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[ = g e S ABSTRCT
T W The hydrosphere wmch is slﬂ‘l the unexplomd fmntfer of our
p'lunet is recalving the speua’l attentmn of sc1ent1sts “and engineev's

hecause of Its vast otential.” A cnmpr'ehensive knw]edge of. the

prcpemes‘ of: marine sedimevlts is essentml for must engmeering

activmes in the oceans A free fm penetrometer des%gned and

deve]nped gt Memorul Uni vemty 1;a potential’ tool For i quick and

wetre fsuvhcia} ocean: edlments.

In addmon tn measuring the cone ﬁeslstance and sleeve

frlct(on, the dece1erahan fis measured by: an acclemeter‘mounted

w‘lthin t)ie penqtr meter.‘ These quantlties are then used for cor-

re'(ating the shear strength uf the 5011 at dffferent depths of pene—

‘# ﬁ\m. Laboratory expgrxmnts vere ccnducted with tho types of :
ol e

saﬂ'tirgets L

. ~Te§t sults show '.hat an increase in sui1‘stréngth 'a‘nd

wughness of the penetmmeter cone mateﬂa] would cAuse a snbst haI

increas |n :une -resista ‘e and decmase 1n max i mum penetratwn

depth. Cone ang!es and’ weight per umt area.of the penetwmeter have,

dlso siqm fican 1r|f1uence on' the “cone resistance M\d penetration

o dépth. The effect o§ a]] tl\ese parnmeters on penemtmn hehavlwr

uve discussed

The: mode of saﬂ fﬂilm‘e at lw ve]oc1

. the g " icaf properﬂes of the t pfew i

penetrathm was ;




=~

..on tne penetnﬁon ve1ocityA ‘Stratn—rau effect‘ uas fpund to
P 1nf1uem:e the nsults 'Stmc' stmgtﬁ for c'lqys f ll 'dynamic‘

"y
Yeyerhof (1961). 1t ws observed that resuls, of free fill penetra-

u'n'n tests showed a-greater pendtration resistance; compared to.the
stﬂndard gyas(-stath: tests. umver, when tha results were translated

¥ lnto awutation of the angle of" shear msishnce, ﬁ\e difference uas

‘msigniﬂ:ant For cohes ive soils penatrmon msistanoe is-dawldent-

h_uwever. be o

&f c‘:t'l.i:i\tdr account,
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NOTATION )
A = Pile tip area; cross-sectiofial area of penetrometer; i
: Y e
, constant. ’ ~ ' L5
a . = Projectile cross- sectwqa'l area . e ' B 4
.-"‘1‘ Az.'l\3 = "Constants depemhng on sm’l strength and pmjectﬂe
y ~prope rties. % i 5 .

Ag i “.= pile shaft ama.

i i ; oo ‘B‘ i, Foundation widthy Factnr depending an the ‘it"wer ht o " 1
4oy A " soi1 and projectile cross-sectfonal _‘ure;a.é
o Gohesion, constant. SO # i
! G = 'Constant. e ]
v 2 " G .= Adhesion. ¥ . . 3 o -
' T e "= cone/index at penetration rate, r, With” cone mameter ' S \ ;
g ' ) Clg L. Cone .index of a standard cone. mfh penetratlon rate rs ‘
- ow ’ = -and cnne diameter d . B e e S @
D = Depth of foundq):iun projecme penetratim depth, . . '

W‘OJeCtﬂe diametér. SR . . )

Dy Relative dens\ty of sand. " )
: e’ P Void ratio. ., ¥
tE f = Cnnstant.» e v : :
F = 5011 resistance. : 5 .
fs =  Shear ”stre}ggt»h of. spiv'ly-pﬂ" .interface.
s .= “Specific gravity. . S S 3 X

= pcceleration-die to. grayit; :




-

y & Umt cnne resistanoe beav‘ing capacity of soil.

© =.Gage. res{stan:e. v i 1 e ok
= Soil. mnstant ;
o= Time -of penetrg’tion. »

* ., Penetrntion ve’luc‘lty.

= Cr1t|ca1 velm:ltyA

xvii

= Gage factor.

= Constant. =7
= Mass of projectile.

= Mass of soi1 moving with projectile.

= K111 volt. : -
='Nqse performance go-\éfﬁﬁent

storness bearmg capadty factovs.

= ProJe:me nose Tength * A
& mximum penetration depth. :

Overhu.

' Lnad transmitted throug nomil stress at the. pne pa1nt

= Luad transmmd thmugh shear of the p1’|e‘

Ultimate heartng cupacity E B
= Ultimqte bearing :apa‘city, ] ' 1 %
= Theoretical -cone resistance for impact”velocity Vg and -

\
penietrometer .diameter d.

Projedtﬂe velnc’lty ) e o

£ Impact ve'locny at zem penetrathn < : T




xviii
¢ .
! V(t) .= Velocity at time t. . o . X

I = -Velocity at time t,,.‘ ) i -
H @ F ] Weight of projectile; weight of penetrometer.
: W = Water content.”

: : . 5
X : = Depth of penetration.

= Maximum vené;ratian depth, % e o ki

Accelératior

»

S Constant' semi= ~apex . angle of cune.
“ g = costant, et ta w8 Sele ) L S
= ’7Ccnstant, unit wefght of san el < Ly .

yd' i = Dry unit weight of sof,

o m Angle of internal. friction; ang]e\of shear reslstance *

= :Friction anglé betMenetrumeter mateMl and soil. -

Roug _ess,

Average cuntact pmssure

M(cmvtﬂt. ¥ i S Rty @ »1 3 b
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CHAPTER I =

INTRODUCTION

v

Activlt1es related to the design and construction of uffshnre

structures have gained great mmentun in the last decade. Detnﬂed

_un the strength prnperties of sea ﬂoor 50115 is essentml

for safe and ecunomicn] design of fnundntlons nn the acsnn ﬂoor.

Cowenﬂnna'l Samﬂ‘lng prncedums used on land are genera\'ly not effec<

tive in the oceans becuuse of. the pr&ence of }I\a vater column_and the
high degree ‘of. disturbance §f the samples. ‘Laboratory testing of such
“samples are therefore to-be substantiat® by other methods. In-situ
testing thus forms an integral part of any offshore soﬂ‘ investigation.
Among the several d}_nus f1y| use-at present fér in-situ testing
of marine sofls, the standard (ASTM D3441-75T) electric cone penetrometer
_has been widely used in the.static mode, either with a sea bed rig
called the 'séaulfﬂ‘ (De Ruiter, 1975; Zuidberg, 1975) or with a bore’
“ hole attachment called the “stingray” kFergdsM' e‘t al., 1977). It s
estinated that & typidal site fnvestigation fncluding:drilling bore
foles aml in-situ testing with a standard penetrometer costs upward
Cof $1° m1111m (Hitchings et. al., 1976) Such u detailed 1nvest|gat|m
* may- not. be necessary in yentechnlca'l surveys or for Invesngatinn of
'Iarge tracts for Ioclting p|pe Hne routes, etc. The concepc ofa
Free fan penetrometer was initiated at Memorial umversw (Dayaly-
1974) with the 1nw|no_n of ‘using gt as atool for a quick and economical
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. penetrometer for ‘ecording dece]eraﬂon prafﬂe) up to the fuﬂ depth"

velocity versus ,Qime curve wh\1ch can’ then:be used ‘to obta the dis- »

: I's - P "

testing of marine soil immediately below the mud Tine. . |

A free fall penetrometer is a cone tipped right circular
‘ ' ’
cylindrical projectile which is allowed to fall on soil ‘target.from a

preadjusted height of free fall. It is instrumented with load cells
¥or measuring the cone tip fesistance and friction on the side sleeve
during penetration.. An acceTemmeter is also mounted within the

of penetraﬁon. lntegrat\cn lof the decﬁeratmn time necord provides

placenent ‘versus tine curve.™| By cross plotting, the record of penetra— :

tion resistance vevsus depth profﬂe \s ohtamed The data thus i N
obtained is used for the fmal analysis of the sml ,,strength provemes
IMt\a‘l attempts with:a field penetrometer ‘Janes, 1976) showed
that the standard penetrometer (cross sectional area = 10.00 sq. “cms.)
vJas sf.ructura”y inadequate in: the free fall mode. A cnmp'letE\y
redes‘lgned version, of the freeifall pene\:mmeter‘(crnss séchon area =
45 62 sq. cms.) was successful Iy tested during sea trials 1n Placentia
Bay, off Newfuund'lanﬂ. in May,‘1578 (Char\ etial., 1978). R
Labnratory tests with this redeslgned penetmméter and an
analysis of the resu]ts are presented in tMs dissertatlon. Free fall
penetration tests wem conduicted using the standard "Fugm" type °
penetmmeter and the r;edeswned "MemoHa] Umversity" pengtrnmetev_:.

Two - types of soil targets wére used. - Abdel-Gawad (1979) conducted'a

parallel: project, in-carryi'ﬁg out ‘quasi-static tests ‘with the two

types of penetrometer and the results are published in a‘companion. .-’ . s

Tt




) . dissertation.
’ The major factors which influence the penegr‘ac!m resistance
. in any cone penetration test ¥re (i) cone apex angle’ (if) cone
dianeter; (iii) roughness of the cone material; (fv) rate of penetha-
tion; (v) ‘soil prupe;ties (angle'of shearing resistance, cohesion;
’ - degree of saturation, etc.). In the case’of ‘the free fall penetrametér,.
its weigh‘t is an‘ additional inf:I ue'nc(n; faétor‘.’»‘ The importancz of

y ° these factors are studied in ~this exparimentnl (nvesngaﬂm(

2L Thee basic aims-of. t'ﬁ1s stuviy are:
5

i To study ‘the |nf’[uence\uf the d|fferent cnaractehstics ny‘

\ - the penetrometer.

2., To study the penetratmn phenémenun in differvent sM] types.

3. To compare- the results obtained. from free fall tests with

those for quasi-static tests. T e -l

- 4.. To-propose appropriate methods of interpreting the'results
in the Tight of -theories currently availablein the |

! i ki _' Titerature, = o
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< o CHAPTER 11
. © . THESTATEOF-THECART AND LITERATURE REVIEW

T
lpEsity devlces ge eratly measure-a characteﬂsttc pmperty of -

ich |s/then reléted tn the shear -

o h ‘stmngth and. beanng capacicy by - s% ‘empiﬂcn] fnrmu'laﬁon’ Annng a
3 §

i var;ety of tgchniqpes for in—pjlace\tes‘t g of sgﬂs, the use pf

£ Tpenetrometérs s’ been' found to_be sa s'fa'ctory»é'nd reliame L

According t6 the ‘mode of bperation penetrahon could broad],

) statlc or quasi-stat: penetratwn, and ( )

dynamc penetrat‘lan. e & . S T

if ¢ 2. &Stétic Penetration Test -

The 1dea of. st ic or quasl-scahc penetratmn test (UCPT) |s

Faih »" The static, auu" test as been _' nsively used in ;
Europe for more than’ ﬁ fty years 'rhe use. of the penetrumeter an

interpretatinn of the res\a s is w{dely yub'lished 1u so'l'l mechanics ¢

Hteratum. -




W NG T WL s SRTI T,

P'Iantem (1957), Mwerhnf (1956. 1961) Begemann (1965) i
Ladany1 and Eden (1969}, Mitchen “and Durgunog'lu (1973) used the test i
results: far predicting soil type And stmngth. e

-Van“der Veen (1957);. Bogdanovw (1961) Arnkog'lne (1961)

. 1nterpreted the resu]ts as a bas1s for pile bearlng capacity., i T
e " Meyerhof (1956)  Metgh and ixon (1951). Schultze and. Melzer ety

(1965) pevfmﬁled exper!nents w1th cnne penetmmeters to estimate the el 3 )

4 _"cmnpressibihty and m—situ Bensity M‘ :ohesionless suﬂs 5

© i De Beer. and, Mnrtens.('lgﬁﬂ Schmev‘tma

erence pruceedmgs (ESOFT 1974) prnvmes c pre nsivﬁdn%mat‘luﬁ

Y Fey 0w penetmmeters State of-the- are summaries 'fiavs a]so heen presented

reunt]y by Durgunoglu and Mitche‘& (1975) and Schmertmann (1915) = 2 4y

phenomenon could be ‘correlated iiith the
‘problem of, res\!tance and bearing capacﬂy of yﬂes.— unen an ubject i Aj ;

penetration is th e

IDad transm{tted thraugh tip. of the uile Qc md the

mitted thmugh res'lstam:e on t swes of ehe pl e. l% the area bf




oy The genev'a'l fcrmwlaﬂon For beuMng :apaciv.y of soils“was, -~ a1 &
) glven by Terzaghi (1943) a: E 2 " d e -» I

S (A o - : s
4g.% ¢Ng pM+!szN,’...‘...‘.;..(l?)‘ ‘

where qd is the ultlmate bearing apacity, cis. the cnnesion. y. 5 :the.

by usmg Terzaghi 's fumu!ation are cuns
Suggested a madiied type of fm}im sur%a:e (Flgi): and. it -
e pac‘lty equaﬂon simﬂar to.,
G and’ M' wh!ch

keeping the ‘basic form\of the benr‘ing

hat, of TevzugM prepund a set uf va]u’es fur Nc'

ng]e of shearing resistance but also on.

. depend not .only on r)| y
p‘m an shap of foundanon and roughness of 'ts base., o
lt (s ge\xera”y assuned thi the penetrcmeter 15 simi!ar to

‘a pﬂe funndatwn 1uaded to 1ts u1tiﬁate bearing pressure and b

3 theoreﬂcaﬂy the f lhwung re]ations ex1st' ;
f (e.,c) S

; il 6
Fnr the case of vurely whesmn'less soil and,puvﬂy
équut(un (4) and (5) may /greac‘]’s{mp“f‘lzd
{uat/(nn/(f the tem&svmg@s ustiaﬂy snan and

- 5 G&
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SMOOTH BASE ROUGH BASE
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for cohesionless soils: q_ = YD By v (8)
For cohesive soils: ag =YD + ol
Conversely, 1f q_'and f, can be measured, the ultimate:bearing

capacity and hence the soil shear properties can be determined.

2.2, Dynamic Penetration Test .

A type of dynamic penetration test that has be‘en part of.
any borehole investigation is the Standard Penetration Test (SPT),
where a sp1it spoon sampler is driven by repeated blows of a freely
falling standard weight. In the recent past, the usefulness of this
test has been questioned (Schmertmamn, 1975). ‘Tt appears to be the
consensus that the interpretation of this type of test requires mot
only a lot of experience, but 1s to be done with caution. The other
type nfdynamm penetration test whn:h is discussed in-this thesis
uses a penetrometer which has\the same or similar configuration to

that described under the cone pen test.

Z.Z.'l. igh Ve]oci tz and Low VﬂDCity Penetration
In conne:tiun with the study nf projectile penetration into
earth media, rvsearch ‘has been going on since the early 1960's

(Young, 1972) at the Sandia Laboratories in Albuquerque, New Mexico.

Projectiles of different shapes, instrumented with an accelerometer *

have been tested with velocities of penetration up to 790 m/sec

(2570 ft/se

In"such dynamic tes}s, penetration is caused by virtue of

the energy at the time of impact. Upon 'mp'acg on a soil mass the

projectile pushes against the soil particles, ruptures the soil




structure and comes to rest when the projectile energy is totally
dissipated. Depending on the impact velocity with which the projectile
strikes the soil target the pemetration phenomenon has been classified
as Tow velocity or high velocity. The basis for this demarcation is

the t.)‘Ee of soil failure. The term 'low velocity' is used to describe

- the events for which soil failure pattern is similar to the quasi-

static cases (Wang, 1971; Murff and Coyle, 1972; Dayal, 1974).
Wang (1971) has suggesged that the soil shear zoneris similar
to static case for velocities up to 152 m/sec (500 fps) but has con-

ducted studies only -to a maxinum impact velocity of 7.6 m/sec (25 ‘fps).

MuFff and Coyle (1972) Projectile in velocity
range of 9.1 m/sec to 91 w/sec (30 to 300 fps) and ciessified these
test.s as low velocity tests. A\thnuqh a discussion of the exact limit
for the low velocity mechanism is out of context, it can be seen from
the published reforts that velocities in the order of 9.1 m/sec

(30 fps) areclearly a low velocity phmu:mm The velocity obtainz‘d
for the free fall cone penetration tests reported .in this thesis is

in the order of 7.75 m/sec and is classified as low velocity penetration.

2.2.2. Dynamic Penetration Theory
- The basic assumtions for deriving the expressions for
pmJecii]; penetration are (Young, 1972; Dayal, 1974): K
“ 1. The soil target is_homogeneous and isotropic.,
2. The penetrometer is an unpowered proj;ct'l'le of a simple
configuration having a cylindrical ;mtv and nose.
3. There is no significant angle between the axis .nf the

penetrometer and its velocity vector.
5 -




(1) for the case where 8% <fay

Allen et al. (1957) conducted a series of penetration tests

on sand with different nose shapes. They proposed the following

theory:

& WP s e s a (8]

for VD>V>VCV
B T S O ]
< for VC>V>D

where'vu is the impact velocity at zero penetration and V. is the
critical velocity. .

Based on experimental results, the critical velocity, Ve
(deﬁ;ned later) was calculated to be 96.5 m/sec. They concluded that ~
an inpact at a velocity greater than V, is largely inelastic and at
a velocity less than Vc the projectile simply pushes the sand
elastically.

A
Schmid (1969) assumed the penetration equation as
-

Sadsaemen® Ll 0)

where m.is the mass of the projectile, V is the projectile velocity
and e, B8, y are constants,

Depending upon the relative magnitude of o, 8 and ¥, the
solutions of equation (I0) are:

- i \ ; K
n YW, * 8V, ta e 2.%

X= ln-—z—-—-———————A(ﬂay- )] e » 6 {11)
L WEkeY ke T £
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t=2AmlGay -6 ... ... ... (12)
| where X is the instantaneous penetration at time t and velocity V;
‘ Vg is the velocity of impact.
-k g - ses
A= tan! (2vvg + ) (B - 62) - tan” (20 + 8) (dar - 69) ’§
|

| . sas v o 8)

y . : . |
‘ y (). For. the case where -2 > duy o \

va Q\gvn to .

yom
- X-Fln

2 Wi (6o s L. (0 e
YVE B+ oo p

: P B R . .
=M (et ady) LS )

where
2 % 2 ¥
g=lip 2V 48+ (8% -day) } 2V +8 - (8° - dav) }
| ) B P T 1.
| N {2Yv +8 - (8 -IIHV)J{ZYVui‘ B + (8% - dav) }
‘ ¥ k R 1)

; (111) for the spacial case where 8% = 4ay

' : el g B2V s an .
| 8+ 2yV ¥
| . R ., o s e v e s v s e s (18), <
B : : . e
vhere c= vt (v, B RS -
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“They conducted laboratory experiments.with the objective of demon-

2

Starting from Newton's equation of motion, Thompson et al¢ (1969)

derived the following relationships for acceleration (A), velocity (V) 1

and penetration depth (2) -
L_F

AT v 9 o v can s (20
P

where F is the soil resistance, M, is mass of projectile, M. 1s mass

of soit movirg with the projectile and.g is the acceleration-due to ; ik
i : o ;

gravity. ‘ it

¥ [(M—pfﬂ':f’g)dt‘ R e

2= ‘f'(,(ﬁp_fx*‘ g, Ll @)

strating the influence of physical soil parametersiimpact velocity
and the projectile prugevty. Thompson et -al."(1969) concluded that
the soil strength paran‘\éters have. a s‘trﬁng influence on. the dfpth of
penetrati;n. 3 .

Young (1969) prese‘nmd‘the penetration prediction equation as -

U R * 530 SKW/A)E 1072 (152010°802) L L (29)

for <. Vo <1200 ft/séc i
\

Xoax = 3100 SHH/AE 1076 (1000 L L L (e

for Vg > 200 Ft/sec]




solving the above equations, it -i5 necessary to assume that S_is

. constant: for a given target Thus. for penetruﬂon in a 'Iayered‘ i, .

- ‘velocity (V < 25 fps) he showed that Inw ‘velocity penetnnon

of avar 500 Full sca'le tests Young* (1972) coricluded that. predl ctluns

- the nose’shape nnd sharpness of the penetrometer t‘lp lnd found that
.

where X {5’ the maximum penetration depth, S is the soil constant,

N is the nose performance co-efficient; W is the weight of projectile

and A is the cross-sectional area of the projectile. :

i
3

Values of S 1ie within a2 wide range from 0.2 to 50. For

medium of wide'ly d1ffel‘ent pwperhes the cnrrect value of § will
depend on the tntal depth penetrated Basad tm a 'détad Ted. nnalysis "

are accurate within appmximately :zox. )

orkfe’and Broms (1970) conducted 1aboratdry and - field. tests
to investlgute sofl densny effects on penetration event. They
ohserved that an increase in s_nﬂ density yields the fo]ludny a
'tcmas_e in the total ‘pen:tratlon. an increase in- measured deceleration
and a decrease in characteristic times. Furthermore, firom load- ’
settlement curves they concluded that dynamic bearing capacity was 3
hlgher than. the static bearing cﬂpaciu

Wang (1971) dnvestigated the effects of Tow velocity penetra-
tion on sand r.argets‘ Vlryinq the” soil propertiesand the impact 5

results could be used for detemin(ng the angle nF shear resistance

of sand Murff and Coyle (1972) :unductgd experlmental studues on

an increase in ndse sharpness cause]s an increase in the tetal pngrnﬂon
With the help of a simple analytical midel, they’ indicated that.

penetration depth §s proportional to the ratio of ‘theweight:to -~




cross-sectional area of the penetrometer.

i 'Murff and Coyle (1973) also conducted penetration tests by
varying soil parameters, penetrometer char‘l:mrlsncs and impact
velocity. Prediction eqmt|on§ were suggested in which the soil ) H
resistance was assured to be a Tinear fuhct;on of the velocity and
depth Good fit was reported both for clay and sand.

Turnage and Frelug (1969) and Turnage (1973) cnnducted
experimsnts to exum1ne the viscous effects ,and 1nert1a1 forces on son . o
pehetratl o resisnnce fnr 2 wiﬂe vurhw af prnbe sizes,  shapes and d
peutration velocitus. T)le'r‘ rhta snw that the cone penetrannn
resistance of fina graimd soils was proportional to veloclp' and

!nversely pmpornnnn_ to cone diameter. An exponential equatiyn was
'-d‘zvetoped to di ibe the interrelationship: i

hrjin?s;"e sn‘ill properties, penetrometer characteristics and

impact: velocity, - Day!l (1974) perfomed laboratory studies for d:fzr—
: mining gebtechnicﬂ properties nf s0ils using an instrumented 1q;a|:t

cone penetm-ur and the resuTts showed good.. agmenent lim the-

theomtica'l nde'l. The 1w&. velocities of ‘those tests were'in the

range: -of 4.55 0 9 1] w\lsec {15 Uz 30 Tt/sec).

2.3.. Ana'I!si o8 T .
g Dur(ng a fme fu’H vengtraﬂon. !he penetrometer experiences

resistance by the an frum the: instant of antry intil the cnn:lus‘ldn ¥
of penetranan_ event. The dynamic free body d(ngnm ofa penetrmter .
durin penetration s shown in Fig. 2. The analytical felatiomship )
of different parameters (f e., soil properties. inpact ve!oci:y, : T
(’lm uom:!nued page ]s) i :
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velocity: penetration.would be similar to.the quasi-static case.

F ¥ s
. \
16
) i
penetrometer characteristics, etc.) governing the dynamic soil
| properties at low velocity penetration are discussed below. " \‘
2:3.1. Mode of Soil Shear Failure ;
As described earlier, the behaviour of soil under Tow H
i
1

Accordingly, the failure mode during the free. \'a]l‘penetratia'n is. assumed
1 be that proposed by Meyerhof .(196%) for deep cane tipvéd pile

fuundation. The .reasons for adopt\ng Meyerhof s mlure puttern were . {

. summarued by Dayal (1974) as. follons: o b
(iy. Meyerhof's _theory takes ‘into account the shape and surface 2
P roughness. of the penetrométer. . . W ¥ H
G (1) Failure pattern as observed experinentaily for plane-strain .
. v||1ode‘| impact penetration tests could Le approx imated ito that’ )
of Meyerhof's faiTure pattern. !
| (ii1) Experimental results were found to be in go0d_agreement with . 7
the analyticall value ehta1neq by Meyerhof's method.
- Although differént theordies are avhilable fiom recent. . i
publi:at;cns (burgunoglu and Mitchell, 1973) which.z1so take into - B
account the penetrometer shape size arid roughriess, Meyerhofs theory " g
. 4 preferved by virtie'of dts-easd bf apblitation ad 1t wide v
. -acceptance.. S AL 8 RS s 2
2.3.2. & -of Soﬂ Properties - Cohésioniess Soils .
From the results of a serdes of !w ‘velocity-penetration” ;
B tests on sands Wany (1971) expressed thg fanrming re]atiunship for -
b the u|t1nat.e bearing capacity: s )




: WA T B v e Wi o v § (25)
where Qy = ultimate bearing capacity
i - Aand = constnnts depending on soil
- ¢ proparty. penetrometer shape and
» o % @ “size ’
s r % - . deptn of penetration.
- @
> N Accordmg to the prim:Iyle nf conservlt‘un of energy. Wang
_(1871) derived the ful\ou!n relatmnshw. '. : .
‘ g = : =
M e - (A B G L L. (26)
" ) : where v = Vpénatrjmneter velocity
1 B ek (f=1)
it : Hpg mass of the penetmmeter

i .-
i solution of equation (26) was given as:
’ . i _' )
(—- 27 @
1

vl -

where ¥, is the imact velocity. : . T

The penetration depth.is a maximum when projectile stops;
i.e., X:=P whenv =0; P = maxinum depth of penetration.

; 5 ;
C C. C. S
Y = o (-2 s e e -2 2 ]e iy )

. . , Knowing_ the.maximum’penetration depth \(P) -for a~ cemﬂ\ impact .
szlm:ity V). c]' cb’uid be calculated from equation (28). -As the ~
::anttlhuﬂé'n of A is very small (Wang, 1977) }n‘cml;(sqn 0 Gy,

; A s neglected while determining the value.of C;. Asejn, exiation




. s
2 18
(25) could be re-written as (Neglecting A),
. g% Bk Booosse » g ¥ x sommee e 129 »
§ . el
Tonsidering equation (6) as valid for low velocity penetra- ®

tion, it can be re-ritten gs: ' RN : .

Qi (VDN) o e e d

i ,where R is the radius of fnundat1nn. D

Froi equgt&ms (29) and (30)" . &5

2 :
R™ -y Nq

L c1 3
' Knowh\g c1,/n could be calculated from eqnation (31)
woifld give the value of g1 ' . . 2

, It yas already stated inequation (6) that the qasi-static ’ “aof

value of qgcan’be expressed as

S e ) @

g 4

Fron Meyerhof' (ﬁ%l)"'ihenry.’ M}tchel] eé a'l

(1978‘), have: inter- 3
poTated, and given, the' value of 4; -as-a function of ! N/ fur a standard . o “

—né’tmmeter (hase area = 10 cm?, cone: apex anm 60° and m = 0. 5) \

* Thus, knawing Qs N and ¢ cauld: be ca“lculatem Thls wﬂ\ pr-ovNe Y
s B S .

of, ana]ysis AR \ d %

’2.31241. Estimat1on £ 5ol Strength fmn Decelerat'mn ‘Record ;.
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vihere ";m‘= average contact’ pré;sure‘
Z = acceleration :
A= cross-section] ‘arei of the ubject
By mzasurinq de:e]erahon at ifferent penetvation depths , Fon b
" cormponding Soil

s1stance can ‘be’ ‘ca]cu]at:d from ».E above equatlun.

The m:asumd penemt

n res\stunce cmﬂd thus be conpmed mth the

computed vl]ues iising ome and frois: (1970)° equatwn. (%

Degth cf Penatrauo
o Assumiﬂg the equatwn

_where'm ? mass of the pm:]ecti\e' v

%= penetration depth at tise 't

Ajs ‘\Az, Ay = mnstants dependh\g on sal‘l stmngth b
AR i,

and prnmn T nr

N L o Murff an, cuyle (1973) dermd “the fn'llnmng relmonship based on’ the

resuﬂ:s of i@ series, of GontrolTed Tab ratnry experfments :
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Single apd double.integration of equatfon (34)®would give expressions
for velocity and depth of penetration. Using this approach and-
measuring actual penetration depthis comparison can be made of the- ..
veloci ty profiles and penetration depths. .
2.3.4. ‘Cmilguv.ation of Soi1 Properties - “Cohesive Soils :

s generall,v understnad that ! strain-rav.e effec&' is ‘an

impurtant factor -to. be wns'ldzved in cahzswe soﬂs. Casagrdride .and

Nﬂson (1951) th:man (1957), Ri:nardsan et al. (1963), Rdy et al.l

(]976) have studled tMs effet:to;

\‘me shear strength of soﬂs and

conc]uded ‘that shear stm\gth graduaHy mcreases wm fan mcreasing

Cfate of strain. The phenoiienon con'trailing the shidar rate: affect is

too cumplex to permit mthematical definition and predicmon

Eg,enswe work by Casagrande and Wﬂson ‘(195'(], Wi tnan® (1957) 5 -

VesIc et al (1965) dea“hg w\th the s ear‘ streﬂgth of sands indicated

v z)\e range of the ve’locmes tested hy them Hhitman (1957) repnrted

|
. the te n whicn t,he s:resses are app]ied Th criticﬂ shear .




of saturated cldys. Whitman (1957) has further shown that the
strength is considerably increased under very r;p‘d rates of loading.
Whitman (1960) suggested that the rate effect upon strength might be
:al;se;i by a change in excess pore presssre generated during the shear
process. Data reported by 0'Neill (1962) indicated that his hypothesis
was substantially. correct.

In conriection with tests on bulldozer blades, Wismer and

Luth (1972) attempted to quantify the strain rate effects and used

'thé equation of Turnag% and Freitag (1969) and suggested:

. K=
B Bl el AR AN ¢ )
s s @s
1' . ghere Clx cune indgx at- penetration

- r-ate T wh.h cone, dhmeter dx.
<l

< cone index of a standard cone
with penetration rate r_ and

o * cone.diameter' ds.

:xi)nnenz of shear rate ‘factor.

. g 1) .
i Based dn expgrimental:results, Wisrir and Ll:th suggested a

value nf 0.1 fnr the exponential K. H .

From equatjon (35), ‘thedretical value of cone-resistince for
deferent 1mpuct veloc!tyband cone dhmeter can be cancuhted with the
quasi- statm pehecrutlen test as the reference or vice-versa.

Again for pirely cohesive so1s’ < ¥ g
c-cncovn_ oo w wes v (el T




2
Meyerhof (1976) has given Ne values for diffefent soil types and
relative depth of fmqu\,on. Knowing q_. cohesion (c) could be cal-*
culated. '
b 1
In summary, it may be stated that free fall projectile penetra-

tion at low velocity is influenced by various factors. 7These aré dif- -

ferent for cohesionless and conesive soils. Different methods currently

available can be used to evaluate the soil properties and culpared with

each other. and also with’the triaxijal and direct shear test results.

i
i
sall pogr A

v




comparisons andicorrelations could be made.

3.2. Apparatus - Penetrometer

B N

CHAPTER 111

LABORATORY EXPERIMENTAL PROGRAM _

3.1. General

The experimental program was designed with the ubjecgive of
studying the mechanics of free fall penetration resistance of sons‘,
and its correlation to the static penetranun mer.hamsm The inﬂu—
énce of cone angle cone roughness and the  type of : 5011 target on i
static penetration resistance is recognized and reported in 1iterature;
These variables"are examined in' the free fall penetration tests con-
ducted. Th; free fall penetrometer thatwas designed and successfulty
used at sea is 7.62 cms diameter while the standard-penetrometer used
in most static) penetration tests is 3.56 cms diameter. In this work,

tests were don, with both types of penetrometers so that appropriate

A detailed physical descriﬁ:iun of the ‘two types of penetro-
meters used is given in Table 'l‘ Tws for th\ penetrometers were
detachable ?ru;n the shaft and had various apex angle and roughness. 'A
complete 1isting of the pen"\}trmter tips used in this.  investigation is

given in Table 2. Shapes and sizes ofgdifferent cones* tngether with

the nose assenb]y -for the twn penetrmters are shwh m Fig. 3.




3.2.1. Instrumentation
The penetrometers were instrumented with®three sensors:
acce]emvmeterd cone Toad cell and friction sleeve load cell.
. The accelerometer was mounted inside the penetrometer and
aligned in the direction D\f the penetrometer axis. The accelerometer

used in{tm‘s investigation had the following specifications:
] .

ENEVCO: Wodel 2262-25
" fypes FulT bridge piezoresistive
Rated range: +25 g
: Ay Useful range: +50 g°
Semsitivity: 167 mV/g (atlov

DC excita!:l'on)

Maxm. transverse
sensitivity: 1.2%

Strain gages were used for measuring cone and sleeve friction
Toads. Each load cell contains four pairs of straip gages ar’rav\ged
in such a manner that compensation is made for bending stress and only
‘the axial lead is measured. Four strain gages were arranged in the
axial direction and the remaining four in the circumferential direc-
tion, equidistant, on the periéhery of the tube. The circuit diégram
is shown in Fig. 4.

cune‘ and friction Yoad cells, w;re calibratéd on an 'Inst‘mn'
testing machine. For the caHbrat:wn of load cells special jigs
were designed and fabri’tat‘ed so that only axial load was applied
during compression of the tube. The cells were loadéd up to 635‘ Kg
(1400 1bs) for cone and 272 Kg (600 ‘bs) fgr'friction'sleev-a at
22.68 Kg (50 1bs) increment. Th; resul'ts of the ca]ibration tests

(Text continued page 30)

N
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TABLE 1. DESCRIPTION OF THE PENETROMETERS . |
Details of "Fugro” type Memorial
N penetrometer penetrometer penetrdmeter
Diameter 3.56 cms (1.4 in.) 7.62 cms (3.0 in.) "
]
i
e 10.00 cn® (1.55 in.%) | 45.62 cn? (7.07 in.°) !
Cone angles ~ | 3% 60° and 180° 30°, '60° and 180° )
{[steeve dianeter 3.56 cus (1.4 in.) 7.62 cms (3.0 1n.)
ivea of steeve .. | - 150 cn’*(23.25 1n.%) . | '645.2 cn? (100 in:
) oty . =
| -
| ™ TABLE 2. DETAILS OF PENETROMETER TIPS ' .
Ky .
1 Penetrometer |  Penetrometer | Roughness of Base semi- :
- diameter tip material cone matexial apex angle
‘: (cms) (8/8)? )
; B 3 ~ . % o
o Stainless steel® 0.5 152. 30° and: 902 .
3.56 PoTished aluminiun 0.6 %2, 300 and 90!
; -Sanded aluminium 0.75 15%, 30° and 90°
1
! Stainless steel ‘0.5 159,302 and 900
7.62 Polished aluminium 0.6 18%, 302 and 90
: Sanded aluminium 0.75 159, 30° and 90°
) - vil
¥e # . v
. \
F = b N % v %
3 J et
i :
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were ylotm& and the load versus strain indicator feading curves were

S
obtained for the load cells. The Strain gage bridges exifibited excel-

Tent linearity. These calibration curves were used tb reduce the data
-from penetrometer tests. Details of load cell arrangements is shown
Gn Figs. 5a ‘and 5b. “The following are the specifications of cone and
friction sleeve load cells:

Gage resistance: 120 Ohms

Gage factar (6.F) 2.1 &
Sensitivity: 200 Kg/mV (3. 56 cms dia. penetrometer)
" ¥ 3 and 329 Kg/mV (7.62 cms dia. penetrmheter)

3.3. Recnrding System

The output signals of the acclerometer, cone Toad' cell and
fr\'ctmn sleeve load cells were recorded on a high speed chart
recorder (GOULD 2000), and also a tape recorder (HP 3968 A). -The
signals were amplified. by .selecting suitable gain on the amplifier
before feeding into the recorder. The chart recorder is a self-

'cdntained unit hosged. §n 250 mm main-frame chassis to accommodate

three isolated recvnﬂng channels. Theg chart speed used in this
investigation was 200 mm/sec. The recorded data on the tapes will
be used for permanent record and further reference when required.

; ¥
3.4. Experimenta] Mg&h}d

< s “Before starting auch test, the fn]]winu\uubration .

i chécks were made:

1. The actual gain of all amplifier including that of the
tape recorder.
2. Balancing of the amplifiers. i

1 ] ) "




-

Ell

* 3. The calibration of the acclerometer by turnover method, i.e.,
by orienting its sensitive axjs in vertical direction and
then turning over 180° resulting in a change of '2g'.

. 4. Balancing the bridge of the cone and friction sleeve load

cells. T ,

¢ THe penetrometer was attached to a releasing mechanism which was

in turn atucned toa nyl\m rope. Thus the peutrometer can be pulled
up to a neruvn fixed height and released by a uick release mechanism
Tocated Kfzm hetght.

The I\eight of free fall was kept constant at 3.06 metres for

Care was taken to mintain the verticality of the penetrometer before
every experimént. The complete set-up (frame, re'l;asing mechanism,
pullies, etc.) for free fall impact penetration tests is shown in
Fig. 6a.

3.5. Roughness of the Cone Material |
Surhce. 'rougﬁness of the_peutmter has significant effect
on the penetration resistance (igyerhaf, 1961; Karafiath, 1972).
Careful consideration was given while determining the roughness of
“_the cone material. . \
For tests in soils ruughness‘ is genern!yA expressed as m
ratin of the angle of friction between the penetrometer material (s)
and the soH fr|ctinn ang]u (¢), i.e., relative roughness \(5/0)
“this h\vestigﬂﬁnn absolute: roughness values were also determlned in
Terms of the centre line average (CLA). Taylor-Hobson No. 4 'mysurf

this, investigation and -corresponding.velocity of impact was 7.75 m/sec.

~




(Fig. 6b) and a rectilinear recorder were used to evaluate surface
roughness of three different cone tips used in this investigation.
The results are shown in Appendix A. The ruughneﬁs (CSA Bg5; 1962)
| is expressed in terms of centre line average (CLA) in microns over a
cut-off length of 0.254 mm. The measured roughness values are
presente& in Table 3a. From these results it is seen that there is

some difference -in the CLA\ Values of the plates and cones. Thus, the K

-
e e ettt

value of & obtained for the pla‘\tes from direct shear tests would be

i “STaghtly different for the cones. actual Iy used ‘in. the penetration

i ’ _tests. A correction factor was therefore applied to “eatculate the
g s ¢
\ ~ final va'lues of roughness for ‘dlfferent cone materla]s.

+  3.6.. Target Preparatwn .
. 7 Two types of soil target materials were.selected for tms ’ 2
- inlvesngation: : ’
(i) Silica-70 sand # B
(i1) Modelling' clay .
The materials vgere readily. avai‘lab]e and sampies‘cnu]d be‘prepared
easily. Besldes, these were chosen as v‘e‘presentative of purely non—

cohesive (sﬂ\ca 70 sand) .and pﬂre’iy cuheswe (mode]Hng c‘lay)

targets. .

3.6.1. Silica-70 Sand '

Sufficient care was tak’en While p‘reparing samples of sand :
in view of the fact tnat preparatwn of homageneous samples of

X cahesianless soil is d1ffic A‘Ithnugh qufﬁ:ient accuracy cwld
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FI1G 6a. PHOTOGRAPH SHOWING EXPERIMENTAL FACILITY
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to maintain a constant density at all depths for loose sand.

Colour markings were made in a wooden box (0.314 m x 0.685 m
x 6.914 m) at 25 cms intervals and sand was carefully placed up to
the required height. Compaction was done with the help of an electri-
cally operated vibrator. As soon as the top layer of sand reached the
25@ms marking, a further quantity of sand was placed and vibrated in .
the same manner until the desired volume was obtained. This was
achieved by controlling the time of vibration for each !ayér. After
cumpac;iun was ‘completed up Luv_the topmost layer, total weight of sand
was determined. Thus, knowing the volume, the final unit weight was ca’l-
culated. Raining technique was used for construction of loose targets
Sand was poured in whilé maintaining a constant height of drop. from
the existing target surfau. As soon as. the desimd height of the

sample was obtained, the bax was weighed carefully. Thus the final

unit weight was calculated. Three ifferent densities of sand hlrget

prepared:
1. Dense sand (51 type): 16.18 KN/m®
2. Medium dense sand (2 type): 1505 K/m® .
3. Loose sand (S3 type): 14.00 /m® .

For saturated samples, the samé procedure was adopted as
prieviously described for dry samples. After the target was con-

structed, water wag added in the form of 1ight spray. The container

_that held the soil was not perfectly water tight resulting in some.

drainage of water from the sample. Saturated samples tested in this
are, ot fully ted in the strict sense.




3.6.2. Modelling Clay

Before preparation of the target material, Standard Proctor
compaction tests were done to obtain the relationship between dry
unit weight and water content for this type of soil. The results 2
are shown in Fig. 7.

The m‘aterial was thoroughly pulverized and dried. A pre-
determined quantity of water was added to the soil and placed in a
large concrete mixing machine (Fig. 8)‘. When the mixture was hbmg~

eneous then it was taken out from tahe machiine. The volume of a

‘tylindrical container (0.9144 uf x 0.4572 ‘m) was accurately calculated, -

The soil mixture was placed inside the container and compicted with a
Modified AASHTO hand hammer. The desired bu]J)g depsity was’ obtained
using precalculated number of blows per ldyer of soil.

Representative samples were taken at random and at different ‘
depths during the target preparation to calculate the exact water
content and bulk density of the target material. Cylindrical steel
tubes weré used to collect samp'lgs for ‘calculating v:ne' unit weight
of soil andl also to perform triaxial shear tests. Vane shear tests
werd also conducted before and after each set of experiments ;t diffa.
erent depths. Twd different types of clay samples were used as follows:

(i

Medium stiff clay (C1 type)
Lbry density = 14.51 v/m® !
Water content = 29.61% ' E
(1) Soft clay (c2 type) ) ¥

Dry density = 13.50 Ki/m®
Vater content = 34,151




3.6.3. Target Properties -
In addi Hon‘to target preparation, several tests were con-
ducted to determine the physical properties of soil. These include
" specific grayity, grain size distribution, Atterberg linits (clay)
and maximun and minimum void ratio (sand). These tests were performed
immediately after preparation of the target.

Classxﬁcat\nn data for silica-70 sand are:

Mean diameter =0.115 m
Cowfficient of uniformity . =1:95
Spectfic gravity of grains = 2.60
Maximum void ratio . =0.95
Minimum void ratio =0.42

«+ The gradatmn curve for this soil is shown in Fig. 9a and is
s]assified as medium to fine sand siZe. “

The grain size distribution of modelling clay is shown in

Fig. 9b. It has the following properties:

LL = 37%
P % =21%
Plasticity Index = 16%
Specific gravity ¥ - 2 80

A complete set of properties of the targets are tabulated in
* Tables 4a, 4b dnd 4c. ¥ /AN

3.6.4. Shear Tests

The shear strength of silica-70 sand was determined using

triaxial’ compression. “tests and direct shear tests: while for




nodel1ing clay, the strength properties were determined using
triaxial compression tests and vane shear tests. Triaxial tests
were conducted with confining pressures 103.4 kPa (15 psi), 137.9 KkPa
(20 psi) and 206.8 KPa (30 psi). The results are shown in Figs. 10a,
10b, 10c, 10d and 10e. Vv

A serigs of direct shear tests were conducted on silica-70
sand to determine the values of the angle of shear resistance ()
and relative roughness of different cone m'at;%ﬂ (8/4). The tests -
were conducted in a constant rate gf strain shear. box WF 25000 (Fig.
m. The value of angle’ shear resistance (¢) as obtained from direct
shear tests are compared with triaxial test results in Figs 12a and
12b. X

A similar method was adopted to determine adhesion (c,) bétween
mode11ing clay and steel. The results are shown in Table 4c.

Comparison Of vane shear test results with that obtained from
triaxial tests fn?odeﬂ'ing clay is shw_n in Table 4b. The final

n

value of cohesion (c) was taken as the average of the two test results.

3.6.4.1. Penetroneter. to Soil Friction Angle

To determine the friction angle between the penetrometer

material and soil, tests were conducted in the WF 25000 shear box.
The upper half was filled with silica-70 sand at a desired initial
density and the Tower half of the shear box is re[;Iaied by'a solid
plate of the penetrometer material.  The results are shown in Table

3b. The three different penetraméter coné materials tested are:

. . .- . (Text continued page 55)
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ANGLE OF SHEAR RESISTANCE (#)

54
TRIAXIAL TEST

DIRECT SHEAR TEST —o—o—
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FIG lZa. VARIATION OF ¢ HITH e FOR SILICA 70 SAND AS DETERMINED «
BY DIRECT SHEAR AND TRIAXIAL: TESTS




1. Stainless Steel

"2. Polished Aluminiun

3. Sanded Aluminium

The values of direct shear test were corrected for the actual

cone’ roughness. The torrection factors were obtained from the results of
"Talysurf" tests on both plates and cone as shown in Table 3a. Correction
factors of 1.125, 1.2 and 1.166 were applied for stainless steel,
polished .alumjnium and sanded aluminium, respectively, The cor- ]

rected values of relative roughriess (s/¢) are: i

Stairless Steel 8/¢ = 05
Polished: Aluminium /s = 0.6
Sanded Aluminium §/¢ = 0.75 :
In the next chapter, these values will be used in the cal-
.cu'(unnns. ) '
3.7. Summan :

The methods of preparing the soil .targets and the physical
properties of the soils and the penetrometers are given in this
chapter. Results nf‘conventiona] Taboratory tests have been presented
and these results will be used for comparison and correlation with the

penetrometer tests.

"

2




CHAPTER IV
ANALYSIS OF RESULTS AND DISCUSSION

4.1. General

Free fall penetration tests as- described in the previous
chapter were conducted and the uutplut from the penetrometer 'was
recorded on“a 3-channel chart recorder .and also an |pstrméntation

tape recorder.” Typical raw data from the chart recorder is shown

in Fig. 13. ‘The record obtained is a voltage output, from the N
' \

accelerometer, the cone Toad cell and the sleeve Toad cell, as a

function of real time.’ Representative raw data for different types

of soil is given in Appendix B.

(a) Auxlent‘nn[decel;ratlon record
As soon as the penetrometer is released, it is under a
. constant acceleration 'g' due to gravity till it strikes the soil
target. This corresponds to the initial horizontal straight Tine of
the deceleration record. Upon impact, the penetrometer deée'lerates,
the magni tude vof which increases with the depth of pénetration, as
* shown in the range ab of the record. At.b, the d;celzra;!un is d
‘max1mum and it t‘apers off in the range bc. "y
) At c, there isan accé]eratinn pulse at the end of penetratjon
event. At this Yime the pene.trol’l':ete;‘ has uus‘sed through ‘maximun

. 1
penetPation and is experunc'lng.a very small upward movement. The

soil resistance would thus be negative. Scott and Pearce (1975)

. 66 " (Text continued page 58)
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studied this phenomenon in some detail and attributed it to a rebound
phenomenon with a kinetic energy of about one-tenth the initial impac‘t
. energy. However, this part of the penetfation event has very Vittle
effect on the total depth of penetration and is not f:ansidered in
further detail in this analysis. Beyond c, the accelerometer re'acbes

a stable level gradually. I
B i
i

(b) Cone thrust record
¥ Similar to the deceleration curve, cune’ resistance rises
: sharply soon after impact with the soil, and is stead} up to the point !
. : corresponding to the maximum.decehratiun ‘and then decreases rapidly
at the end of the event. It may be noted that after the penetrometer N

comes to a stop, it still records a cone' resistance equivalent to the

weight of the penetrometer.

(c) Friction sleeve record

In Fig. 13, it is seen that there is a steady increase in

e R4 friction sleeve resistance conforming to the pattern shown by'the ; N
other two readings. Me:lsurement of sleeve friction is significant
\ X i 3
only in the analysis of .cohesive; soils and this will be dis;usseq 1'n5 /‘

o greater detail subsequently. . (

, 4.2.- Computation of Penetration Depth
“From the-accelerometer output, time histories of velocity and

displacement could be calculated using the methiod of double intgration

\ 4 3 R
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UEY o SBECE) WAV v v s s s e R 66 (38)
20 =gt gtalte ey dt ez, Ll (an)

where V(t) = Velo:i;y at time t
a(t) = Ao}:elzration at time t
Vo\ = Impact velocity
Z(t) = Displacement at time t
I, = Displacement at t =0 -
> The declération fuq:t'on for the free fall tests is not a

stmple function and a mathenxatical solution is thus not easily possible.

Solwgions can be obtained using numerical method. From the output of

the accelerometer, one can establish the zero reference line from the
end ‘of penetration event. A check on the accelerometer r_ecord can be
wade by verifylng the output during free fal,'with respect to the base
line and see if it represents “1g" according to the calibration of the
accelerometer. .

Acceleration values wefe scaled from the chart recnrd at5s
milli-second intervals and the whole curve was assumed to be a sen’es
of trapexu!da'l increments, in this short interval. If nn, 358 ..
3, are thuccelent(on vnlues at times t,, f.‘, tz ¥ e t,", velocity

Yi at time' t,-can be written as

: n l‘ + 51_1 R
Vn=‘t §_2_"/(‘1“1‘1)‘Vo"' ..... 3
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Initial impact velocity, Vn. could be calculated either by
knowing the height of free fall or from the acceleration trace up to

the instant of impact. The depth of penetration can be written as:

In= L I N € )

Velocity and d1sp‘l?cement histories were computed from equa-
tions (38) and (39) for the penefratipn tests: The values of penetra-
tion depths as computed.above were, compared with the deptr\s of
penetraﬂnf}t{tuaﬂl measured. The agreement,\was( good for all the
tests (Tables 5a and 5b). B .

The decederation, cone res|stance ‘and sleeve friction Tecﬂrds
wé/re‘bhen re-plotted as a function of the depth. L

s already described/in Chapter 11T, three sgries of tests,”
S1, S2 and S3 were conduct: 1 bdr_y sand representing dense, medium
and loose target, and three sets of tests were conducted in wet sand‘
with the same dry densities. Two series of tests, C1 and C2, were
conducted in clay representing medium suf; and soft c‘:’la.v tﬂwget;,
Curves similar’ to Fig. 13 were nb\‘.ained for eadh tést and these were
re-plotted as a funtting Df depth after computiiig the depth af
penetration. Results nbtained are discussed further below:

4.3. Velcity Variation with Depth .4

The actual ve]oc'lty of penetration-was calculated and plotted.
as a fum:t(rm of the depth for thg experiments wnductzd Using the
theory of GMurff and CoyTe (1973)' as given in equation (34). a computer
program was develuped (Aypendix ) to calculate predicted ve‘loc(ty




. 4.4. Free Fall Pehetration.Tests on S‘Hica-m Sand

* puted. at diffefent déptns The experimenta] values are cnmpared and

“relates the impact yelocity' and maximum penetrmun depth. to the'|

‘that-experimental values are marglna'l'ly ‘higher ‘than the theoreﬂcal

| results. ¢
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of penetration at different depths.

l4c and 14d, for the three series of tests ‘ln dry sand.

On the basis of a comparison of predicted and experimental

A ccmpanson of the two results is shuwn in Figs. l4a, 14b, x
i

velocity prn{fi]es, it is concluded that the maximum penétration depends

on the projectile cone shape.and size, relative density of the target

material, imact velocity, projectile dianeter and projectile weight. -

A

The different theories discussed in Chapter 11 were: used ‘and

theoretical values'of penetrat\on resistaﬂce and velncity were com-

discussed below. 1
4.4.1. Cone Resistancé using the Soil Properties
According to Wang's (1971). theory, the penetrometer resistance

du for sand is' given by

WG X s lean. 29) L g

The value of c]\ itself can be evaluated frnm equaﬂon (28) vmich

various other varameters By using this ' apﬁrnath. theoretical cone .
resistance. was calculated at different depths -lnd shown in’' Flg. 15a.

Comparison of thes: values with the’ measured cone. resistance shws 5 S

o i}

S I, | 6 B




4.4.1.1. Theoretical Cone Resistance from Deceleration Record

Cone rbesistance can also be nbtajn’ed’frum the. value of

" deceleration at different depths of pénetration using the equaﬂon oF'
. 7

Orrje and Broms (1970):

...... « .« .. .(eqn. 32)

The veight (W) of ‘the penetrometer is known and ustng this and the

deceleration record, ‘cnne thrust was calculated at'different depghs

Theoretical curves were plotted %s .shown 'in"Figs. 15b and 15¢ and com—

_pnred with the prnfl'les of ccne resistance actua‘ll‘masured with 1nad

. 'ceﬂs. It can ‘be seenthat- there is a good agreement betweeh . :

.Meyerhnf s theory, Mltchell et al. (1978) 1nterpo]aud and gave the
i these values ﬁeoretwal r,one res\stance (qc) was: ca'lcu'laced using

; These are shuun asa function of depth in F(g 15d and cmrwared w‘lth

theoretical prediction and measured valies. 3 -
Although-the theoretical’ computations of Orrje and Broms (1970)

show a better correlation, ‘the sef ;Jf_data i"eyuired for the two”

Atheore(:'lcnl approaches atscussed are entire‘ly different: “It'is -

therefore ‘not appropriate to evaluate ‘the merits. of one theory over

the uther, ) / * & B

0.4.].2\. Cone Resistance usin erhof's Bearing
) o Theor 2 T g

* Inall the pxpe‘r_iments‘. “the -actual:value of ‘the .angle of shéar

re‘si\stance Was. detemin;ad from direct and. triaxial shear tests. Using -
values of N Tas a functmn of ¢ fur 5 standard penetromstgr F\rom :
the bearing capacity formu'la (equation 6) for cohes1on1ess svﬂ.

i, g (Text cnntinued page 74)

i
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the cone resistance as measured in the free fall tests. From the 2
: measured values of the cone resistance ahd using Wang*s (1971) and
|
Meyerhof's (1961) theories,. the theoretical value of the'angle of soil

shear resistance ¢ was computed and compared with the triaxial test

| 1 results in Tabk 6 0 5
% : It was-aireadispointed out in paragraph 4.3 that the velocity

profile s influenced by different variables of the penetrometer and
the soil. It is common knowledge that in the case of static penetration
1 test, the shape of ‘the penetrometer, the roughness of cone materdal,

! the diameter of penetrometer and the type of soi1 material influence

the s’ta;ic cone resistance. In order to evaluate the effect of these
Varfables un the free fall penetration test, tests were conducted with
60° and 180% (i1) cone materials of stamless
steel, polished aluminiu\u ;nd sanded ‘aluminiun; (i11) penetrwev,ers

{
{
£
1
E (1) corie angles of 30°,
i : :
‘, . of diameter 3.56 cis. and 7.62 cus; "and (iv) dense (51 type), mediin E.
.
z y dense (SZ typé) -and Toose (53 type) targets The influence of these
1 : :
| varmﬂes are disciBsa below. $ b

. A
e . O

o LA Effect of Penetmmeter Diameter and ‘Mass > 7

ol

The efFect of. penetrametlr sizé and its we)ght Mere grouped. S

| i S as 4 variable W/A‘and to study-the effect of this varhh'le tests L AN

were: condycted with, penstroneters of dianeters 3.56 un; and .62, cms;

we‘ghmg 10 kgand 14 Kg, mspemmy




\ 75 s
increase in the penetmmeter diameter produces a-decrease in .the tota'l tune ¥ *
of penétration and an 1ncrease in maximum deceleration. Cone thrust
per unit area is much Tess for the larger diameter penetroneter:than “a,
the .smaller one. ' _ The results are shwn h\ Figs. 15, ]7 and.18. From

@ Flg. 15 it-ds interest‘ng -to note that a 208 1ncrease ‘in H/)\ produtes. ;

mﬂy about "a 25% 1ncrease in tota penetranun at mTatWe densities.

uf 0.71and 0.455-and abuut 0% at a relative denslty 6 26' 5 W

A-rem!enship simiflar to Fig. 'IB was: repor

7 Cojle (1972)k Voung (1972) ‘and Murff and toyle (1972) a)sn reported T
that the,penetratwn depth is g functmr} of WA and impact velocity.

- 4.4.3. ffects of. the Nose Shage 1 L T .
A cor)es with apex n/mes of 3°, 60° and 180° were used in trns ' :

ts are s'lmﬂar tu the findlngs of uther

Murff and Coyle. 1972; Dayal, 1974)

S per\et ‘tion is pragortmna‘I to the va_ue of - nnse 1ength/d1ameter
(NL/D) of the penétrnmeter
than 60° and 1802 éones,
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(sly = )6) and’ sanded aluminium (874 = 0 75) were used to observe the

effect of mugnness on penetratmn re;lstance. The angle of friction

(s) was determned from dlr‘ect snear test’s as descrihed in.Chapter ~
e Rnughness uas also quanntatwﬂy maasured using Taylor~Hobsnn ?

. No 4 Ta]ysnrf and corwct‘l ons Were mde to the valie of s, lt Was.

= uhserved that rou ‘of cone’ materm has a s1gmﬁcant inf'luence :

¥ an the penetrat gn resistance and maximum de;;th cf penetrat!o

Icrease 4

rougnness pmduce& an Hnd ase.in | peak ﬂecelerat;un and

¥ tone resistance and a. decrease |n penetratian deptn.

Thg rgsnI tsiare -

pmced"in‘F gs z1a and 21h.

! Based on exper!menta1 test. resu]ts Karaﬂath (1973) repnrtp.d }

that. an increase 1n ‘base friction *

2 From F1gs Zla and 2'Ib it is seen thaz the penetrauon res{stance\_

lncreases with increasing ruugnness as-seen from the resuns foristeel

cm\e and*’alnmmium cones.. Huwever, in. the “tests _wnh the 7: 62 ‘oms
\ St

<Spanetrondter; although the sandéd aumsnium cone” shiows a greater

mmmum penetratm\ resistance, the d‘lfference between sanded a'lumin‘lum M

" and: pohshed a'l\mnlum cnnes “is. nut 50 wel'l defined e N

“1t is ‘also nhserved frum F1gs Z1c and 21 that - q /yD

A simihr result :

a 3 h ear1y with roughness af cone materhl

i was report d. by Ahde'l Gawad (1979) fnr quasi-stauc penetraﬁnn tests. :

o 4.5. Target‘ Stvengtn

! Re‘lat1ve density nf sand is the most 1mpartant factar overmng

the penetration. phénomeran.: n is evldent frnm F1g. 18" that the

ncreases the ‘pefetration resutance‘r




- made to satirate ‘the $and and ‘conduct sied fa)

. /and the’ cortainer could ot be: made- comletely ater tht ‘st the.

shear resistanc

" Tine:

e S Th addition to test.seriess1, 52 and. §3, an attempt vas

“targets. - There we e at numhar of perinental prub'lems in ‘obta L s
-§a1nts« Mthnugh he. resu'lcs obtainad ifi, this series of teszs are

vshuwn m Figs:: 252 4 255 T o

o

maximin depth of .penetration is effected significantiy by changes
in’ soil strength. Effect of the targét streng'th oh penetration =~
event nou'ld ‘be"seen frum Tables 7a, 7b and 7:. These resu'lts indi~

cate that an lncrease m _target strength yields an’ mcrease in-!peak’

dece\eraﬂw. a dacTase in"total depth of penetration and. an increase © %

#nCcone resistance. |Figs: 22a ‘and22b sfiow"a,conparison of dece1er_a- a -

t1 on recorq, fnr 1denhca'| tests -on dense, mediun derise and Toose

sand. Cone resistaqce vs penetvanon depth curves are shown'in®= . .. °- . 4

‘23a and 23b0_ Fig. 2 shows the re]amonshlp heme&n the angle}f/ %

(0 and qc/vD 03 1s seeri that the re'latwnship s
arld the valus af qc/yD mcreas S w‘th fmcreas}!va'lu of.

\
a'( sn seen that the 'larger dvameter penetmm(:er g(ves 1we

 values than the standar'd sua peuetrometer. Asimitar result has. been.,

reported for quas1 statn tests by Abdel Gawad (1979) o

L

4.4.5. Free Fa¥l fesc on et Sand,
Eree Fabl Tests on et Sand..

stson these

cémp\zte‘l)"{ smiravsd specumns. Th& sand mself was high'ly permeame

dwsﬁinct. the ‘test itse1f s to be consldered dzf‘caent because

‘of the abuve Hm on-. Resu'lts abtalned f‘nr chls test series are.
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: Lo e ) . %
“2 = 8 TABLE 7a. TEST RESULTS FOR DENSE SAND TARGETS
. '\‘ il e 3 . < 4 ) Maximum
: Diameter of . Maximum | Depth of
B Soi1 |the Penetro- | . Materizd, of Cone Cone Pen
LoD |[Type |meter . ”  the Cone* Angle Thrust _ | (Computed)
) scms -, KkPa cms
. :
H e st '3'.55 ans" - Steel 30° { 23014 | 31.56
- D s ; B 60° | 2394 28.89
sl w 4 pCRed 180° 2469.6 25.63
- ';, L s L Aqﬂnin?um/_ 20° 2si0.0 . 280
" ey s1 Tewo N g0 2626.4 25.62
: f}!“ ; s " T : ' 180°
; { e 8 Sanded Alupinium | © 30°
e o Tk S / 60°
lgl/ : b U s N . e e .
] S s N © L Steel. 30° ar
' ’ o ’ we s 180° 777.58 16.99
is)]s o . Mumingin 0° - | 79172 25.66
v ) . P 777.59{ 16.94
v cis 1 m® | ssia) 588
s Sanded Aluminiun | 9300 #2000 2378
e L 600 830.14°| 6.3
O ) r RS re0ss | 15750




|
|
%

Y4 TABLE 7b. TEST RESULTS FOR MEDIUM DENSE SAND TARGET "
Maximum
Soil 2!‘:";::;3 Material of Cone mlm g:z:tf::ion
Type |meter the cone Angle Thrust | (Computed)
cms KPa cms
s2 | a8 Steel 30° 2195.2 37.27
s2 . - 60° 2116.8 . 34.08
s2 o 5 180° 2273.6 30.50
s2 . Aluminiun %° 23520 112
s2 . " &°.  |2273.6 31.49
-l s 2 100’ |269.6 | 28.03
s2 . Sanded Aluminium | 30°. - |2548.0 .26
! s2 . . 1w |aero .23
£ 52’ L 180° 2665.6 2167
27| 7.62 ems Steel % 622.07 30.51
i 2 3 . 60° 622.07 24.20
! 52 o 180° 650.34 | 22.63
& 2 | w + Aluminfum . %° 636.21 - 28.84
52 . TR e8.62 | 21m
s2 " " 180° 706.90 19.66
52 L] Sanded Aluminium |  30° 678.62 2.91
2 " " 60° 721.04 21,08
2 . y 180° | 763.44 | 19.21
. "

K




! %2
i TABLE 7c. TEST RESULTS FOR LOOSE SAND TARGET
e Maximm
: Diameter of y Maxinun | Depth of
| e [roter ™ Bartane | omte [Tt [ Toveree
é cms KPa cms.
3| Bseams |4 steel %°  |o7s.0 62.61
s3 " . 60° | 10s8.4 62.47 .
3 . w 180°  [1274.0 53.88
53 | ... Aluminiun 2° 2152 60.90
s3 etz | = 60°  |1332.8 60.80
% s3:| v v ¥y “1e0° o | osuw
Ysaf~ Sanded Aluminium | 30° . |1372.0 61.50
$3 [ o» . e [1ama” 56.84 §
. 53 o L 180° 13916 49.41
) 3 | 7.62 cns Steel x| s 59.92
53 " . 60° 39.32 57.87
; s3° . e 180° 353.45 51.14
3 X Aliminium %° - | 452.40 54.94
: s3 |+ = . 60° 452.40 52.06
! s3 oy Y e 180° | 280.60 4.3 N
$3 | |sanded Muminium | . 30° - | asces | 4490
£ i & . W F o ‘96(—%'9,6 .43.36_
s3 . . 180° | 508.96 42.70
.\
- )
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: msistance was ‘labeiTed by Dmizd (1965)-as an untrue cahesiun

-

: : {100

is less. From Figs. 23a and Zﬁa, a‘cmnpanson of the cone resistance
for dry saud and viet sand shows that the resistan:e in wet dense sand'v
is h1gher hy at least 40% and 90-100% for loose sand w

A s]mﬂar phenomenon has been reported by Schmertmann (1974)
in static penetration tests. It has been suggested that. the
permeability of the soil resnh:s in an acclerated flow of the pore
water ahead, of the penetrometer and 1nduces a negat\ve poor pressure
in the soH. . This .causes an apparent increase in.the sml resistance.
. Drozd. (]965) has made similar thervatmns m dynamlc penetratinn

‘tests in which a dynamc penetmmeter vas uSed The 1n;reased N

Inut_hose tests (Drozd, 1965) p\e;ovletrlc observations were”.
made and it was fouhd that the effect was most pronoun‘ced in saturated
+loose sand. A simﬂav‘ phenumenun can be noticed comparing Fig 23a
“with Fxg 25a and F{g 23b w‘Ith\Fig 25b where the nhange in
pehetrathm mslstance is fiore pronounced \n 1ouse sahd. o

4.5. rSunm?r“y of Test Results=-Silica-70 Sand T «

Test results on: cohesmn'l;ss s0i1 (sanri) could be summarized
as belnw’ . o : ' )

1. Penetrahnn depth and maximum :Dne reslstance are dependent
on the’ .mass. per unit area (W/A) of the penetromeléh B jenetratiun
depth can be mcreased by Ancreasing the value of W/A. The Dther
factors which also ajfects the depth of pengtratmn are ywse shape,

mughness uf the cone, v‘e&we densmy of sand_ and du;neter of the ;

penetromecer. ¥ ." P N el
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2. Deceleration profile obtaineﬂ_ fml{_f,m fall penetraﬂ?n - LS
could be directly used to obtain soil resistance at differ'ent.depths
of penetration. -Soil re.slstav;u calculated by this method showed a
gdod agreement with the measured values of cone reslstance by luad

. cells.

©lgmt ° :5; Free fa'll penetrnnon test res\.nts cl!rbe used' to est!mtz

t@g!e of -sheat res ta&e 4y w'th gnnd accuracy.

(‘ g
. : ‘23a that a change 1n ugnsity Index fran loose to ned(um de‘ “state . v
- would prnduce an abmpt fcrease i cnne- resistance and alsd dec se- iUl it
2 in penatration dq}L, 5 e e - T

Due to the effect: of negatlve pore water pressure, mne

¢ resutan:e and peak'dzceleraeimn -is mich higher for wat sand. than

‘the correspondmg dry hrgets. This Js‘an 1mrtanc “cons i

ERE L ang should be actaited for in the 1mrprem1on of resilis fron

ﬁ!'ld tests‘




&y s F o . i e
the soil is considered as“purely cohesive for the purpose of-analysis.

Tests were pev—forme th penetrometers nf the two siz'es aid

cones with semi-apex angles’ of 15°%, 30° and 90° were used. Conm/"
ronghness is riot an. |nf1uenc1ng factor in cuhesive svﬂs (Durg

“and Hltche'll. 1973) and hem:e only :the ta!n]ess steel cones. MNere used

i (n all the tests ResuTt shwing penetratiun depth v$ “dece’leratmn,

< The different parameters W ;ch nﬂuence the penetration

mecnamsm are, examned be1ow as .was ﬂone for \the sand’ tavgets The "

‘and negligible for sand.

for a penetrometer with: 180“ cone s, manmum in cohes\ve targets a]sa.

S As observed 1n siud targets, snﬂ FesTstance
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4.6.2. Effect of Cone Shape

The cone resistance for tests with different cone shapes are
shown in Table 9. The vélues_ obtained for a 60° cone were taken as
standard and the other two are expressed as a ratio of this standard
.value in the table. Meyerhof (1961) has expressed the bearinq

¢ tapacity factor (N ) for different cone angles, and these values

aare alsn shown as ratips in the.table with respect to the 60° cori
F 2 Comparmg the results, it s seen that the magnitude of cone vressure
for the free fa'l'l copdihon isof-a smﬂan\varlatmn, when:the coné

Ll ang]e‘ls changed S < 5 3 s

1.6:3. Effects of Watér Content - P A g

Figs. 27a-and 27b show plot.of unit penetration restetany
with-respect to depth fnr modz]hng clay a'. the two water contents.
\ The water content for €l and CZ type soil are 29.61% and 34,15%, .
- _ respectively. It may be seen that the penatration resistance
P - decreases substantially with dncreasing water contert. . Sinilar,
52 ' P resu'lts have been'reported ‘by Scﬂmertmann (1974), and Helzer (1974)
for quasj-! stat{c penetraﬂon test.. The effuct is_attributed to an
ificrease. in the pore water rpmssurg. Further, with decreasing degree
“of ’sacuraﬁhp; ﬂfe'frict'iona] component ‘of the. soil bearii capacity 1
0N becomes doninant: Tests with dry’ clay (Rbdel-Gawad, 1979) have aiso,
'c]em"ly:d:monstrated this effect. This, a_ similar| phenumenan is.

attributed to free fall penetration test also. ¢ S

\45 4. Effects of Stiain- rate w15 p e . ;

Strah\ rate effect is'a wen recognized phenomenan in

'coheswe sm'ls (Whitman, 1957) This was -_iiscussed in..detdil _1>n




test results.. This was also distussed in Chapter II.

S .
, \ f

B} 13 1!

Chaptér I1.  Values of penetration resistance ybtainzd by the free ° x{

fall penetrometer can- thus nommally expected to be of a hl“gher R ' i

° magnitude in comparison to quasi-static tests. ' i
Wismer and Luth (1972) suggested a method ‘of determining the :J

<equiva1en‘t quasi-static»resistav;ce of :uhe;iv‘e s0ils from dynamic " ;

i

i

" Equation (35) , showing the strain-rate effects can be

re-ritten as.

i C ey & |
Ty . Sed [»«1 40) . 4 |
% s) 3 . |
5"“. ) ‘ A e i “.
: where * , qy = theoretical coe resistance. for impact
i ' i v _ velocity V; and diameter @ )
: ' G, -= quisi-statig coie resistance: for a standard.

'»enetrometer with ve'loclty V and diameter a

od0

L lf the puhetmmeter dianeter is the sane for buth cases,

then equation (40) reduces to s A B -

e o ch e %
s ; T £ - [ P
o . 9. T i
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i

good c_orrelvat_ion bétween“the resistance actually measured in a. free

(100 ft/sec) and thus not exactly applicable to the frée fall impact -~ .»
. - <P v <3

velocities of 7.75 m/sec obtained in this investigation. ‘However, - -
“there is er\ly to be an effect of the velocity on the relative . *
proportions of the cone and. sleeve.rzsi'§tancg. This-is an area to ¥

4 ) ] '

soil shois a maximum unit cone resistance of 259.7 KPa. Those results . |
are 'shown in Fig.'27a and 27c'for the two types of penetrometer. :
Using equation (42), the cone resistance at a velocity of 7.75 m/sec
can be written as

Qg = TBIG ..l (8) 5
Thus, strain-rate effect can be'sald to cause an 84% ‘increase"in the |

<011 resistance. Using equation (43) theoretical curves vere drawn 1

4
and shown in Fig. 27a and-Fig: 27¢.- It can be seen that there.is a

fal1 perietration test and ‘the theertical cirve dbtained after. cor- R b
recting for strain-rate effects. L b ; . : N

(It may ‘be relevant to poing out here; that the values of :
sleeve friction measured and compared in fab]e 8 do noi:. appear to

show a s\gnlflcant effectt dffy to strain-rate.. This is ‘an area that

should be \nvestigated furthe
In dynarmc tests, Murff and COyle (1972) 1nd)tateﬂ that side-

wall. resistance is significant only und&r certain conditions. On

the basis of experimental observat!ons, Murff’ and Coyle (F!_73a)I

indicated that a critical velom ty ensts fur alr soi‘r'%nve which

cavxtation occurs. For impact velacities beyond the cr'm:a'l value,

the Fesista‘n:e to penetration is exper‘enced only by the nose of Qe _,‘—4 adn ks

pro‘jectﬂe. Those critical velocities are in the order of 30-m/sec

. 1k N A |-




! I
! . bepursued further.
: For .the'soil tyve. @2, no direc}: correlation was‘pns_sib’le to

de_Egm‘ne the ;train—rate effect,;sh.ce ‘quasi-sva'tic test resulgs
for this soil were not available. But, assuming the relationship
obtained in equation (43), for.a 606 cone, “an equivalent static

cone’ resistanice was obtained, and was eqiated to ©*

17 1\5 KPa Th‘ls colnpares very favourab]y wnh the actua'l coheswnv

i (c) ne; urgd, Mnch was 16 o0zt KPa.

4.7. Sumarz of Test Results mde'l'ling C1a[ - " e
The major. factor to be consudered for free fall tests in

clays is the effects of stram-ra.te. ‘Thls effect” npt only mﬂuences ’

“Zhe cone resistance but, dépending; 6n the” velocity. of pvenetm‘.mnr

it il nfluence. the rélative. vaiues of coe and steeve resistance.

i LI Hhﬂe it is possible to quantﬁy strain-rate effects dnd evaluate

the:soil shear strength. it is fe\t \‘.hat thws auea requlr‘es {urhher




CHAPTER'V "~ s . i

R " CONCLUSIONS AND RECOMENDATIONS . .

dtva]oped at, Vemnrla'l Umversny For test;s at sea; from structural W

hoth the p;netmmeters “in the sape suﬂ tprget and obta-ln a corvehtmn

Tests were conducted in sand [dry and saturated) and: c‘Iay = [
'(pzma'l'ly saturated) targets. De:eleranan cone thrust and sleeve

frlctwn were n:asurgd in each tesc _and subsequenﬂ_y analyzed. Snﬂ b

- prnpertfes vere dgtemnfnéd\by ~r,orwem:mnn‘l 'labnratory tests Frcm the
B . ana]ys'as of the fnee fall pene rometey usts, the io]]u‘nng condusions. L
_are drawn. Gt > 2

one resistance :ompuud theoretica'{ly is “in gtmd agreement x

g r.wn resistance. : i =,




. B0 s %o : : . nz

*fv. .‘Sci'l density has a 's‘lgmﬂcané influence ‘on the penetration

nchanlsk : S
« ey Cone resistanu 1ncreises in satqraw sand due to negative pore
. pressure. g & 3

vi. Tests in c]qy show that the stnln rau 'lnﬂnences the cone

veswtince values. Hmver. the equhta'(enz static va1ues can he

cumputed from tbe:free faj tests using tﬁe equaﬁad of lrusur :

vifil Fnr the rlnge n

- 5.2, Recommendations for Further Studies’ : L

Further experinental work. ¢ recoimendéd to Snvéstigate the

‘following effects:

%, Stanc and *free fall penetratum f.ests on the same son target
and cemlatim of. résuns. s R PR

H = Further inves’ﬂgation of the effecu of H/A cnqosing two- mre &

g Xy va]ues between the -ranges tasbed <in ms 1nveeﬁgat1m\ 3
i _1n. Tests.- in sntunzed :sand and chy tamets with quanmat-l ve
; & masummt “of pore water’ pmssum.
; |v._Tescs at difl’emt hppav:t ve'loﬂties and an eva’l uation of me
" i 900, e strain-rate emct on'sleeve chtim. 3 :

~. <Deve1owznt of thavvet{m solutims us(ng f(»lte elment',

techn ques , with linear md mm-'Hn r snn uspunsa. L 2
k “vil bore mrdimud field and Taboratory tests: in. order to- ob:ec— ;
L 2 z tIveLv nssess the soil vmpentles fn- ﬂeld msts s
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//E 3018603 JOB (3018 4603Xs 14 1) +CHAUDHURT 1CLASS=X4REGTION=100K

7

EXEC FORTGCLG

//FOFT.SYSIN €D =

c
c

/%

COWPUTATION OF PENETRATICN DEPTH AND VELOCITY FOR -A
FREE FALL PENETROMETER

DIMENSION X(15):T(15)4V(15)

REAL NL

99 FORMAT(//)

93 READ(5,50)D4NL AW, V0 ,DF

INCT=1

50 FORMAT (SF8.4) \

30

C=(364 €= (37,35 (NL/D) 1) $(D* #2.0) % (DR)
AK=(162.0)%(0) *(DR)

P=—(2340) *(D**2.0)* (DR)
ALFA=C/(2.0%AM)

» (ua.aunun-(cnz:)un.sn(z.o)unn
A=-(P/AK)

E=(VO+(A) = (ALFA) )/
TMAX=ATANC((B¥W)-(A®ALFA)) / ( (A%w )+ (BHALFADI)/W

.
N=F

00 30 1=j.10 \

TCI)=(N/1040)* (TWAX), .
X(1)=((A=COS(WATII)) )+ (BISINIWFTCI) 1))/ (EXPAALFAR(TL LI )) V4 (P/AK)
VOI)=((8%W-AALFA) $(COSIWATUL)))=CA%W+BRALFA) ¥ (SINCURT(I))) )%
#(EXP (ALFA®(T(I))))

N=Ne1

CONTINUE

FRINT 99

WRITE(6+50)DsNLsAMIVOLDR % 3
PRINT 99 i )
WRITE(6,60)

FORMAT (SX4 'DEPTH IN MTS*) . K vt
PRINT 99 . K
WRITE (6,60 ) (X(1) +1=1,10) L . ¢
FORMAT (1X, 10(2X,F648)) )

PRINT 9% R

WRITE(6480) -~
FORMAT (5X, CVELOCITY INAM/SEC®)
WRITE(6,610(V(T)sl=1, . >
INCT=INCT+1 .
IF(INCT.LT+10)GO TO 98

sToP AT
END

//LKED SYSLIB-DD DSN=SYS1.FORTLIE.DISP=SHR :
/7. DD DSN=NLCS.IMSLLIB.DISP=SHR .
//GOWSYSIN ©D %

s
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