nominal penetration

13
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velocities--3.05, 30, 100, 200, 300, and 600 em/sec.* The progression

in the shapes of these curves is representative of that obtained for

each size of cone tested in a sand bed of given strength for the range
of velocities considered.

26. At least three features of the curves in plate 1 are signif=-

SR L SRR TR A

icant. TFirst, the value of probe base pressure at zerc cone base depth
increases drastically as penetration velocity increases. Second, the
shapes of the curves depart from near linearity as velocity increases

beyond about 100 em/sec. Third, the several curves in vplate 1 *tend tc

merge at about a cone base penetration of 10 cm. This indicates that
disturbance of the sand ahead of the standard cone causes the consis-
i ' tency of the sand penetrated at cone depths greater than about 10 cm to
E correspond -to the sand's critical void ratio.*¥
27. A family of curves similar to those in plate 1 is presented
" in plate 2 for the 25.8-cm2, 1l:4 rectangular plate tested over a range
of velocities in Yuma sand test beds of G = 2.9 MN/m3 . The features
described in paragraph 26 for plate 1 and the standard cone also apply
to plate 2 if (a) the term "cone base depth" in paragraph 2€ is re-
placed by "plate base depth,” and (b) the curves in plate 2 are scruti-
nized only in the 2.5« to 15-cm range of plate base depths. In all
considerations that follow, probe base pressure data obtained for the
test plates in the O- to 2.5-cm depth range are ignored because, in each
test, penetration to some depth within this range was required before
values of probe base pressure stabilized to the pattern that prevailed
over the major portion of the 0~ to 1y-cm depth range. ‘

28, Belection of parts of curves for detailed analysis. In de-

ciding whaet points from, or portion of, the curves of probe base pres-
sure versus depth to analyze under the influence of prcbe velocity, it
is well to consider the practical implications nf testing at near-

constant velocity. For vertical penetrations by probes in sand, interest

*¥ The coordinates of each curve in plates 1 and 2 were obtained by
averaging the coordinates of the curves from two or more replicate
tests conducted at that particular nominal test velocity.

*%* At the critical void ratio, the rate of application of the shearing
stress has no effects on the shearing resistance of sand.
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generally centers on the curve only for the low, near-constant-speed
situation. It is very unusual for vertical penetration velocity in
sand to be maintained near-constant at a level of, say, 200 om/sec or

above to 15 cm or more depth in real-world applications. Mechanically

driven probes nearly always penetrate sand at much lower near-consiant

velocities, and nondriven, i.e. air-dropped or impact-propelled, probes
begin deceleration immediately upon contact with the szand.

29. Accordingly, the equation of the least-squares, best-fit
straight line that describes the probe base pressure versus depth curwve
was obtained for a given {generally low-speed) test* only if at least
90 percent of its digitized velocity readings differed from their aver-
age by no more than +10 percent during the first 15 cm of probe base
penetration. For the cones, these equations were based on probe base
pressure and depth readings in the first 15 cm of base penesration; for
the plates, in the first 2.5 to 15 cm of base penetration. For each
near-constant-speed test, the probe base pressure versus depth relation
was described by an equation of form FZ/A = (FZ/A at zero probe base
depth) + G, (depth)A,** aid the coefficient of correlation for each
test was equal to at least 0.9. For each of these tests, tables 1 and
2 report Gx and the average value of velocity that prevailed in the
depth range described by the equation. Also, values of probe base pres-
sure at O=- and 2.5-cm base depths are reported for the cones and plates,
respectively, and at 15-cm depth for both the cones and the plates, on
the basis of values indicated for these depths from their least-squares
equations relating probe base pressure and depth.

30. [For tests whose velocity values did not satisfy the +10 per-

cent criterion, table 1 reports values of probe base pressure and

* Here, a "test" is composed of either two or three penetrations made
adjacent to one ancther under one set of preselected values of probe
size, shape, and velocity.

*¥ (G 1s the gradient, or slope, of the probe base pressure versus
depth curve for any given probe at any given velocity V. small
enough to allow the curve to be near-linear. G without a subscript
denotes the gradient obtained under "standard" conditions, i.e.
vertical penetraftion with a 3.23—cm2 conz at 3,05 cm/sec in the 0- to
15-cm sand layer.
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'ertiéal velocitf'af'O- and l5écm:béSe depths for the éonésjfand at

2 5= and- 15-cm base- depths fbr the plates that were obtained by averag-

1n5 the dlgltal prlntout values from the two or more replicate tests “at

-~

e tue~part1cular probe base depth of- interest.’ The 0~ -and._ 2 5~cm base - - -

depuhs vere cénsidered of interest for the cones an@*plates, peL-‘»}*

tlvely, ‘because probe base pressure and vertical veloc1ty readlpﬂs at
these depths should match fairly closely corresponding readings for air-
_droppéd or impact-propelled cones and plates at the same depths. Values
of probe'base préssure andAvertical veloéity were sampled at the 15-cm
dépth o demonstrate that probé base prescsure at substéntial depth is
nearly constant over the full range of velocities tested by a glven
probe in, sand’of glven G value.

Penetratlon “eslstanceggradlent

31. Because the curve of probe base pressure versus depth gener-
-ally Aeparts more and more from linearity as velocity increases beyond 5
Aﬁhe standard value of 3.05 em/sec, a metﬁod of estimating GX for the
variot. test probes was developed only for this one velocity level., Fror
a single type of sand penet.rated at one speed by plates and cones of
varicgs sizes and shapes, tihe relation between ‘Gx and G should be
influenced orly by the dimensions of the probes.

32. Effect of prcbe shape. Vertical penetrations were made at

3.05 cm/sec with each of the 23 test prcbes in sand test beds of three
strength levels--standard G values of sbout 1. L, 3.4, and 6.6 MN/m
Plate 3 shows that a linear (hut not 1:1) relation exists between
standard G and GX measured with one size (25.8-cm2 base area) of
each of tie six probe shapes tested. No significant separation in this
relaﬁion by probe éhape"is noted, although a very broad range of shapes
is réﬁresented by the data.

33. BEffec. of probe size. The relation of standard G +to GX

measured by probe sizes ranging from 1.29 to 58.1 cm2 is presented in
- plate 4. This relation can be described by a family of straight lines,
separated by probe size, that passes through coordinates (1, 1). The

equation for these lines is

.. o
. e e b N
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(GX -1 »-= a(G - l)

’L‘Slope' a is linearly related to the ratio Ls/ﬁx‘ by thérequ&tion

If
= 0.20 + {0.80 f-
»

» (where ltg and z are tche sguarelréots of the'baSe~areas of the

-standard 3.23 cme cone and of tre probo used to obtain a given G

- ¢ ‘value, respeéti#ely). Thus, equation 1 becomes

| ’ g
= (G - 1)]0.20 + {0.80 7> )f + 1 (2)

.3k, Eqpatlon 2 indicates that if values are known for G and RS

' "5'5»from a standard penetration (.@ = V3.,-3 em” = 1.80 em), then G, can

be e°t1mated knowing only the value of Z for the particular cune or

jflat plate of interest.*

35. nquatlon 2 also can be. exprpssed as

G'X-l . ‘ ZS-
HTIc 0.20 + |0.80 z; ‘

" a relation of dimenéionless_ratios that describes Gx and ivs ansoci-
-'_a.tedw@x value normalizéd relative to G and £S , values descriptive

- of a standard cone penetration. In the paragraphs that follow, descrip-

ticas are developed of sand penetration resistance force (FZ) at 2.5-

Al‘and O-cm depths for the flat plates and cones, respectively. The format

of these descriptions will be similar to that developed for Gx in that,

"in each case, Fz will be described relative to the dimensions of its

associated probe base in a relation cf dimensionless ratios normalized
relative to the standard cone penetration,

Penetration resistance force (FZ)

for flat plates at base depth = 2.5 em

36. Some rheological considerations. In plate 5, the relation of

. . . . . . 3
* Equation 2 is applicable only if G and Gx are measured in MNﬁn .

17




probe base pressure to vertical velocity is shown for one plate shape

(circular base area) and five platelsizes--base areas from 1.29 te
58.1 cm?--frgm tests in sand beds of G values near 6.2 Mm/ms. The
data separate by plate size, and the curves have the same general shape.

Before dealing with the effect of plate size, it is useful to consider

some basic information from rheology.

37. In rheology, the flow characteristics of a material usually

are described in terms of the relation of shearing stress to rate of

shear. For example, the logarithmic portion of the curve in fig. 7

illustrates the flow characteristics of a pseudoplastic, or shear-

LOGARITHMIC
PORTION

BRI S T TR
t

Fig. 7. Approximation of

the flow curve of a pseudo-

plastic material with yield
value

SHEARING STRESS

EXTENSIONS OF LIMITING
STRAIGHT-LINE PORTIONS

IR Y

AR

RATE OF SHEAR

thinning, fluid, i.e. a fluid whose shear stress increases less and v
less rapidly with increasing rate of shear. There is speculation that é
this relation does not remain a power function throughout an extendéd :
renge ot shearing stresses or rates of shear. Rather, it is thought

that "the logarithmic function appears to fit that part of the curve

lying between two limiting straight portions” ? (also shown in fig. 7).

18
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_ The logarithmic part of the pseudoplastic flow curve is well documented;

o

\1 hbwever, the curve shape beyond the logarithmic portion is open to

N question because of the limited amount of date reported in.the litera-

ture for shear rates outside the logarithmic zone.

38. The curve shapes in fig. 7 and in plate 5 are similar. Be-
cause the resistance of sand to penetration by a probe is a function of
sand deformation and flow, it is considered reasonable to begin the de-
scription of this resistance in units common to the rheological approach.
The y-axis term in fig. 7 has units of pressure, the same as the units

of probé base pressure in plate 5. The x-axis term in fig. 7 has units

cof velocity divided by length, or units of velocity gradient. To cause

the x-axis terw in plate 5 to-have these units, plate velocity must be
divided by some characteristic linear term of the probe-sand system.
The term £ = VYA was chosen so that the velocity gradient (i.e. -VZ/%)
for each test plate shape would be described on a common basis.

39, Effects of plate size and velocity (Vz s 3 wm/sec). In ex-

amining the relation between probe base pressure and velocity gradient,
attention is restricted first to data with a velocity =<3 m/sec. An
example of the reason for this is shown in plate 5, where relstions are
shown for the five circular-base-area plates, using data from tests in
sand beds of G .near 6.2 MNﬁﬂ3. Each curve is convex upward (and plots
straight=-line on logarithmic paper) for values of velocity < 3 m/sec.
For velocity >3 m/sec, the curve shape is different, indicating a dif-
ferent type of influence of velocity on probe base pressure. A change
from convex upward to another curve shape was also obtained at a veloc-
ity of about 3 m/sec for -each of the other combinations of probe size
and shape and sand G value tested. Thus, a velocity of 3 m/sec
appears to be a meaningful upper limit to use in the next stage of
analysis,

L0, The logarithmic relation of probe base pressure to velocity
gradient is shown in plate 6a, using those data from plate 5 with veloc-
ity <3 m/sec. For these circular flat plates, the relation is described
Y » a family of parallel straight lines separated by plate base area.
Plate 6b demonstrates that these data fit closely about one line if

19
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B Al -2 "is-used instead of A in the y-axis variable. 'The ordinate‘term”;

|  f F /Al ‘2 has wnits that lie almost micway between force per unit area

and force per unit volume. This term is useful in that it describes on '

a common basis the relation of FZ to plate size under the influence

of a range of values of velocity gradient for a variety of sizes of
flat, circular plates.
41. Effect of sand strength. All the data in plates 5 and €

were obtained in sand test beds with G near 6.2 MN/m3. Tc describe

the FZ/A -2 versus velocity gradient relation in plate 6b on a common

- basis for a range of G -values, this relation was normalized relative

B to conditions associated with the standard cone ypenetration used to ob- f

| tain G . In the normalized ratios used in subsequent énalysis for both

plahe aad cone penetrétions, the numerator will have stbscript x (%o

denote the numerator's value not being limited %o any particular set of

conditions relative to probe size, shape, or speed), and the denominator

will have subscript s (to indicate that its value was obtained under i P

" conditions assdciated with the measurement of standard G ).
42, Thus, the normalized sbscissa term is (Vz/z)x/(VZ/Z)S R
which is further ebbreviated to (VZ/E)XS and hereafter called the ve-
locity gradient ratio. The term (VZ/JZ)S has a valqg 9f_3.09,cm/sec

divided by 1.80 cm or 1.69 sec-l. Similarly, the normalized ordinate o g
term is (Fz/Al°2>x/(FZ/Al’2>S s oi 2( / 1)55 , hereafteretirged the = é
plate-cone stress ratio. In (F / ( ) = (3.23 em®) E:
= 4.08 cn®* , and (Fz)S is the vertical sand resistance force acting ’
on the 3.23-cm2 cone at 3.C5 cm/sec speed at zero (ggg 2.5-cm) base
depth penetration. Values inside parentheses in the terms (Vz/.ﬁ)x and
(Fz/kl‘a)x describe the plate penetration of interest.
43, The relation of plate-cone stress ratio to velocity gradient

ratio is shown in plate 7 for tests of flat circular platcc of sizes
fram 1.29 to 58.1 cm? in sand test beds of G values from 1.08 to : i
6.91 MN/m3, with vertical velocity s3m/sec. The closed-symbol date :
poiits represent the same data shown in plate 6b, Clearly, the normali-
zation technique described in paragraphs 4l and 42 can be used success-
fully to account for the effects of sand strength on the Fz/Al'e
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versus velocity gradient relafion. The equation of the Stralght line

used in plate 7 to describe the test results is

0.25
.EZ. 2
= 2.
. AL )

X8

Ly, Effect of plate shape. A well-defined, straight-line log-
arithmic relation between (FZ/AI'E)XS and velocity gradient ratio was

obtained for each of the other shapes of flat plgtes tested (rectangu-
lar plates-of 1:1, 1:2, l:k4, and 1:8 width-to-length ratios). For each
plate, the slope of the line was essentially the same, 0.25; however,
the value of FZ/Al’e xs became progressively smaller at a given
value of veldcity gradient ratio as plate shape changed from circular
ﬁo 1:1 to 1:2 to l:b4 to 1:8. This separation was accounted for by
normalizing the ordihate variable in terms of area-perimeter ratio

(a/p = Rh)* of a given "x" plate raised to the 0.4 power, relative to

the corresponding value of a circular-base-area probe of the same base

1t H

1 FERILD T

area as the plate. That is, the ordinate term was changed from

1.2
Fz/h )xs to

z % h
1.2 0.4
A ks B X
or
¥
“‘ Z ‘O . )4
4 Tz “\%w
Wy XS >'e

. where (Rh) is A/P for a circulac-base-area probe of the same base
area as plate 'x." The term (F / L. 2)x s X (Rh ) takes the name
“plate-cone stress ratio,”" the same name coined first in paragraph 42

ey

.c‘&g‘J o,

AR Y E S A

4 et

* Recent literature on plate penetration in soils has designated the
ratio A/P (the inverse of the perimater-area ratio more commonly
used in soil mechanics) as the "hydraulic radius,"1C and the notation

= Rh has been used in this report.
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for ‘(leﬁl'e)xs for circulaiuﬁhée—;rea-ﬁiates which have a value of -
: of 1.

Plates 7 and 8 demonstrate that a single relation

5.

. ;\0:25 |
( z ) x (%% o2 (3)

l.2 h X 4
A XS cx s

describes quite well the response of F to a wide range of sand
strengths (G values from 1.08 to 6.91 MN/m3) and plates sizes and
shapes.* The upper limit of vertical velocity in plates 7 .and 8 is

3 m/sec. For the data shown, values of velocity gradient ratio ranged.
from 0.236 to 98.0, which corresponds to a range of values of plate-
cone stress ratio from equation 3 of 1.67 to 7.55.

46. Describing Fz ror the full velocity range tested. To ex-

pand the description of FZ to include values of velocity larger than
3 m/sec, a relation is used similar to one often employed in luid

mechanics and aerodynamics. In this relation, drag coefficient CD
(drag force/inertial force) is plotted on logarithmic paper against o
Reynolds number NR (inertial viscous/force), with a characteristic
curve shupe being produced like that in fig. 8. In the viscous range,
the slope of the curve is -45 deg, i.e. negative 1l:l, indicating that
C o Rl Edrag/lnertial force & (inertial force/viscous force) 1] or
drag is directly proportional to viscous force. In the dynamic range,
the curve is practically flat, so (drag/inertial force) = a constant ,
i.e. drag is directly propcrtional to inertial force only. The shape
of the curve in the transition range depends on both the viscous and

the inertial properties of the medium penetrated. T

I R s Tus e Tk

L7, Certainly, air-dry sand does not develop viscous forces in 5
the conventional sense thal these fources arise from fluid layers within
a material interacting with one another. However, the increase in shear

Gt e

* Becanse plate 7 represents test results for circuiar plates, Rb) _
= 1 , and the ordinate variable in plate 7 has the same meaning as’ o* : C

() * () o
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Fig. 8. Representative drag coefficient versus
Reynolds number curve

resistance in the logarithmic portion of the curve in fig. 7 does
result from viscosity, and equation 3 was developed to describe Fz
in a normalized, logarithmic format starting with variables similar X

to those in fig. 7 (plates 7 and 8 and paragraphs 39-45). Thus, the

E & increase in (FZ) for velocity s3 m/sec follows a pattern similar to
& X

i i the increase in viscous force of a pseudoplastic fluid. HNote, also,

: % that inertial force developed by a probe of base area A and velocity

it e o

V in a fluid of density p¥* u{f described by

~

:
2

3
b

RS A
=
f e
I
N

FETRRIne

} L8, Taking the considerations above into account, a relation

by (a) replacing "viscous force" in fig. 8 with

s

similar to that in fig. 7 was developed for flat plates in air-dry sand

0.25
- : 1'2 Osh 4
(bz)x = —1-4-2- X AT X <Rh )xc x 2.&(\,-[ . {from equation 3), (4)

;) * For air-dry sand, p is mass density, defined as sand unit dry
E £ weight divided by acceleration due to gravity, 7d/g .

a3

T R N SRR S £ it o ot at Sl A o e A R Rt MR N ok RS S SN e AR A




 *3*f(p).cqmputing "inertial»tdgce" ﬁ?x sgng'asv:  g

7:and (e) using measured (F ) "in place of "drag force." Plate 9 shows

  ?7th1s relation, using all of the data from the WES tests of flat plates

B :alnxalr-dry Yuma sand. (Open-symbol data in plate 9 were obtained at

‘;Vértical velocities <3 m/sec, closed-symbol data at velocities >3 m/sec.)
5The'cufve that describes this relation is linear with a slope of -1 for

: bsc1ssa values up to about 0.02. Beyond 0.02, the data describe a
icurve that approaches the horizontal more and more as values of the

;abs01ssa term increase., This indicates that inertial forces-contrlb-'

‘r:g,ﬁted to (F ) for vertical velocities >3 m/sec, but no plate test was

“conducted at §eloc1t1es large enough to cause (Fz)x to be dominated
by inertial forces. 4 7

- 49, To estimate (Fz)ﬁ -from the relation in plate 9 requires
knowledge of the size, shape, and velocity of the flat plate of interest;
the mass density of the sand; and information in terms of FZ s A,
VZ , and ES from a cone penetration to obtain standard G . Then, the
value of (Fz)x is estimated by calculating the value of the abscissa
term in plate 9; determining the corresponding ordinate value from the
curve; and multiplying this ordinate value by the value of pAVi/é for
the plate of interest.
(Fz)x for cones at baée depth = O

50. The same procedure outlined in paragraphs 39-43 for the flat
plates was used to obtain a deseription of (F ) at cero base depth
for 30-deg-apex-angle cones of a range of sizes ?base areas from l.29
to 58,1 em ) in Yuma sand test beds of G values from 1.08 to
6,91 MN/m3, with velocities =3 m/sec. The logarithmic relation of cone
stress ratio (F /&l'B) to velociﬁy gradient ratio V 4 » shown
in plate 10, effectivelgsdescribes \F ) in a normalized format that

includes measurements of all t.e major variables that influence (F ) .
P
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The rélation is different from the corresponding one for flat eircular
plates (plate 7) in that (a) at3 instead of AX'2 appears in the
ordinate term, and (b) the ordinate term in plate 10 increases log-
linearly only after velocity gradient ratio values exceed sbout 2.3.
51. . The curve in plate 10 must pass through coordinates (1,1)
since the variables in plate 10 are normalized relative to the standard .

cone penetration. Accordingly, the horizontal part of the curve in

plate 10 has ordinate value 1.0. For values of velocity gradient ratio i

greater than 2.3, the relation is described by ' i

Je = 0.65| 2 )
1.3 0.65 T
A - xs .
xs

Thus, a velocity gradient ratio of 2.3 can be corsidered a threshold
value below which cone stress ratio remains ess:ntially constant, and
sbove which it increases as O.65(VZ/£)O'50

52. In plate 11, all the data from plate 10 (open symbols), to-
gether with all data for the cones at velocities >3 m/sec (closed sym~
bols), are plotted logarithmically in the relation of

measured (FZ)X p<AV§ / E)X

p(AVi /22( versus [(Fz)x computed fram relation in plate 10‘[

No significant depariure of the data from & line of slope equal to -1 is
noted, indicating that the velocities of these cone tests were not large
enough to develop inertial forces that were sizable in comparison with
the forces expressed by the denominator of the abscissa term, This re- '
sult was obtained even though values of veld ~ity up to 6.90 m/sec are
included in plate 1ll.

53. A comparison of plate 10 with plate 7 and plate ll with
plate 9 shows that (Fa)x for cones and flat plates is markedly
different even though these probes had circular bases of the same range

of sizes and ope.ated over about the same range of velocity values in

a3




Raiins iolieimar upitia s gisbait,  sulaiadig

L B G

P Lo UIUREp I

"sand beds of similar G values for the tests reported herein.
(Fz)x for plates

and cones at 15-cm depth .

54, Values are listed in tables 1 and 2 for sand penetration
resistance force (Fz)x and velocity (Vz)x measured at 15-cm probe

base depth for each cone and plate penetration. For each combination

of probe size and shape and sand G value, (Fz) varied only slightly

with velocity at the 15-cm depth (reference plate§ 1l and 2). Ifa

situation arises where (Fz) needs to be estimated at some substantial
X

probe base depth (say, 210 cm) for a given flat plate or cone with
velocity of >3.05 cm/sec, a reasonable approach is to estimate (? )
at that depth for the probe of interest with velocity equal to x
3.05 cm/sec. To accomplish this, first estimate F at 2.5-cm base
depth for a given plate using equation 4 (plates 7 and 8); or estimate

(FZ) at zero base depth for a given cone using
X

\

F
(Fz)x = A}];'3 X A]f3)
S

for (vz/z) <2,3 amd

X8
0.50
(F) < ak3 " xoss(v—zi) ’
2/, X A1.3 ) 4

XS

for ( /E) > 2.3 (plate 10). In these estimates of (F ) , use
P4
(Vz) = 3,05 cm/sec. Next, estimate G for the probe of interest by

using equation 2 [a.gain, with (Vz) = 3 05 cm/sec] . Then, (Fz) for
X

(Vz)x 2 3.05 om/sec at the depth of interest (210 cm) can be approxi-

mated by [(Fz)x at 0 or 2.5 cm] + [G . X (depth of interest - O or
2.5 em)| .
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PART III: LOW-SPEED VERTICAL CONE PENETRATIONS
IN DRY-TO-MOIST SAND

Test Sand and Its Preparation

Test sand

55. The same type of desert (Yuma) sand used in the tests de-
seribed in Part II of this report (paragraph 9) was also used in the
tests described in this part.

Sand preyaration

56. Samples of air-dry Yuma sand {moisture content from 6.h.to
0.5 percent) were prepared in 38-cm-inside-diameter, 30-cm-high steel
molds by pouring the sand from a height of 45 em above the mold, taking
care to cover the full area of a given mold uniformly as it was filled.
Different sand densities (and G values) were produced by varying the
rate of sand discharge into the molds. This was accomplished by use of
an adjustable nozzle in the flexible hose through which the sand flowed
into the molds.

57. Yuma sand test samples at moisture contents from 1.1 to 12.3
percent were produced by carefully blending prescribed amounts of sand
and water to produce a homogeneous mixture at the desired moisture con-
tent. Three levels of sand unit dry weight were used for nearly all of
the moist-sand samples--approximately 15.1, 15.4, and 16.0 kN/m3. For
a given sample, the sand was placed in the steel mold in shallow layers
(from as little as 3.6 to as much as 5.9 cm thick) and each layer was
compacted by blows of a 12,2-kg hammer falling 15 em. The number of
blows and the sand thickness per layer were varied until a cambination
was obtained that produced & near-linear increase of cone pegetration
resistance with depth for each combination of moisture content and unit
dry weight tested.

58. Sand strength in the test molds was characterized primarily
in terms of G , although measurements were also taken of unit dry
welght and moisture content for each test sample. The cone penetration

resistance versus depth curves obtained in the test molds had essentially

a7
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the same near-linear shape as those (fig. 2) obtained in the sand test : ;ﬁ

bins, for both the air-dry and moist samples of Yuma sand.

Test Equipment

B IR R Ay

59. Two penetrometers with the WES standard cone (3.23—cm2 base
area) were used in the vertical penetration tests of dry-to-moist Yuma
sand. The first penetrometer forced the cone into the sand at constant

velocity from 0.017 to 6 c.a/sec by means of a mechanical rack-and-pinion

gear arrangement (fig, 9a). Cone penetration resistance versus depth of

penetration was recorded by an x-y plotter (records similar to fig. 2).

O

60. The second penetrometer was a triaxial machine modified for

% this study by removing the triaxial chamber, widening the outer arms of

: the moving element to accept the 39.k-cm-outside-diameter test mold, and
mounﬁing a cone-shaft-load cell arrangement in the center of the moving
element (fig. 9b). This machine was used for cone penetration tests at
speeds from 0.3 to 35.1 cm/sec. (Values of G obtained at overlapping
velocity values for the two penetrometers indicated no influence of

machine type on the test results.) An oscillograph recorded FZ , depth

of cone penetration, vertical velocity, acceleration, and FZ free of
the effects of acceleration and deceleration of the cone-shaft-load

cell assembly.*

Test Procedures

61. For both penetrometers, three cone penetrations were made in

i; each sand mold at a given test velocity. Variables measured for each

- mold included sand unit dry weight and moisture content, cone vertical

z * The influence of acceleration and deceleration of the cone-shaft-load
cell assembly on measured sand penetration resistance force F, was
eliminated for tests with the modified triaxial machine by the same
technique described for the nigh-speed loading device in paragraph 18
That is, the F,; values reported herein reflect the interaction of
the cone and sand only, not the effects of accelerating or decelerat-
ing the cone-shaft-load cell assembly.
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a. Mechanical penetrometer b, Modified triaxial machine

Fig. 9. Penetrometers used in vertical penetration tests of dry-to-
moist Yuma sand contained in steel molds

velocity, and penetration resistance gradient G (from the curves of
cone penetration resistance versus depth). Average vslues of each of
these four variables are listed in tables 3 and 4 for each sand mold
specimen tested.

Analysis of Data

62, The results of vertical penetration tests with the standard
WES 3.23-cm2 cone at (vz)x values fram 0,01, to 35.1 em/sec in test
molds of Yuma sand whose moisture contents ranged from O.4 to 1ll.5 per=-
cent are presented in table 3., Table L4 presents data from s separate
block of 16 tests with the standard cone at standard velocity

29




. . No significant effect of ve1001ty on G is apparent, and the relation

e ot e - o e s . e ea——— e L e Tk R, Ll

(3.05 cm/sec) in Yura sand.molds of 0.5 o 12 .3 percent moisture content.
._Data in table L were obta;ned to complemenu rela ions developed fram the
‘data in table 3. SR e o

Effests of veloeity =~ - = R

63. The relatlen of sand penetratlon res1stance gradient G to
vertical penetration veloc;ty (Vz) is shown in plate 12 for the
\3 23ecm2 cone tested gt four_lgvsle ofvmoistufévcontent (approximat.e
values of 0.5, L.k, 2.1, and 7.0 percent) and at velocities from 0.0295
to 33. h‘ém/eec.: All datamin platz 12 are from molds of Yuma sand tested
at one level of sand unlt dry veight (7 )> approxlmately 15.4 kN/m .

for each -of the four m01sﬁcrg_contant levels:is described by a horizon- g
tal line.* Clearly, éx is étrongly igfluenéedAby moisture contenﬁ;'
more than a fourfold increasz in the value of Gx- resulted from in-
creasing moisture content from 0.5 to 7.0 percent.

64. Nearly the full range of (Vz)x values in table 3 is in-
zluded in plate.l13. The lack of influence of ’(Vz)x on .Gx in plate
12, ‘together with the fact that standard velocity, 3.05 cm/sec, is in-
cluded in the range of CV ) value§ in the abscisse term of this plate,
allows - Gx values from table 3 to be considered equivalent to steandard’
' G values. In all relatlons examined in the remainder of this part of
the rerport, cables 3 and h are ron31dered to contaln values of G , not

G .
X .

- Effects of unit dry
weight and moisture content

65. Changes in the value of wnit dry weight produce corresponding
changes in the value of (¢ , as demonstrated in plate 13 for four levels
~of ‘moisture content. The semilogarithmic relation between G and unit

- dry weight in plate 12 is described by a family of parallel straight -

i

*7 The 1nsen31t¢v1 by of -G, to increases in velocity up to 33.4 cm/sec

f-(ihe largest velccity in plate 12) agrees with results obtained with

" the standard ccne in Part II of this report. From page 1 of table 1,

" Gy values obtained with the 3.23- -cm® cone at approximately 30 cm/sec
were 1,44, &bk, and ) €5 MV/m3 .in sand test beds of standard G- val-
ues 1.L0, 2,48, and &.06 MN/m3, respectively.
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lines ‘separateéd-by.levels of moisture content..

This indicates that a -

.glven change in the value of unit dry weight produces approxmmately the
;VSame percentage change in the value of G for any moisture conksent
within the range tested. Of course, the numgrlcal change in G caused
by a glven change in unit dry wnlgbt increases as’ the value of. moisture"
'Hcontent increases. -

66. The streight lines in plate 13 are described by the equation . =

4

log G = log a + ?d - e (16)"

The algebralc value of log a in equatlon 6 increases with lncrea81ng

values of m01sture content--eee flg. 10. "This figure shows that the

value of log_a -1ncreases rapldly as moisture content increases from

Q.4 tQ‘about 3,percent; beyond 3 percent, the rate of increase of log a

. ~4.0
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Fig. 0. Relation of log & in equation 6 to mois-
ture content
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gear performance based on evaluations of these tests should be conserv- | i ff“

;;ative when a given value of sand unit. dry weight is considered.* Anal-

P
i
L
33

" ysis of the results of many field tests of prototype wheeled vehicles
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becomes progressively much smaller. Plate 1L shows that variation in
moisture content influences G in & pattern s_milar to its influence on.

log a in fig. 10. For each of the three unit dry weight levels repre-

sented in plate 14, the major portion of the increase in 4 occurs &as o
moisture content increases from 0.4 to 3 perceht.

~ 67. In terms of vehicle mobility, the strong demendence of G
on moisture content at small values of the latter variable carries
important practical implications. All WES laboratory tests of single
model wheels and tracks, as well as of prototype vehicles, have been

‘conducted in air-dry sand. Thus, the descriptions of vehicle running

conducted in dry-to-wet sands indicated that G has the same meaning

relative to running gear performance, no matter what the moisture.l:L A

i i el i el

strong statement to this effect cannot be made at present, however, be-

cause a sizable amount of data scatter was present in the relations
between running gear performance and a prediction term that included G .
Controlled laboratory tests of wheels and tracks should be conducted in

s AN A

moist-to-wet sands to determine with improved accuracy how G at dif-

ferent moisture content levels is related to vehicle running gear o ks

vz ¢

performance.

* This results because vehicle running gear performance normally
worsens (pull decreases, sinkage increases, motion resistance in-
creases, tractive efficlency decreases, etc.) as the value of G de-
creases. Over the range of moisture contents studied herein, the
smallest value of G was obtained for the air-dry condition.




PART IV:  HORIZONTAL PENETRATION TESTS WITH
. PROBES IN AIR-DRY SAND

a t'ies£ Sand and Its Preparation

- 68, The air-dry Tuma sand used for horizontal cone penetration
tests at WES was thé same type of sand described in paragraph 9. Each

test was conducted in a sand bed enclosed by five 0.8- by 1.6~ by 8.2-m
s0il bins joined end to end, with the interior bin gates removed. The
sand preparation technique was the same as that deseribed in parsgraphs
10 and 11.

Test Equipment ~

Low-syced penetrometer

69, Measurements of standard penetration resistance gradient G
were taken in a given five-bin sand test bed using the same mechanized,
low-speed cone penetrometer described in paragraph 1k,

RS
Test cones and dynamometer L fg

TO. Horizontal penetrations were nade witn steel, 30-deg-apex- E
angle, right circular cones of four sizes--base areas of 3.23, 6.45, §

12.90, and 23.23 cme--by using a special cone assembly mounted on the

e

forward face of a dynamometer test carriage (fig. 1l). In the assembly,

i D

a hollow outer shaft protected a specially machined inner shaft, which

IR T B

was threaded to receive the test cones and instrumented with strain

gages to record only the force transmitt:d to its leading face by the
cone, i.e. the strain gages were positioned such that forces only on the : g

aERh S AN T2 e

base of the cone, not on the shaft, were recorded. Calibration tests
showed that axial loads over the full range subseqQuently encountered
during testing were recorded to an accuracy of #2 percent. Also, it was

determined that forces applied perpendicularly to the shaft were not

picked up by the strain gages, indicating Lhat any nonaxial loads caused : :

L8 PR SR N N R T L ETN

by shaft misalignment were not recorded.
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Fig. li. Cone aséemblyrmounted on forwar& face of dynamometer Lok
test carriage C o

Test Procedures and Data Reduction

Test procedures

Tl. After a given five-bin test bed of air-dry Yuma sand was pre-
pared, measurements of G were taken at l.5-m intervals over the length
of the bed (about 18 m long for each test) at its transverse center
line. Next, the test cone was screwed into the shaft of the special
cone assembly, which ltself was rigidly mounted on the front face and
at the transverse center line of the dynamometer carriage. The tip of
the cone was then set to a predetermined depth beneath the level of the
sand surface, and a final check was made to assure that the cone shaft
was horizontallyr aligned. While the cone and shaft were still in air,
calibration checks were made of the cone shaft's strain-gage system and
of an oscillograph system that recorded the test results.

72. To allow the penetration velocity of a test to begin at zero,

34
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the core assembly was moved forward very slowly until -the cone was sev-
eral meters inside the first sand bin, at which time the carriage was
- stopped. The actual test was then begun by moVing\the assembly forward
several meters at the dynamometer's lowest creep speed.* After this
initial penetration period, the test velocity was programmed to increase
linearly to a maximum value (about 3.8 m/sec vor most tests, up to
5.2 m/sec for several), and then to decrease lineaily to zero. Each
horizontal penetration passed through the locations of the vertical cone
penetrations that were made prior to the test to obtain standard G
values. Values of horizontal force Fx acting on the base of the test
- cone, horizontal test cone velocity Vx , and acceleration a were
recorded by the oscillograph.
Data reduétion

73. Values of horizontal force were measured at corresponding

; values of velocity during the acceleration and deceleration phases of
éﬁf. each test, and the average of the two force values are reported herein
ﬁg. for each velocity level sampled. FEach pair of force readings at a com-
3 mon velocity had nearly equal values, indicating that the increasing-,
then decreasing-speed technique affected the force negligibly. Using

the average of two force values measured at locations a considerable

“ distance apart also had the advantage of "balancing out" the effects of
- V slight nonuniformities in sand strength over the length of the test bed.

e TR

Performance of Cones and Plane Blades in Sand

. Some general considerations
: Th. Soil cutting by tillage tools is a practice many centuries

old. Earth moving by machines with scraper blades has become a common
practice since the turn of the century. In both cases, the penetrating
3 implement moves generally parallel to the soil surface. Also in both

i e w4 s st o e e

¥ Even Lbis procedure falled to produce usable data below about

0.3 m/s3y, since F_ (horizontal force imparted by the sand to the
E ¢ cone bas:) stabiliz8d to a given pattern only after a velocity of
} about 0.3 m/sec was reached.
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"2f~cgées,=é,§uahtitative description of the influence on goil perietration

f?freqisﬁgnce of the pertinent soil and implement variables would lead to
'better,'moré rational design. of the penetrating implément.

5. Two types of horizontal penetrations in sand may be cdn-

sidered: (a) thcse made well below the sand surface and (b) those made

near the surface. Only penetrations of the second type were conducted
at Wgsrfor this study. Analysis of the results of these cone penetra-
tion tests, together with a summary of major findings from two similar

- non-WES studies, is presented below. This analysis is followed by a
h discussion of some major points fram a comprehensive study;a of plane
cutting blgdes tested near the sand surface.

Cones tested beneath
the sand surface at WES

76. Data from 22 horizontal penetration tests ccnducted beneath

the surface of air-dry Yuma sand with four sizes of 30-deg-apex-angle,
right circular cones are presented in table 5.

T7. Dimensionless description of the cune-sand system. To de- o %

scribe the physical characteristics of the system in which the horizon- : f?
tal cone penetration tests were conducted, the sketch in fig. 12 was ' '
prepared. The following variables and their associated units of force,

Jf(r“SAN'D-SUW‘F'ACE
/N L

SAND VARIABLES: G, Vy, 9
GENERAL VARIABLE: g

pe=F
Vg ——t - - dy =X = - !

Fig. 12. Sketch of cone-sand system for a cone penetrating horizontally
beneath the sand surface
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length, and time (FLT units) describe the system:
a. Dependent variable.

F_, sand resistance force measured in the direction of
horizontal cone penetration (F)

b. Independent variables.
(1) cone.
o , cone tip apex angle (deg)

d, s diameter of cone base* (L)

h , depth of cone tip in its test position beneath
the undisturbed sand surface (L)

V. , horizontal cone velocity (LT-l)
X
(2) gand.

G , sand standard penetration resistance gradient
(FL"3)

74 » sand unit dry weight (FL'3)

£ , angle of internal friction of the sand (deg)
(3) General.

g , acceleration due to gravity (LT'Q)

78. From dimensional analysis, the Buckingham Pi Theorem states
that the number of dimensionless terms needed to express a relation
among the variables is equal to the number of pertinent variables minus
the number of dimensions (i.e. forece, length, and time units) among
these variables. Assuming all the variables in paragraph 77 are perti-
nent , six {9 - 3) dimensionless terms are needed in the general rela-
tion that describes force Fx + Formal techniques aave bLeen developed
for forming the terms, but they can be derived easily by inspection
for this analysis. The general form of the relation between Fx and
the independent variables in paragraph 77 can be expressed as

dx ) (G, ;T-g- G: ﬁ\ (7)

79. Only four of the dimensionless terms in equation 7 were
needed to describe the WES cone-sand system since (a; cone tip apex

* DBecause all of the Lest cones had the same shape, any given linear
dimension of the cone can be used to characterize cone size.
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.”fiff;anng' &« was 30 deg for all the test cones, and (b) angle of internal
 _§'friction § wvaried by only about 2 deg for the full range of G values

Rt T s SR A S TR Sttt

. tésfed,and, thevefore, could be consideredvconstént. Thus, equation 7
- was reduced to

F vV 14

X h d

S pfe= ; .._) A (8)
Gdi <gx ’ qg!x’ G

It is emphasized that variables of the same dimensions in equation 8 can
be interchanged, the <imensionless terms can be inverted, and different
dimensionless terms can be formed by multiplying or dividing dimension-
less terms by one another and/or by performing the same mathematical
cperation on the numerator and denominator of a given dimcnsionless
ternm.

80, Test results at 30 cm/sec. A logical representation of the
term FX/Gdi in equation 8 is (Fx/di) / de , Or (Fx/Ax)/de where
A.X is the base area of the cone. The numerator in the latter term

describes cone base pressure, and the denominator can be considered an
indicator of sané pressure at some unspecified depth. This term can be
altered to another dimensionless term by multiplying it by (ax/h)2 ’
i.e.

) 2
Fo/A. d Fx/Ax (9)

=

X
G 2= 73
x  n° ohY/a

This last dimensionless term has been produced by manipulation of the
first two terms in equation 8, and is hereafter called the "cone-saud
pressure ratio."

81. To determine whether the cone-sand pressure ratio is a mean-

ingful, stable term, its numerator was plouted versus its denominator E
in plate 15, using data thought to be affected very little by the last z
two dimensionless terms in equation 8, Relative to the Froude number 3
(Vx/\fga;) , velocity V. was held constent at 30 cm/sec, the lowest
velow ity in the programmed-velocity tests that was judged adeqQuate to
produce reliable measurements of Fx + Concerning the term Id/G ’

values of G for the horizontal cone penetration tests ranged from
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1.05 to 4.33 MN/'m3 (table 5). From plate 13, corresponding values of
74 are 14.h and 16.3 kN/m3, respectively, which define a very small
range. Thus, it was anticipated that the Froude number and V4 /G would
have only slight influence on the relation of Fx/Ax to Gh /d .

82. The data in plate 15 fit closely about the straight line

described by
F
X _ Gh
Ax "7 (é e d )

X

All but two of the 22 tests represented in plate 15 were conducted at

= 17.8 ecm (open-symbol data points). The other two tests (closed
symbols) were conducted at h = 10.2 ecm and at h = 25.4 em . The
cdata point for h = 10.2 cm lies very close to the straight line. The

one for h = 25.4 em is within a reasonable distance from the line, but

lies noticeably to the right side. This separation is considered to

result primarily from the fact that 25 cm is approximately the maximum

depth that could be maintained near-linear in the Yuma sand test beds
(paragraph 11). For G = 1,05 Mi/m> and the standard 3.23-cw> cone,
this depth also corresponds closely to the "critical depth" D, de-

seribed in Report L of this series.7 Below the critical depth, sand
resistance "increases only slightly, and the rate of increase remains
constant." Because horizontal performance of a cone at a given depth
is influenced by sand strength both above and to some depth below the
height of the cone tip, the effective value of G for the test at

h = 25,4 em likely is slightly less than 1.05 MN/m3. A smaller value
of G for the data point at h = 25.4 cm would shift its location
leftward, and therefore closer to the curve in plate 15.

83. The major point is that cone base pressure F /A ls closely
related to the sand pressure term Ghe/h However, this relation
holds true only for data obtained well within that depth of sand wherein
cone penetration resistance lncreuses in near-linear fashion.

84, Relation of the cone-sand pressure ratio to the Froude number.

To introduce the effects of velocity of Fx , the cone-gand pressure ratio
was plotted against the Froude number for each of the four test cones, as
shown in plute 16. The left side of plate 16 shows that, for each
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penetration test, a log-linear relations exists for values of the Froude

number up to about 5. The slope n of these lines can be described by

7d. dx \0.5
1.037 - log -(I—X<C—1-S—/ Vx
n = 3 ) VéT; <5 (10)
where .
dx = diameter of the cone of interest )
d_ = 2.03 cm, the diameter of the standerd 3.23-cm  cone.*

S
Note that n may be rositive or negative, The tests represented in

plate 16 had values of (7d/G)(dx/ds)o'5] from 2.66 to 23.2, and corres-

‘ponding n values from equation 10 of 0.20 to -0.11.

85. To develop a means of estimating the cone-sand pressure ratio

from an equation of the form

F /A vo\®
Xx:k( x) (11)
X

th/dx V&

with Vx/ gdx € 5 , it was necessary next %o determine a relation for

k , the value of (Fx/Ax)/ (Gh‘:/dx) at v, \/gdx =1 . Cone base pres-
sure Fx/Ax was plotted versus the sand pressure ratio Gh /dx for the
condition Vx/gdx = 1 , and the well-defined linear relation

2
X Gh_
Ax = 55 +<0.06O 3 )

X

L

was produced, so that
Fz/Ax 22 Vx
kK = = + 0.060 , =1 (12)
Ghe/ d, Ghe/ a, G

£6. The right side of piate 16 shows that, at about V_ /\/—d_g =9

the relation of (Fx/Ax)/@heldx) to V. /\,gax becomes linear on an

arithmetic basis. The slope m of the lines in the right side of

plate 16 can be described by

* In equations 10 and 13, the units of vy are kN/M3 and those of G
are Mi/m3. dx/ds and Vx/ \, gax are dimensionless ratios.
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7 dx
log \_.&4 X F=]=-0.57T

G s X

‘m = 15 ,@; > 5% (13)

87. Overall, then the relation of the cone-sand pressure ratio

to the Froude number can be described by equation 11, with k defined
by equation 12 and n by equation 10 for Vx/ gdx £ 5, For

VX/ ngx >5,

F/A F/A vV, )
Gh/ Ghef * T—S m(Va: "

The curves describing force Fx versus velocity Vx in plate 17 were
defined on the basis of the relations just cited in this paragraph,

using inputs of known Ax s G, h, and dx for five horizontal cone
penetration tests in table 5. The patterns of Fx versus Vx described
by the data points of these tests are traced reasonably well by the
curves thus developed.

13,14 in-

88. Other cone studies, Results from two other studies

volving horizontal cone penetration tests well below the sand surface
provide information complementary to the WES results described in
paragraphs 76-87. In both studies, the test material was an air-dry
sand with a specific gravity of 2.67, an angle of internal friction @
by triaxial test of 30.5 deg, and grain-size distribution such that 95
percent, by weight, lies between 0.01% and 0.06 mm. Three levels of
unit dry weight were used--l4.3, 15.2, and 16.0 kN,m3. Twelve circular-
base-area cones were tested whose base areas ranged from 20.3 to

81.1 cme, and whose apex angles ranged from 15 to 90 deg. Some of the
steel cones were tested smooth, others with sandpaper glued to the outer
surface. Maximum horizontal ccne test velocity Vx in the two studies
was 2.4 m/sec, and cone tip depths at which penetrations were made
ranged from 7.6 to 61.0 cm.
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89. The principal aim of the two studies was to investigate the
effect on horizontal force Fx caused by variations in depth of pene-

tration, model variation (i.g. cone size, apex angle, and surface rough-
ness), cone speed, and the "state of packing" of the sand. The follow-
ing are among the most important findings from the two studies:

a. For a given value of sand unit dry weight and a cone of
given size tested horizontally at low speed, sand pene-
2 tration resistance force increases roughly as the square
g of depth for tests near the sand surface [because the
’ " cone "is effectively pushing a block of sand of depth (h)
- ahead of it and so suffering a passive pressure propor-
- tional to depth squared"1], and roughly linearly with
: depth for tests substantially below the surface.*
- This first result agrees with that developed herein from
the WES cone tests, in that h® was determined to be the
depth term appropriate in a description of Fy .

# b. At a given depth well below the sand surface, and at low
3 penetration velocity, F, increases linearly with cone
base area. For the WES test results, plate 18b demon-
strates that curves based on equations 10, 11, and 12

.. : describe the relation of F, to cone base area slightly
P : better than would straight-line approximations. The

' data points in plate 18b were obtained from a cross-
plot of the F_ versus G relation shown in plate 18a,
using data at Velocity Vy = 30.5 cm/sec fram the 20
tests in table 5 that- had h = 17.8 em .

i ) c. Slight reductions in F, resulted from reducing the cone
: apex angle (in the 90- to 15-deg range) and from usir
polished steel, rather than sandpaper-covered, cones.
However, the magnitudes of these effects on F, are
guite small compared with those of the other variables
considered.

d. Values of F, change with cone speed in different pat-
terns for loose and dense sand, with larger increase in
Fy (both on a percentage and on a numerical basis)

2.4 m/sec). In the loose state, a general reduction in

3 Fx with increasing Vx occurred up to 1.2 m/sec, with

{ F, increasing with V, beyord 1,2 m/sec. Roughly, this
pattern was obtalned in the WES tests, except that the
transition point for different Fyx values was taken as
occurring at Froude number (Vy \73 = 5 . (See plates
16 and 17 and paragraphs 8u- 7.{

* Depths at which the horizontal cone penetrations were conducted in
tests in references .3 and 1L ranged from 7.6 to 61 cm.
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e. For the range of values used, the "state of packing.” i.e.
sand unit dry weight, affected F, more than any other
variable studied. In the WES tests, both cone size (area)
and state of packing (G) had great influence on F_ for
the low-speed condition--see plate 18, for exampls., For
velocity values up to 5.2 m/sec, Fy was strongly in-
fluenced by cone size (expressed in terms cf Ax and

dy), state of packing (G), and cone depth (h)--see para-
graphs 84-87.

Plane cutting blades operat-
ing near the surface in sand

90. The primary object of the study described in reference 12¥
was to develop equations cepable of predicting the force response of
air-dry sand of three unit weights to plane cutting blades of various
sizes, inclination angles, and depths of cut over a range of penetra-
tion velocities. Values of sand penetration resistance gradient .G and

unit dry weight 7. of the test sand were:

a

Low Medium High
G, MN/m> 1.4k 3.23 5.97
7y KN/ 15.7 16.3 16.7

91. A schematic of the cutting blade is shown in fig. 13. The

blade variables ~onsidered in this study were:

b , blade width, cm

4 , blade length, cm

z , blade operating depth,** cm

& , blade angle, radians
V. » operating velocity, cm/sec
Test values of b ranged from 2.54 to 25.4 cm, of £ from 11.7 to
39.2 ¢cm, of z from 2 to 34 cm, and of 2z/(4 sin @)t from 0.25 to 2.0.

Each of 10 plane blades was tested at & = 30, 45, 60, 9Q and 105 deg,

* The authors of reference 12 have also conducted a similar study using
clay as the test soll (reference 15).
** 7 ¢ the vertical distance from the bottom of Lhe blade to the
original sand surface.
t 2/4 sin o is the proportion of blade height in sand at the start of
a given test, For a blade whose top edge is at the height of the
original sand surface, z/¢ sina) =1 .
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Fig. 13. Flane cuﬁting ﬁlade
(from reference 12)°

. and values of Vv, ranged from 25 to 255 cm/se¢. The only sand yari-'

-,able,that'appeared ultimately in the prediction equations was 7dﬁ,

unit dry weight; Test response was measured by fx » horizontal com- ~

- ponent.of blade reaction force, and fz , vertical component of biade
reaction force. '

. 92. The nbndimeﬁsional'relations developed to predict fx and

:fz‘ for the range of conditions tested were

(controlled) dimensionless terms--a , 2/(£ sin @) , z/b , and

Ly
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Lot N R 2
£, . 0.770 1.10 v
—_—F z\ : X
0.5 1.5 = ¥ (g Sin a) -1-05 (b/ + 1.26 (g.@) + 3,91 (1)
7dbz §A
and
¥ \0. 770
........._.....‘Z.....__.... - S . \2] < 2 )
7dbzo’5zl'5 [1'93 b - o.mly 4 sin
| [, .0.966 vi
[1031(5) « 13 %)+ 5.60]  (25)
where ., 1s acceleration due to gravitj, 9.805 m/gecg, Four independent




_ Vi/él--abpear in the right side of equations 14 and 15. Fig. 1b presents
some representative relations of these varisbles, in turn, to
fx/7d:bzo'szl'5 (figs. llha-14d), and to fz/7dbzo'5zl'5 (figs. lhe-1kh).
The relations described by equations 1k and 15 are quite complex, partic-
B ularly those by equation 15, which shows both positive and negative values !
R 0.5,1. .
S o of fz/ydbd g5 (each of figs. lhe-1lh), as well as a nonmonotonic |
influence on fz/7dbz°'5;1'5 of variasble ¢ (fig. lke). 1In each of
g figs. l4a-14h, the curves (which represent equations 1L and 15) trace ;
f _the pattern of behavior of the test data reasonebly well.
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PART V: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

93. The foregoing analysis is considered adequate basis for the

1ollowing conclusions:

a. For a given cone or flat plate tested vertically in air-
dry sand of given strength, the curve of sand penetration
resistance force per unit probe base area F /A_  versus
probe tase depth departs from near linearityzas velocity :

_ V_ increases. Values of F /A_ at shallow depths in- ;

. zZ . . . z s

¢ . crease with increases in V_ ", but F /A approaches

: a common value at substantifl depth (anf 15 cm) for 3
-V values in the 3- to 600-cm/sec range (plates 1 and : 1{%
2%and paragraphs 25-27). ' - 3

b. Penetration resistance gradient G_ for any of a broad
range of cone sizes and plate sizes and shapes can be E
estimated if values are known for the gradieat obtained o BN
under "standard" conditions with the 3.23-cm” cone at '
3.05 cm/sec (G) and the probe base area A, for

V= 3.05 em/sec (equation 2 and paragraphd 31-35).
B&cause of the factors cited in a above, Gy should be
estimated by equation 2 only for VZ near 3 cm/sec.

c. Values of F_at probe base penetration depths of 2.5
and O cm for~flat plates and cones, respectively, can be
estimated from relations of dimensionless terms that
descrive F_ as a function of sand strength and probe
size, shape) and velocity normali:ed relative to con-
ditions of a standard cone penetration (paragraphs 36-53
and plates 7-9 for plates, 10 and 11 for cones). Data
used in the development of these relations included
values of G from 1.08 to 6.91 MV/m3; A_ from 1.29 to
58.1 emf; one cone st ape and five flat plate shapes; and
V_ values from 3 to well over 600 cm/sec.

&L
d. Values of G increase markedly with increases in sand
: unit dry welght and/or moisture content (plates 1l2-lu4 and
! paragraphs 63-66).

e. lor a glven probe tested hori:ontally in sand, force [
on the probe base depends on probe .siie, shape. and *
veloclty; depth of the probe relative to the undisturbed

; sard surface; and sand strength. A description of such

¥ a system, obtalned by using dimensional analysis and data

from cone penetration tests in alr-dry sand, allows F

A for cones to be estimated from relations of dimensionl¥ss

: terms that include descriptions of the variables mentioned

' above (plates 1%-17 and paragraphs 76-87).
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A brief review of major findings from two studiesls’lh o)
horizontal cone penetration tests shows that these find-
ings agree with and complement results of the WES tests
(from e above). Some major conclusions from these
studies are: Increase in F, changes from a squared
function of depth for small depths to a linear function
for large depths; Fx Aincreases with cone base area;
cone apex angle and surface roughness influence F, only
slightly; Fy changes with velocity in complex patterns
influenced by probe size, probe depth, and the sand's
state of packing (parsgraphs 88-89).

f

A brief summary of results from another studyl2 shows that
the .orizontal and vertical camponents (fk and f, ,
respectively) of forces on plane blades operating hori-
zontally near the sand surface can be estimated by
equations that incorporate runctions of the variables
mentioned in e above (paragraphs 90-92).

Recommendations

is recommended that:

Model teshs of plane blades and bulldozer blades be con-
ducted in another type sand than that used in developing
equations 14 and 15 to determine what modifications
should be made to these equations to account for the
effects on fyx and f, of sand type (plane blade per-
formance) and of bulldozer blade curvature.

A study like that in a above be conducted in clay to
verify the relations from reference 15 and to extrapolate
them to bulldozer blade performance.

Free-fall or impact-driven vertical penetration tests be
conducted with cones in dry-to-moist sand to complement
similar studies conducted by WES in fine-grained soils
(references 1-4).

Laboratory tests of wheels and tracks be conducted in
moist-to-wet sands to improve present knowledge of how
G at different moisture content levels is related to
vehicle running gear performance.

A study be made to apply the descriptions presented here-
in of the influence of probe shape and velocity on sand
penetration resistance force to the sand-vehicle running
gear situation.
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Table 3

Penetration Velocity, 0.017 to 35.1 cm/sec

i
Vertical! Penetration Tests with 3.2'3-cm2 Cone in Molds of Yuma Sand |
}
1

Penetration :
U;it Dry Penetration Resistance t
E eicht Veloci ty Cradient i
{ Moisture Y4 e Cy* g
: Content 3 2 - 3
% Test No. 7 kii/n cm/sec 1 /m
B 0.5 15.42 2.50 1.00
2 15.14 2.5N 1,92 ;
3 15,52 2.50 2.57 §
4 15.01 2.50 1.77
¥ 5 0,4 15,37 8,07 2.25
i 6 l 15.37 17.4 2.23
- 7 15.37 3.26 2.12
S 8 0.5 15.36 34.5 2.60
;’ ' 9 0.4 15.39 3.34 2.31
i 10 0,5 15.50 33.5 2.77 :
. 11 : 15.45° 3.13 2,42 ¥
: 12 15.30 n.381 2.33 i
: 13 15.45 n.381 2,51
¢ 14 14.92 ' 3.34 1.43 :
: 15 15.34 R.64 .12
16 15. 36 32.9 2.38 :
P 17 15.40 17.1 2,45 -
1R 15.40 0.28] 2.27
19 15.5%0 4.1 2.68 : 3
20 15.43 12.7 2.57 3
21 15.50 .47 2.21 5
22 15.45 N, 423 2,16 3
. 23 1 15.48 33.0 2.79 :
: 24 0,4 15.51 12.2 2.64
4 25 15.47 12.5 2.66
26 15.45 1.73 2.53
1 27 14,98 3.64 1.47
A 28 Y 14.84 3.56 1.50
A (Continued)
: * Values of Gx listed in this table zau ve considesc) cquivalent to

standard € values because Cx was found to be influenced uirlipibly
by the full range of Vz values in this tahle (which values hound
standard veloeity V_ = 3.05 cm/sec) .,

(Sheet 1 of 3)
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Table 3 (Continued)

Penetration
! Unit D Nesistance
§ weighzy Penetration Gradient
; Velocity
5 Moisture Yy Ty Gx
: Content 3 z 3
! Test No. % kil/m cm/sec MN/m
20 0.4 15.94 3,60 3.18
! 30 ' 16,11 3.56 3.38 !
; 31 15,79 3.6N 2,90 :
; 32 15.61 3.56 2.57
§ 33 14,85 3.51 1.AR
% 34 14,81 3.47 1.53
% 35 1.5 15.32 32.3 5.00
: 36 1.6 15,33 13.9 5.49
‘ 37 1.2 15.28 0.423 5. 8¢
¢ 38 1.1 15,41 3,n1 5.27
; 39 1.5 15.36 33.4 5.10 :
; 40 1.5 15.47 n.423 5.88
41 1.3 15,38 .64 : 5.50 :
42 1.3 15.36 12,8 4.65 3
43 2.2 15.44 3.30 7.97
44 2.2 15.35 F.30 1.44 -k
45 2.2 15.32 n,0423 6.93 ;
46 2.1 15.39 n.n295 7.F5 :
47 2.0 15.41 6.35 7.6%
48 2,2 15.35 n,127 7.63
49 2.1 15.239 3.05 7.47
50 2.1 15,33 n,1301 7.65
51 2.n 15.41 34,6 f.19
52 2.1 15.33 3.230 7,66
53 2.1 15.35 17.8 7.43
54 2,2 15.33 33.5 7.64
35 2.1 15,20 13.5 7.57
56 2,2 15,39 n,423 .43
57 2.0 15.58 3.51 7.8]
58 2.0 15.52 3.05 7.22
59 2.0 15.50 1.05 LK)
€0 4.3 15.50 3.05 a,R2
; 61 5.2 15,46 3.05 11.23
; 62 5.3 15,47 1.n5 10,76
{ 63 5.7 15,50 3.05 11,03
§ 64 5.9 15,54 3.N5 10,54
% 65 6.1 15,40 .05 10,52
% (Continucd) (Sheet 2 of 3)
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Table 3 (Concluded)

! Penetration i
;- Unit Dr Fesistance '
Ueight y Penetration Gradient ;
. Velocity : :
2 Moisture \F v Gx ;
5 Content 3 z a
% Test No. ” EN/m cm/sec M /m
:f 66 6.8 15.39 0,423 10,42
¥ 67 7.8 15.22 33.5 9,50 ;
! 68 7.5 15.13 0,423 8. 14 §
g 69 7.7 15.11 35.1 R,5% ;
i 70 6.9 15.49 2.98 11.09 3
! 71 7.0 15.14 13.0 £.93 {
3 | 72 7.1 15.50 3.2h 11.03 %
3 ; ' 73 7.1 15.47 2.06 11.21 |
g ' 74 7.1 15. 46 33.4 10,66 !
1 75 7.1 15.43 13.5 1n.58 !
4 76 6.9 15. 44 n.181 11.51 i
3 77 7.0 15.55 13.0 11.26 :

; 78 7.2 15.57 0, 4A6 ~ 11,56

3 79 6,9 15.74 : 3.51 , 13.94

é- 80 7.4 15.38 . 3,81 15.72

< 81 - 7.5 15.91 3.68 16.45

: 82 7.7 15.90 0,423 15.52 -

83 6.8 15.94 34,9 16.19

84 7.3 15.93 n.N254 14.61

85 7.3 16.04 0.127 15.54

86 7.3 15.87 n.n330 15.41

87 7.3 15.99 n.127 15.24

88 7.2 16.04 0.1169 16,84

89 7.3 15.90 0.127 16.53%

90 11.3 15.57 2.n% 10.59

91 11.5 15.6% 3.N5 1n.21

£
(Sheet 3 of 3)
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Tabhle 4

Vertical Penetration Tests with 3.23—cm2 Cone in Molds of Yuma Sand

Penetration Velocity, 3.05 cm/sec

d F-'P'vi.-vt‘-.—. P e R

BN DU WO UNWUL NN D O =

-t
P DWW DN = NN
.

[
- L -

fory

.

Unit Dry

Weight
Ya

1:?l/m3

15.32
15.93
15.03
15.03
15.99
14.04
15.9¢@
16.35
15.93
16,05
16.23
16.23
16.16
15.08
15.0N
14.75

Penetration

Penetration
Resistance
Cradient

C

M /m3

7.50
10,90
5.60
4,32
R.24
7.31
14,58
4,22
14,37
15.0R8
16,36
4,10
16,44
7.14
7.08
f.38
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Table 5
Horizontal Penetration Tests with 3N-Neg-Apex-Angle,

Circular Cones in Alir-Dry Yuma Sand

Penetra- 3
tion ' A 3
Resis~ o . Cone-Sand : E
g°:: tance Sand Digth Vori< = Hori- Froude Pressure 3
a Gradi- Unit Dry X zontal zontal Mumber Ratio E
Area Weight Cone 3
ent Velority TForce v F /A ~
rest X © I S A e
: No. cm2 NN/m3 kN/m3 cn m/sec N gdx Gh /dx ;
i 1 3.23 1.32 14.71  17.8 - 0,305 57.5 N.683  0,0RR4 ¥
: 0.610 57.8 1.37 0.0869 i
Nn.014 57.5 2.05 n.0864 E
1.22 50.4 2.73 0.n293 E
1.52 50.4 3,42 0,0803 E
1.03 50.4  4.10  n,ngo3 3
2.13 50,8 4,79  0,0800 K
2,44 61.0 5,47  n.0017 g

2.74 62.0 6.15 0.0932

3.05 64,6 6G.R4 n.0071

3.35 AR.2 7.52 0,102

3.66 0.7 R.20 n.106

2 3.23 1.23 14.67 17.8 0.305 54.6 0.683  N,0846

a,61n 55.6 1.37 0,082

0.914 55.9 2.05 N.ORAA

1.22 57.2 2.73 n.08a7

1.52 56.2 3.42 n,0r71

1,83 56.R 4,10 0.0880

2.13 57.2 4,70 0.0887

2.64 56.R 5.47 0,.0a80

2.74 56.° 6.15 N.N3RN

3.05 58,5 6,84 n.nany

1.15 60,4 1,52 0.N936

3.66 62.7 R,20 n,0072

1 3,23 2,47 15.53 17.8 0,305 83.0 0,683 0n,0667

0.A10 RA, R 1.37 n.n713

n.a14 90,1 2.05 n,N724

1,22 21,7 2.73 0.1737

1.52 4.0 3,42 00,0755

1.83 95.0 4,10 N.0770

2.13 Q6.0 4,70 0.0778

(Continued) (Sheet 1 of 9)
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Table 5 (Continued)
Penetra-
tion
Resis~- Cone~Sand
gone tance Sand Nepth lori~- Bori~ Froude TPressure
ase _ Unit Dry of 1 1 Numh rati
Area Gradi Weight  Cone zonta zontal Numher atio
ent Velocity Force v F /A
Ax G Yd Tip v » X x' X
; Test h X X 2
: No. cm2 NN/m3 kf\’/m3 cm m/sec N Vg X Gh /dx
3 3.23 2.47 15.53 17.8 2.44 a97.0 5.47 0.0786
2.74 99,2 6.15 0.0797
3.05 102 6.%4 0.n810
3.35 1ng 7.52 n,08%35
, 3.66 103 f,20 n,ne27
§ 3.9 118 R.RQ N,NBGT7
E 4 3.23  1.70 - 15.04 17.8 0.305  61.7  0.683 0.0720
: : N.610 63.3 1.37 0.0739
; . 0,914 64,0 2.05 N.0747
. 1.22 65.6 2.73 0.0765
1.52 67.R 3.42 0.0791
1.83 f7.8  4.1n Nn.079
2.13 68.5 4,79 n.n709
2.44 70,1 5.47 0.081R
2.74 72.0 6.15 n,.ng4n
3.05 73.0 6£.84 n,0R52
3.35 73.0 7.52 0.NR52
3.66 74.3 8.20 0,087
3.9 75.0 2.,R0 0.N8%
4,27 79.5 9,57 n,m27
4,57 R1.1 10.3 n.n L4
4,88 R4.0 10,0 N . NA’A
5.1% R4.6 11,6 n,nags
5 3.23 0.59 13.66 17,8 0.305 38,4 N6 0,129
0,410 381 1.37 n,128
Nn.014 37.5 2.05 n.12¢
1.22 35.2 2.73 N.118
1.52 33.6 3.42 0.111%
1.83 2.3 430 N, ino
2.13 32.9 4,70 n.11
2.44 31.3 5.47 n,1n5
2.74 32.0 .15 N, 108
3.05 13.3 6. R4 n. 112
3.35 33.3 7.5? ", 1312
1.66 36,5 R,20 0,123
(Continued) (Sheet 2 of 9)
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: Table 5 (Continued)
Fenetra-
tion
Pesis=- Cone-Sand
, Cone tance Sand Pepth lori~ I'ori- Froude TPressure
: Base s _ Unit Dry of
: yraci . zontal  zontal MNumher Ratio
. Area Weight  Cone
: ent s Veloeity Torce \Y F /A
i Ax a Y4 Tip v P X X
i Test ) 3 3 h X X = F}Q/ﬂ
: No. cm My /m kN/m cm m/sec N 8y RLA
5 3.23  0.59 13.66 17.8 3,96 35.9 .M, n,121
4.27 36.5 0,57 n.123
4,57 37.1 10,3 n.125
4,08 an,1 1n.0 n,128
5.18 0.4 11.R n,132
6 3.25 3.21 16,00 17.8 N.30n 117 N.627 N N6
n.A1Y 122 1.37 0,NE35
N.114 126 2.05 nLOR56
1,22 133 2.7% n.NANY
1.52 12 R.42 N.NART
1.83 131 410 Nn,NAR2
2.13 137 4,70 N, NAA7
2044 174 5.47 n.0602
2.74 135 £.15 n,n7013
3,05 134 6.94 n.Neae
3.35 136 7.52 0.nIne
3.66 130 £.20 0.0724
3.06 141 £.00 n.n7%4
7 3,23 3.05 15.80 17.8 n,3n5 2.1 N3 0, nKoa
n.610 ns. 6 1.37 n,Nne22
n., 014 98,2 2.05 UL
1.22 1n? 2.73 N NAGY
1,52 1ns5 1,42 0,063
1.23 16 4.10 n, neeo
2,11 1n? 4,70 -0, NA0G
2,44 10 5.47 n,n7na
2.74 nn 6,15 n,nN715
3.N5 112 A4 n.n7e
.35 117 7.52 n,N73%
£ 3.23 404 16,17 17.° N, ns 12) n,Ae1 N NENY
n.e1e 125 1.137 nNEYA
n,n14 128 2.,n5 AN Al
1.22 13n 2.1 N, nRRN
1.52 131 Q.42 0N NRLN
(Continued) {(Sheet 1 of 9)
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Table 5 (Continued)

R

Penetra- E
tion E
Resis~ Cone-Sand 3
Cone  nce Sand hegth Hori- llori- Proude DPressure %
iizz Cradi- Uggfgfgy ane zontal zontal Tlumber Patio §
ent i ’ Velocity Force Y ¥ /A é
A Y Tip X X X 4
Test X ¢ d h vx Fx - 2 1 k
No. cm2 MN/m3 \R/m3 cm m/sec n rdy h /(x E
8 3.23  4.04 16,17 17.8 1.83 132 4,10 0.0648 i 3
2.13 134 4.7 0,065 | 5
2.44 135 5.47  0.NGR3 ’ ;
2.7 1% £.15  0,0668 i
3.05 137 6,94 0.0R72 :
3.35 110 7.52 0,060 i
3. A6 120 2,20 N.NER2
9 6.45  1.92 15.20  17.8 n.30s  1ne n.575 0.n790
n.eIN 108 1.1  n,n700 '
n,al4 110 1.72  n.nans :
1.22 113 2.9 n.nR27 :
1.52 117 2.87  0,085h ;
1.83 110 .45 n,na71 !
2,13 123 4,02 n,.n200 :
2.4k 124 4,60 0,0007
2.74 124 5.17  n.0907
3.05 126 5.75  N.N022 ;
3.1% 130 ¢.32 n.nos1 i
3,66 172 £.90 0,066 ’
10 6.45 1.25 14.64 17,8 n.m5 7.0 0,575 0.0P70
n.610  77.4  1.15 0,073
0.014 78,7 1.72 n.nery
1.22 79.3 2,10 n,nnoy
1.52 7°.7 2.7 0.,NRe7
1.83 7901 .45 n.neey
2,11 £2.6 402 0003y
2,44 21.0 4 A0 n,naas
2.0 23,9 9517 nN.NO4L6
3.05 .7 5.1 0.Mm
1,35 01,6 £.30 n.1M
.60 n5.5% .90 n,inn
3.96 a6, 8 7.47 n,1na
4,27 ar,?  ens A
4,87 1M n62 0 NS
(Continued) (Sheet 4 of 9)
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3 Table 5 (Continued)
4
i
2 Penetr-
;o tion
Resis- Cone-Sand
; g::s tance U:f:dDr Dggth Hori- Hori- TFroude Pressure
: Area Gradi- Weight y Cone zontal zontal Number Ratio
f A eng Yy Tip Velgcity Force Vx Fx/Ax
s Test X ! h x X 2
: No. e’ MY/ kN/m3 em _ __r./sec N Ved, Gh/d,
10 6.45 1.25 14.64 17.8 4.88 111 9,20 0.125
5.18 114 o, 77 0.129
11  6.45 3.54 16.00 17.8 0.305 168 0.575 0.0670
0.610 181 1.15 0.0721
n.914 188 1.72 Nn.0749
3 1.22 194 2.30 0.0773
: 1.52 199 2.87 0.0793
3 1.83 202 3.45 0.08n5
2.13 205 4,02 0.0817
2.44 208 4,60 0.0829
2.74 210 3.17 N.0837
3.05 212 5.75 0.0845
3.35 213 6.32 Nn,n849
3.66 215 6.00 0.0857
12 6.45 0.93 14.26 17.8 0.3n5 73.5 0,575 0.111
0.610 73.5 1.15 0.111
0.914 71.0 1.72 0.107
1.22 69.7 2.30 fi,1n5
1.52 69.0 2.87 0.104
1.83 n.3 3.45 0.1n6
2.13 71.0 4.02 0.107
2.44 71.0 4,60 n.107
2,74 71.6 5.17 0,108
3.05 73.5 5.75 0.111
3.35 75.5 6.32 0.114
3.66 77.4 6.90 n,117
3.96 an.n 7.47 0,121
4.27 83.2 R.05 0,126
4.57 R5.1 B.62 0.129
4,88 an.3 9,20 0,136
13 6.45 6.26 16.24 17.8 0.305 218 n.575 00,0708
N.610 224 1.15 0.0745
n.914 235 1.72 0.0272%
{Continued) (Sheet S5 of 4)
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Table 5 (Continued)

Penetra~ %
tion ’
Resis- Cone-Sand
gz:z tance g:fg Dry ngth Hori- Hori- Froude Pressure
A Gradi- Wedol zontal zontal Number Ratio
rea eight Cone
A ent y T4 Velocity Force Vx Fx/Ax
Test X € d E Vx Fx s 2
No. emz I“N/m3 kN/m3 cm m/sec N VP Gh /dx
13 6.45 4,26 16.24 17.8 1.22 244 2.30 n.nang
1.52 250 2.87 0.0824
1.83 253 3.45 0,0834
2.13 256 4.02 N,0844
2.44 259 4,60 Nn.0854
2.74 261 5.17 0.0n8AN
3.05 261 5.75 0.,0867
3.35 264 6.32 0.0R870
3.66 265 6.90 0.0R73 -
3.96 267 7.47 0.08380
14 12.90 0.85 14.14 17.8 0.305 120 N.483 n.150
0.61n 129 0.967 0,150
N.914 125 1.45 0.146
1.22 123 1.93 Nn.143
1.52 123 2.42 0.143
1.83 124 2.9n 0.145
2.13 126 3.38 Nn.147
2.44 128 3,87 0.149
2.74 129 4.35 0.150
3.05 132 4,83 n.154
3.35 132 5.32 0.155
3.6€ 139 5.80 0,162
15 12.90 1.95 15.22 17.8 0.305 190 N.483 0,0065
0.610 190 n,067 0,101
n,014 208 1.45 0. 106
1.22 215 1.93 n.1na
1.52 224 2.42 0,114
1.83 227 2.90 N.115%
2.1 232 3.38 0.118
2.44 236 1.87 0.120
2.74 239 4,35 n,121
3.05 248 4.3 0.126
3.35 253 5.32 n, 129
3.66 261 5.80 0,133
(Continued) (Sheet 6 of 9)
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Table 5 (Continued)

Penetra-~
tion
Resis- Cone-Sand
Cone tance v Sia::\dDr Dergth tlori- Hori- TFroude Pressure
Base Gradi- 2’ y ° zontal zontal Number Ratio
eight Cone
Area ent 1 Velocity Force v F /A
A G Y4 p v F X XX
Test }: 3 3 h X X 3 ('-’h2/d
No. em MN/m xN/m cm m/sec N Pl ' X
16 12.90 3.37 15.93 17.8 0.305 271 0.483 0,0797
0.610 290 0.967 00,0853
0.914 312 1.45 0.0918
1.22 333 1.93 0,0979 :
1.52 353 2.42 0.104 ; 3
1.83 369 2.9n 0.100 ¢ S
2.13 382 3.38 0.112 : 3
2.44 390 3.87 0.115 C 3
2.74 395 4.35 0.116 f ]
3.05 400 4,83 0,118 :
3.35 406 5.32 0.119
3.66 412 5.80 0.121
3.96 415 .28 0,122
17 12.90 4,33 16.26 17.8 0.305 316 0.483 0.,0725
0.610 342 0.967 0.0784
0.914 377 1.45 0.08€5
1.22 390 1.93 Nn.n915
1.52 414 2.42 n.nasn
1.83 410 2.an 0.9061
2.13 432 3.38 n.,nagy
2.4¢4 437 3.97 n,1no
2.74 440 4,35 0.163
3.05 454 4,03 n.104
3.135 4am 5.32 0,108
2,66 470 5.80 N,108
3.0A 473 £.28 n,100
18 23.23 0.62 13.64 17.¢8 a,3n5 181 0,417 0n.231
0,610 1R4 N8 0,234
N,914  1R6 1.25 0,237
1.22 184 1.67 n.237
1.52 186 2,00 n,237
1.83 186 2.50 0,237
2.13 18R 2.92 0.240
2.44 18R 3.34 N,240
(Cantinued) (Sheet 7 of 9)
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Table 5 {Continued) ) T _;>-

Penetra- . ! 3
tion :
Resis~ - Cone-Sand 3
Cone tance Sand Pepth Hori- Pori- TFroude Pressure 3
Base . Unit Dry of tal 1 Mumb Rati 3
Area Gradi Weight  Cone zouta zontal NKumber atio , 3
ent Velocity Force v F /A o~
Ax G Y a Ti‘]: v F X x? X R
Test X X A
No. cm2 MN/m3 kN/m3 cm m/sec N ngx Ch /dx :
18 23,23 0.62 13.¢4 17.8 2.74 188 3.75 0.240 é
3.05 1R8 4.17 0.240
3.35 188 4,59 0.240 E
3.66 188 5.01 0,240 F
3.96 190 5.42 0.242 i
19 23.23 3.4y 15.93 1i7.8 0.305 409 0.417 0.086R ;
0.610 441 0.834  N.093A
0.914 458 1,25 n.0972 3
1.22 492 1.67 0.104
1.52 518 2.00 0.110
1.33 548 2.50 0.11A
2.13 578 2.02 0.123
2.44 585 3.34 0.124
2.74 505 3.75 Nn.12¢
3.05 602 4,17 N.128
1.35 6n9 4,59 Nn,129
3.66 611 5.01 0.130
3.96 595 5.42 0,126
20 23,23 2.73 15.66 17.8 0.305  35R N.417 0,0040
9.610 402 0.834 0,1n0
N.914 432 1.25 Nn,117
1.22 455 1.67 0.123
1.52 497 2.09 n.135
1.83 525 2.50 0.142
2.13 541 2.92 0.146 -
2.44 5531 3.3%4 0,149
2.74 5SRO 3.75 Nn.152
3.05 5N 4,17 0,155
3.35 583 4.59  n,158
3.66 505 5.01 0.161
3.96 602 5.42 N.163
21 3.23 1.05 14,41 25.4 n.30% 63.6 0,683 N,05RK0
0.610 61.7 1.37 0.0571
0.914 61.0 2.05 0,0565
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/ M.C.%7.2%
o/ MCx2I%
/ / MC.%4%
N V.4 |
o1 | _-..-_/.__v..._—_..___.___,.--._...__
8 - , S
4 @ /
7 // / ]
¢ / / 7.3
a
: { AIR-DRY
s A Vi ¢ - L M.C.%0.45 %
7 s
A °
4
)d /
0
3 v4
/ 0 e&’ LEGEND
4 MOISTURE CONTENT, %
2 o+ RANGE OF —_—
/ SYMBOL  VALUES  AVERAGE
b
o o 0.4 T0 0.5 0.47
& a .1 TO 1.8 1.4
o9 a 2.0 T02.2 2.1
o) 8.8 T0 7.8 7.2
NOTE: OPEN SYMBOLS: TABLE 3 DATA
CLOSED SYMBOL: TABLE 4
‘ / DATA |
14.0 14.5 15.0 15.5 180 18.5 17.0

DRY UNIT WEIGHT ¥4, kN/m3

RELATION OF
PENETRATION RESISTANCE GRADIENT
TO UNIT DRY WEIGHT

FOUR MOISTURE CONTENT LEVELS
3.23-CM2-BASE~AREA CONE
LOW-SPEED VERTICAL PENETRATIONS

YUMA SAND
6-
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RS . g
h=25.4°CM T

6=1.05 MN/m-’)

CONE BASE PRESSURE Fy /Ay, KPa
@
o

LEGEND .

_SYMBOL “Ax,cM2

100

=4
=

- o 323
E A T 8.49

A 0 12.9: -

3 50 - R 232, e ‘ . ‘

: NOTE: ‘OPEN SYMBOLS: h=12.8CM T -

"CLOSED SYMBOLS: h=10.2 CM AND 254CM -

| I

3 : . o 1000 2000 3000 4000 . 3000 - - 8000
B " SAND PRESSURE TERM Gh¥/d,, KPa -

E _. RELATION OF NUMERATOR TO
. : - DENOMINATOR OF SAND-CONE
E PRESSURE RATIO fx 7A
- | - Gh¥d

HORIZONTAL PENETRATIONS
Vy = 30CM/SEC
- N G VALUES FROM 0.58 TO 4.33 MN/m?3
- ' FOUR SIZES OF 30-DEG-APEX-ANGLE CONES
- CONE TIP DEPTHS OF 10.2, 17.8, AND 25.4 CM
AIR-DRY YUMA SAND
_.§§<

o R e
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CONE-SAND PRESSURE RATIO

o©
N

]

2.23-CW° CONE
——‘0
NO. _,.0—4'0’0
o 1 ’0_,3"0
a 2 —OAM o
Q3 o0 - LA -0
o) 4 f——tr—" ot T
v oe -
x 7 =y
+ 8 ’ ]
008
o206 - A ; .
TEST - | s
e - 2 > i .
4 22
015
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: ' _o—i®
0.05
015 .
g 6.45-CMZ CONE
TEST i i
o} 9 ‘(U/O"/A/!’A)
4 10 . We o A i
o n —%| |
o 12 010 3 :
o 13 — ] i
i l :
i
|
0055 6 7 [ ) 10 t 12
FROUDE NUMBER v, Agdy
TEST
NO.
o 14
4 15 Fx /Ay
o 18 NOTE: ARITHMETIC PLOTS OF THE XX
o 7 Gh /dy

VERSUS vy Agd; RELATION ARE NOT

SHOWN FOR THE 12.90- AND 23.23-CM2
CONES, SINCE MAXIMUM VALUES OF
VxAlgd, FOR THEIR TESTS WERE ONLY
€.20 AND 5.42, RESPECTIVELY.

DEPTH OF CONE TiP h= 25.4 CM FOR

23.23-CM? CONE

1Y

FROUDE NUMBER v, Agdy

TEST TEST 21, 10.2CM FOR TEST 22, AND
NO. 178 CM FOR ALL OTHER TESTS.

o s

A 19

o 20

RELATIONS OF CONE-SAND
PRESSURE RATIO TO FROUDE NUMBER

Fx /Ay

TO Vy A/

Ghiza, 1O VxNgdy) FOR FOUR sizES
OF 30-DEG-APEX-ANGLE CONES

LOGARITHMIC RELATIONS FOR Vx Wgdxs$
ARITHMETIC RELATIONS FOR Vy Wgdy>5
G VALUES FROM 0.58 TO 4.33 MN/m®
CONE TIP DEPTHS OF 10.2, 178, AND 25.4 CM

AIR-DRY YUMA SAND
BS<
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HORIZONTAL FORCE Fyx, N

500
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400
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o
300 /
TEST 13
A A W
a & 818 -
/A/
200 ©c 0 o0 0 0o o
© o © 0 o
L, TEST 18
53 | & &TESTS
——l a4 A A
loo|—4& &
TEST S
[o o o W o} O 0 Al A 0 Q
0
0 i

800

TEST

SYMBoL _NO.
5

9,13
17
18

oopoO

EGEND

CURVES DEVELOPED FROM RELATIONS
IN PARAGRAPHS 84 -87

NOTE.! VALUES OF THE COORDINATES OF THE
PLOTTED DATA POINTS WERE READ
FROM TEST OSCILLOGRAPH TRACES

Ax 6
M2 MN/m3 )
3.23 0.59
6.45 192, 4.26
12.90 4.33
23.23 0.58

e iy

2 3 4
HORIZONTAL VELOCITY Vy, m/SEC

RELATION OF
HORIZONTAL FORCE TO VELOCITY

FOUR SIZES OF 30-DEG-APEX-ANGLE CONES
G VALUES FROM 0.58 TO 4.33 MN/m?
17.8-CM CONE TIP DEPTH

AIR=DRY YUMA SAND

_90<
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AIR-DRY YUMA SAND

[

PLATE 18




R

£y

oo g

ey

In accordance with ER 70-2-3, paragraph 6c(1)(b),
dated 15 February 1373, a facsimile catalog cexrd
in Livrary of Congress format is reproduced below.

Turnage, Gerald W

Measuring soil properties in vehicle mobility research;
Report 6: Resistance of coarse-giained soils to high-speed
penetrstion, by G. W. Turnage. Vicksburg, U. S. Army Engi-
neer Waterways Experiment Station, 197L.

1 v. (various pagings) illus. 27 cu. (U. S. Water=-
ways Experiment Station. Technical report 3-652, Report 6)

Sponsored by Assistant Secretary of the Army (R&D), De-
partment of the Army Project %A061101A91D,

Inclwdes bibliograrhy.

1. Coarse grained soils. 2, Mobility. 3. Penetration.
L, Probes. 5. Soil penetration. 6. Soil properties.
T. Vehicles., I. U, S. Office of the Chief of Research
and Development. (Series: U. 5. Waterways Experiment
Staticn, Vicksburg, Miss. Technical report 3652, Report 6)
TAT.W3k 1n0.3-652 Report 6




