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5 nical Use of this in North Sea investigations
has been reported to be successful. Static penetrometers require
seabed rigs (De Ruiter 1975, Zuidberg 1975) to test surficial sediments

and a drill string attachment (Ferguson et al 1977) for tests inside

bore holes. For site-spécific (oundatiobt:les. static penetration

tests appear to be' extremely relevant ‘and useful.

One 1limitation associated with stdtic pemetration tests in the i,
océang 1s the x:eeé for suitable reaction rigs.  With a view to déveloping
* a quick and ecoriomical way of testing surficial soils, the.use of the
standard "Fugro" penetwometer with some modifications was suggested
and & laboratory freé fall penetrometer was developed (Dayal 1974) i
at Memorial University. ‘There were some operational and structural

problems when this penetrometer was tried at sea (Jones 1976).

. The modified version of the penetrometer 18 76.2 wm diameter with
a 60° cone dnd a 625 cm’ friction sleeve. A descxiption of the penetro-
TR —— results from its sea trials south of NefrfoundLand
during May 1978 are reported. by Char et al (1978, 1979), *

A5 a patt of this ongoing research on penetrometers, laboratory
experinents were conducted to-factlitate interpretation of the output
. from the 76.2 m élameter penetrosieter. The study reported here relates
to static tests with the stendard "Fugro" penec;fme:er and the 76,2 mn
i Masibeta) popeiconakars A‘atidy o Ehe tvo peartyoRatate ti a fiee FAIL
i s

‘mode has been made by Chaudhuri ‘1979). » %

Cone penetration tests are prefered.in geotechnical studies f8r a

* variety of |reasons: § b
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i

1. it provides test data that are amenable td analytical

interpretation,
7z B

2. it is applicable to a variety of soils ranging from sends to
,eoft clay, '

3. it 4s similar to the behaviour of pile foundations, especially
in the strain or stress path caused in the soil failure, and

4. compared to othér methods, the penetrometer in general is easy,

quick and economical to operate.

Results reported by Meyethof “(1951a), Nowatzki and Karafiath
(1972, 1978), Durgunoglu'and Mitchell (1973, 1975) and Baligh and

Vivatrat (1979) identify a nmumber of variables which influence the

These are the size, cone angle
and roughness, soil friction angle, soil compressibility and the depth
_pf penetration. The aim of this scowiy 1s to examine the effects of
these parameters and their relative influence on the two types of

penetrometers. A ¥ -

Recent geotechnical literature contains numerous failure mechanisms
for soil and different theoretical methods to predict static penetration
i i .

resistance. Among these, the theories of Meyerhof (1961a), Nowatzki

and Rarafiath (1972) and Durgunoglu and Mitchell (1973) have been widely

. used. 'The soil failure mechanism associated with static penetration

s " N
resistance is ome of the aspects which will be considered in detail

. in this investigation in reldtion to these three theories.
. i }

1.2 Scope of This Worl

An of 1 was

v

|
|
i
)
b
1
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in order to express the static penetration resistance of goils in )
terms of the penetrometer base apex angle, base roughness, depth of
penetration, soil cohesion and angle of shear resistance. The specific
objects of this study are: )

1t to delineate the failure mechanism associated with static
penetration resistance, - !

2. to choose an appropriate analytical solution which satisfies

u T

the failure mechénism and which will predict the static penétration

resistance of soils in terms of the geometry of the penetrometer and
i

properties of the soil, C

3. ‘to evaluate the umly:iul.m(hod through plrefully‘l:onttclled
laboratory penetration tests,

4. to deternine the relative importance of the various parameters
such as the penetrometer size, base apex angle, base roughness, angle’

of internal friction lity of soils,

of soil, rate
of penetration and relative depth of penetration, and

\ 5. to illustrate how in-situ strength may be deduced from the
results of cone penetrnt\ion tests.

The state—

f-the-art is reviewed in Chapter II. The failure
T

with static on and «the. theories

for deteimining the ultinate base resistance are described. Chapter IIT
describes the experimental program of this investigation. Analysis of
the laboratory results, comparison of the measured ‘and predicted pemetra—
tion resistance, and the influence of the different variables are anilysed

" in Chapter IV. Finally, swmary and conclusion of this investigation and’

recommendations for further work are presented in:Chapter V.

i
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CHAPTER 1T -

REVIEW OF LITERATURE

1 _General
Cons pitietEouetara ice videly waed to Invedtiyate thid propectise
of soil deposits in-gitu. They are importan¥ tools in evnluati.ng the
beartng capacity of soils.y D!pendmg on the depth ¢f penetration in
reh:icn to its size, cone penecrcmgteri can be :Keuted as an equlvalent
shallow o dasp foundation. coop e TRy
Early attempts to predict the bearing ca.plcity of 801l were based & 1
on earth pressure theo:\y proposed by lAn‘lilne in the n;.nete@th centu;;'.
‘For a strip footing on 4 granular material with internal friction,

Rankine proposed the formula:

ag = 7,0 tan (n/4 + 4/2) g m
\ > :
where \

- ultinate pressure on the fowdation,

"a = soil unit weight,

D = depth of burial of the fuu\\h{\lnn, and

¢ = angle of internal friction for the soil. N
7 / ’

Bell (1915) proposed & modification to this for clay to take .into

account the cohesion fn clay and suggested the formula

- 1 D tan (1r/4 + 4/2) + 2C tan>(a/h + olz) i )

+ 20 tan(n/l + 412) . s

vhiers C 1s the soil cohesicn. \ -




- +
6 « .
A .
Experiments by Prandtl (1920) showed that the bearing capacity
u;ldet a strip load on a rigid—'pl&stic; incompressible and weightless
" natertal ta:’
qf =C “c 31
- -vhere iy L
& weang o e %y
N, cotéle © tan”(v/4+ $/2) - 1] . 5 e - k
n'eu.;;;: '(1914)‘ Somadgeeid HATHELRRE o B SIENATER, Gyhan
concluded that the bearing capacity was incressed by an smount qll; )
vhere: : L i ‘
7 tané 2 : . . %
No=e tan”(n/4 + $/2) . % i [51
A widely used bearing capacity equation which considers soil "
cohesion, friction and surcharge was first pxe_sent.ed by Terzaghi * e
1943). a8+ L © .
: /
4 mCN + N+ U2y, BNy ’ ol
3 =
where "
P, -'Overl;urdan pressure at base level .
' € ="soil cohesfon . - . -
B = ildrh of the foundatton
'y, = soil unit weight -
N, N and N ‘wre fiie bebring capacity factors. i o
The v-iuaaf of Bearing Capagity factors Ng» N, and N are {nfluenced
by, the type clré tiuwe surfaie asawwed. It 18 the deternination of these
" . B : ] \
A
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factors¥which varies in different theordes that are available. For an

assuied failure mechanism and knowing the mechanical properties of the
penetrometer,.one can deternine the bearing capacity factors in terms
of Cand ¢. Hence, if q  measured with the penstrometer, C and § can

be calculated.

Varfous bearing capacity thecries .currently used will be reviewed
below:and ‘eatch one of themwillbe' considered- in the: subsequent enalysis

to’ dectde the tost relevant one o the series of experiments conducted,

2.2 Terzaghi's Theory

13 the alyaie 5t the bededag capdatiys OB Siai Lov ronsdgtinis,
Terzaghi (1943) assused that thé ‘sitp surfafe ends at.'the base level’
of the foundation (Fig. 1y imd the overburddfesas replaced with an
equivalent surcharge. The zones of pldstic equilibrium can be sibdi-

vided into three zones (I), (u) and (I1T) 48 shown in n;e' figure.

Zone (1) 1s'a wedged-shaped ‘zone Located beneath the 1eaded stelp, 1n

uhi::h the major-principal stresses are vermu. Zone (II) ie the

. radial shear zone, . emanat: jom the puter edgea of the londed strip,’

“whose ersect ¥ 1 at angles of s+, 0/2),
The slip line of thiu radial chear zone may hg closely l]zproxl.mxted
as a lowithmic spirll. Flully, zode (III) ‘fs the Rankine puuve

zone:

The bearing capacipy of a shallw strip foundation of width B and

depth' D can be Tepresgited by expression m : Simunrly for deep’
fomdations, ‘Fig; 2b; ferzakit has fndicatsl that the bearing clplclty

‘18 jappro¥imately equal to hat of .shaliow fonmdatim (equmm o vith

the shape ‘of failure
vk

med same, bnt inclu“-ng the‘lddi@lnnnl eff_ecta b

et At




of skin friction along the foudation shaft and thé shearing stress

along a vertical outer boundary of the mass of soil adjacent to the

undat ion. s

3 Mex:xhn Theory

. ‘Based 'on ﬂeld and eore and ldbora-

i tory. malyuis, Heyethof {1951) moﬂiﬂ.ed Ternghi's theoty Tetughi'

theory 1Ly somd to be cor ive’and for deep famd.uane, -

¥ "-the mobﬂlzation of tlm shear strength of . cha entire surchnrge 18

dobe £l
+ .

In m; attemt 'cn overcome these lllnltutians, uéye:hét extended
. the mnlylia of thie-plastic :quiiib!i\m of a surflce faﬂt!.ng te shallow
- afd deep foundations. Accort{ing to :hi; :hsory. zm\as of pusuc equilis
briim increase with foundation depth to a maxim\m for.a deep; Eoundaclon ]
(Fige 2 8, B) . Heyerhof also indicated and $11vistrated How thé zones

. of failure are infLuisnced by ‘the shapg and"the rong\masa of the foinda-. .

tiond i " 3 e A e o

At the ultimste: baAting cupucityy the- teglaﬂ AhDVE the cumpcuite

i'uﬂ\nre surface is, in ‘general, assumed’ to be div!ded “into two uin_

zones, on each side of the central zone ABC (g, 20) ety S b i

‘sheat . zone BED and a mbed .hanr zore BD‘E‘F in which the shear varies

hetween the li.mif.l of rnﬂill &nd plane u‘heat depmdins on the dayl:h ¥ o

and Toughiess of' the foundation. T A . i s -

g Heyer\\ni pulented ‘the  ultisate ‘huring l:apaclty in o form given

'by Terzlghi '(1949) tzq. 61, hur. the- factors’ n > N and 'N were. dlﬂ'erent K

and de{:and on (m ‘depth,’ r.{e shlpa. and: the :uughnen of :n' bass ds

3 =




o o

well as the angle of intemal friction ¢, Meyerhof's analytical treat-
ment of r.he bearing capacity problen was baséa on emyzm of the work
of Prandtl (1520) and Rejssner (1924), where the weight of. the soil vas |

neglected and the huring capgatty ngen as:

. ’q-cn+pn % 78

w and ‘that of - Uhde (1936) where the veight of themuterlul w-ls takgn

SR gl ] mm ‘account and "an .ppzuxm:n h!sr:l.ng cayacm given. 8

X

Values for LR ‘i.m‘ N, siven by Meyerhof (1951) ‘axe shown'in Figures

o 3, 4 and 5 rup::ti\vely. Neyerhof ‘(1961a). extended: his investigation

to the influ:ywe STl cm\iig\l“tlnn on the /suy 1ine gechm in
the viclnir.y of the base. Hg assuned a failure mechlniam ﬁmm in
Fig. 6 for ahnllcm aud deep vedge and cone shuped io\mdntionn. ey

shown in this figuxe, fora perfectly. smooth Gedge with a semi-lngle «

.
the region dboye ‘the fniluu sutface on each sideOF the. centre Line:

of the foundation’ iNau\mul to'be di‘{lded intoa plnmvehen zone ACD;,

5 ! a radial ‘shear zone ADE and a: mixed shear zone AVEG (shallow vedge) or

a'plane sheat zone ATF. (deep wedF).v As the robghness of the vedge
’ 3 !.nctenéu. the angle at 4 tn’ zone .\cn decréases. Fora perfectly

“in the case

reug,h wedge.\ a centxll elastic zone ACD forns ‘a false base

of a‘bl\mt wedge whm the bearing capaci:y is identicll to-that of &,

hnrizontul base. | For s sharp. velge this’ elastic fone coalesces with

“the vedge: ‘The beariig capacity can be uytesanted by: gquatisn 161

i

i

i
% ]
} g " with lpp!oprlute modiﬂed valués rar N || and “y s By
f : i ;

. e s }/sz“"“ o E
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For shallow foundations (D/B < 1) the stress P, = YD where D is

- §
the base depth of the wedge, while for deep foundations (/B > 4 to 10) ?
. . i
y P, = Ky 10 . 1 ) ‘181 i

where K, = earth prebsure ‘coefficient on the shaft near base, which

*1s about 0.5 for sshds dnd 1.0 for “elays, Meyerhof (1951),

. The ‘beardng,capacity factors Ny, N, ‘and¥, , “as suggested by Heyexhiof . - =

s 2 L i
. (1861a) -are given in Figs.:7,.8 and § for the 1imiting conditions of

perfectly rough and perfectly smooth wedges at ‘shallow and great depths,
i - i ! 3o ik
; , 5

The besting capacity factors of cones -are Bomevhat larger than '
. . those.for the -wedges. This:1is because at the ultimate bearing capacity

" of'a cone, plastic flow of .the soil induces circumferential stresses,
__which raise the -besring capacity above that for a correspending vedge. -
The bearing.capacity of cones cai. be obtatned from espirical shape
£actors ‘In conjunction. with equition. (6] to'give the cone résistiice.

Values of the cone bearing capicity factors: N;r'.“qr and K axe slso

“presented tn Pige. 7,8 aid 9 respectively. . ) \
<
. : 5
ae
o N 5 s .
' : N
i - ¥ -

r_v:__n_,,




FIG. 1 FATLURE MECHMWISM ASSUMED BY TERZAGHI ,
' . (Terzaght 1943)

0 eI %
Tenpqh" |, Meyerhof B
{b)Deep Foundation

\
\

. FIG. 2 PIASTIC ZONES NEAR ROUGH STRIP FOOFINGS

£ & " . (Méyerhof 1951)
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2:4_Theory of Khri and_Golubkov

Based on the limit equilibrium theory and experimental investigation
on losd be.lrin(‘ capacity of single piles in dense sand, Berezantzev et al
(1961) suggested the fallure mechanigm shown in Figure 10. The radial
slip surface in this mechanism was assumed to end prior to reaching the
base of the foundation. They suggested the following formula for the

average value of ultimate bearing capacity:
Q= A g BH By ap v D 91

vhere the coefficient "o, is a function of the ratio D/ and of the
angle ¢ and s given in Table 1. The factors A and B are equivalent

to the bearing capacity factors in formula (6] and these are given in

_ Figure 11.

Berezantzev et al (1961) justified the formula [9] by model tests

carried out at Leningrad Institute of Railwvay Engineers.

2.5 Theary of Biarex, Burel and Wach J

Biarex et al (1961), reported the results of tests on several scale
model foundapions using thin metal cylinders in the form of piiu. <
Comparisons were made with calculdtions using the plastic theory. Obser-
vation of the failure mode in the soil at various test stages revealed
a rigid wedge beneath the foundation, yith a half angle at its apex of ,

about 50° for & shallow foundation. This angle was reported to decrease

with depth of For great depths, the

radial shear zone of the failure surface reaches a vertical tangency as

sjitwm 1n Fig, 120
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Values for N, and N, were derived based on the above failure
mechanism. The experiméntal values at shallow depths were found to
‘be less than the computed values, while for great depths they yere

very close to the theoretical values.

Vesic's Theory
To provide information on'the factors which influence the bearing

capdcity of deep foundations in sand, Vesic (1963) conducted large-

scale model experiments at Georgia of T s

and prismatic foundations-of various sizes resting. at different dépths

in homogeneous sand masses of different relative demsities were loaded-
{ ; A

‘statically to failure. Additional tests iith colored sand, laid in
o ' ’ .

layers were made to study the mechanism of shear failure in the soil
mass. The results showed that irrespective of the relative density

of sand, for deep foundation punching shear failure ocours.

The general bearing capacity for deep foundation in sand was
V w e . \

&

given as:” a gt

[R5 : % ey 120)

° g g
where : .
4 = ultimate bearing capacity,

p,, = overburden pressure, .

E =




sand wes considered (Fig. 13). The ‘fnwade consists of an elastic
zone ACD with two adjoining plastic zones CDF and ADE. The extent ﬂf
development of these zones is determined by the angle 0 at the apex.
This angle may be represented empirically by:

6= 1.9¢ . oan

'
where ¢ is the angle Of internal friction of the s/md.

On the. basis of observations, Vesic suggested the following

" expression for nq: ..

R R 121

A comparison of the bearing cagacity factor N for local and

general shear failure is.shown in Fig. 14,

2.7 ,Hu's Theory
Hu (1965) assumed the failure mechanism shown in Fig. 15 in which

the radial slip surface reaches a'vertical tangency. The logarithmic
spiral surface CE meets the vertical tangential plane passing through

the general surfdce at F, and a continuity of the slip surface is thus
naintalied. The configuration QACEFGHO consists of a lover part, the
failure nechaniém proper OACEO; in vhich the stress at every point
reaches the state of plastic equilibrium and an upper part, the over-
burden OEFGHO, in which the stress is in a state of mixed shear. The
intérface OF is seen as an interndl failure surface across which full
shear sobilization takés place. For ¢ = 0 or C-soils), However, ahear\
sobi14zatdion across the inserface is not asswied. This is because

the pofnt of vertical tangency E is.now moved to the base level as a

~

T
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result of the logarithmic spiral being replaced’ by a circular arc.
Under this condition, the vertically upward plastic flow of the
foundation soil at failure does not permit shear stremgth to be
developed across the horizontal base plane, resulting in L 0.
This in turn requires that E must stop short of the base plane to

allow the edge angle a full value of 45° under the passive Rankine

state. The failure that by
Terzaghi, shown in Fig. 2 after substituting a circular arc for the

logarithnic spifal. .

, Based on the above failure mechnnia-i. Hu derived the following

equation for the total base bearing capacity:
A ON FY BN 3

where N is the, bearing capacity factor for surcharge-friction term.
Hu justiffed his theoretical values by comparing them with the
measured bearing capacity of sgnds in various states of compaction

and at different depths. =

Cavity Expansion Theory. .

Another approach to the problem of base bearing capacity originated

in the work by Bishop, Hill and Mott (1945), who considered the problem

of expansion of a spherical or cylindrical cavity inside &n infinite
mass of an ideal solid. In such a case there exist around the cavity
a highly stressed zone where the materisl, by assumption, behaves as

a rigid-

1.::‘1?;“1&. Outaidé that, zone it behiaves as an idesl elsstic

(or linearly dbformable) solid., Vesic (1972) used this concept and

. g T \ -
assumed that advancement of the penétrometer ‘takes place by the expansion

.




of a spherical cavity. =

Fig. 16 illustrates the problem of expansion of a spherical cavity

as vieved by Vesic. A spheriéal cavity of initlal radius R, 1s expanded

by unifornly distributed internal pressure P. Vhen this prepsure is
increased, chng around the cavity will pase into a state of plastic
equiltbriua This plastic zone will expand uitil the pressure réaches
a maxinun ‘value, P, at which point the cavity will have a radius Rj.
The plastic zone around the cavity will have --r’.d&u.,.lip. Beyond R,
the reat of the mass remsins 4n a state of elsstic equilibriun.
General solutions of the problem of spherical and cylindrical
cavittes in mn ideal soil, possessing both cohesion and friction in
the unhz;c‘mlumb sense, are presented by Vesic (1972) &nd numerically
evaluated in the forn of tables and graphs suitable for spplication

to Engineering practice. - i .

The”concept of expansion of cavities has Yocsstly Yeen ibtandad
by Baligh (1976) who suggested that the pofnt resistance i cone
penetration tests. in cohesionless sofls is usually quite high and
that & tealistic analysis of the bel‘zing capacity of deep foundations
T s et el b Had oo, Kb bibviinic: o5 tha SBLT AR iGN

stresses. The soil response was fouiid to differ from the common  *

ehaviour’at normal stress levels in two impdrant aspectsi (1) the
decrease of the angle of nternal friction with the mean normal §Efess;
L.e., the Mohr-Couloub failure envelops is mot straight but is actually
convex; and: (2) the significant decredse in ¥olume which tack place

. upon sheartsg even 4w dense giamular wsdia, Baligh considered the

: e N . = %
effed: of a curved Mohr-Coulomb fallure envelope on the besring _capacity
> ’ . . N




FIG. 15 FAILURE MECHANISM ASSUMED BY HU

(Bu 1965)




of deep in sands by the to problems

,  of cavity expansion. An analytical expression for a curved envelope

\
1s introduced, compared with experimental

corparated
in a computer am to evaluate the expansion pressure for cylindrical

and ephéifeal cavities, taking into account both the envelope curvature

AN Y S Ay

as vell as the compressibility of the soil..
¢ ‘

249 Mumertcal Technique

The Eintee difference-spproxination. based on the method of
charactertatics is widely uskd in the humerical analysis of dtthers
ential equations of the type applicable to the bearing capacity prob-
lems. Lundgren and Mortensen (1953;/_4““ :m mathod to obtain a
solution of the strip Fobting bearing capacity problem. m same
method vas used for the nxl.nlly “Sytitetric circular footing problem
by Cox et al (1961). Num‘zlcnl E‘echnique has been also applied to

deep a Strip loading

were analyzed by Grahan

(1968) lnd solutions were provtded for Axiaymmetric ctrcular £o|ndltionl 4

~ by lkmnuk& and Rarafiath' (19'(2 1978)

Nowatzki and (1972, 1978)" a . 13- s ¥ By

.‘dinensional analysis of cone penetration using plasticity theory and

the Coulomb f.'uure : The 3 1 of pm:m

. equilibrium vere solved mnnlr!.r.nlly, using Eintre difference techni-

& que, for an Ldesl \mifozq dry sand t6 show the Sactation. o llip—l!.ne T
Ctted. genu:ry with changel 10 ‘the. apex agle’of the cone. Iu this

analysis an " anmttﬂn of the slip 11neu u uquium Nmmtzki and . .

Karatiath assumed. that the slip: lurf.nz ¢m'll at the base Tevel qf % ¥
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S

strength of the overburden as was done by Terzaghi (194%). The results

indicate that, with increasing apex angle, less soil volume is affected.

. Both theoretical and Jaboratory results showed that the value of cone

index (pemetration resistance/area of cone base) incre‘leu: with tncreasing
apex aigle. A series of laboratory expezim;\:w supported the validity

of the theory in dense sand and demonstrated that the soil cf_mpreusibﬂity
affects the cone index to the extent that it no longer-serves as a measuté
of frictional strength. For very ddose soils, ditferénees in cone angle

have little effect on cone index, all other conditions being equal.

- Finally they cor the the 1 and & 1 results

* to show how the theory may be used for any soil to prédict the ahgle

af internal friction.

10 Theory of Durgunoglu and Mitchell N
Durganoglu and Mitchell (1973, 1975) havg,shggested the failure

mechanism associated with the static £ of

1ess and low-cohesion soils.as shown in ug 18a, b. * They performed
sodel teatereo;aavablikirs Eatoal binds for the theoretical develop-

Bent taking inco accownt the effects of pemetrometer configuratimm,

" penetrometer fo sofl friction, soil relative density and the relative

depth of the failure mechanism. The failure surface as shown represents
closely the actual failure surface obtained in experiments with vedge
shaped penetrometers. The rupture pattern is very similar to that
assuned by F(1965) for the analyéls of pile foundation. Examining
Pigure 18 1t can be seen that a plane shesr zone existe adjacent to

the base of the penetm;étgr. The slip surface of the tad‘Lal:shelf

zone can be approximated by-a logarithmic spiral which either intersects

<

!
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‘32 j
the ground surface at point E (Fig. 18a) or becomes vertically tangent

to line EF_(Fg. 18b) depending on the relative depth of the foundatiof.

The geometric configuration of the plane shear zone adjacent to
e wolls (98, T80) br doberithel fy/the Yuse weiys ot cink Sexirapax
angle o, the topmost angle V\}\d the included angle ACO which is'equal
0 (90° - $)! As the roughness 6/? of the'cone increases, the angle
at pninA decreases and vani*ims ffor a perfectly rough cone (§ = 4).
Methods for caltulating this ng’g'hm been presented in det#dl by

Durgunoglu and Mitchell <1973)\( / i
[

Based upon the above fullnre mech‘nf.n. Durgunoglu and Mitchell

arrived at the following equ.:hn for penetration resistance:

q(-C.I!n [ K'N“ E;{q. " 14

vhere all the'terms were previously defined. L .

Equilibriun analysis of|the failufe zone shown in the free’ body
| "

diagram (Fig. 19a) yields the following expression for the value of

1+ sing sin(2y|- ¢) . .26
sing cosd . |

y o -
/ + <08 2y - ¢, tﬂ!ﬁ ezeé )
N cosd. !
where
N, = bearing capacity factor,
¢ = soil friction angle,

¥ = the topmost angle of the plane shear zome,

| (14al

i
i‘
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e Y s
% =90° -d (a = semiapex angle)
0, =180° - (b +7) + B
B Simflarly, smy this otattc equilibriwm analysls of thetbody -

OCEFG (Fig. 19b) Lhe\fallauing expression for N vls derived by

Durgunoglu and Mitchell:
\
v \

o 2 N - cos(b =8) (1 + sing ain(2Y -

s 3 " 988 cosd cos(f - §)

S \ i ]
. . b3 cos'B G tand oz g - :

J

o cont | (o 2 (m-zunx—L—L-“" cos m3 ’
{lb]

\

s - 9| IR A
% \ -
, _ _tamy | \
Py ;
where 3 |
\ s
* My = bearing capacity Factor for frictim-surdurge, \
. ¢ | = angle of internal friction of soil,” A
H & ¢ =90° - o (a = semiapex angle), .
i & = base to soil friction angle, '
©Y < the topmost angle of the plane shear zome, .
B, =180° - (b 1) + B, v
* N
| ) \ K = lateral earth pressure coefficlent,
i n - = relative depth, .
. E =pym ‘ 3
N . Dy = the vertical distance of point E on the failure.surface
above base level (a fungtdon 'of
)
\ : |
)
\ 2 , ( " -
, i Sl
§ ol
/ |
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. . 1
PR - )
5 ="1/2_gin cos(7- 8)  e’o tamt
Cost cost i
and 1, = i+ 9 tanZé {1 tang (% P cop - cos(&, = 801
4+ 1% *ata3 + sta(s - s)]} [14e]

In order to uxéuh:e zh'a bearing capacity factors “c and N“ f""’,
Equations [14], "the value of the angle § must be known, For relative
depths equal to or greater than'the critical depth (The depth at which
the vert{gal tangency point coincides with the ground sufface) the angle
B s equal t‘n the angle of internal friction o.of the -I.]. For rglative
depths less than the critfcal relatfve depth, the failire surface will
intersect the gto‘und surface before reaching vertical tangency. In this
case, B will .be smaller than ¢ and must be calculated by interactive

procedures. Values of N aad K, calculsted from Equitions [14) are valid

» i 3
only for wedge shaped foundations. For cone shaped foundations, Durgunoglu

" and Mitchell suggested the folloving shape factors:

qu = (1.0 - 0.4 B/L) + " L
Bh+ 15 oo

(© T ) W

£, = L0+ (0.2 + tan’s) B/L

where £ is the cone faltor for frictioffgurciarge tern and £, is the .

cone factor for, the cohesion tern.

2.11 Other Factors Affecting Bearing Capacity R *

2.11.1 Depth
For deép foundation, the effect of the overburden pressure on

bearing capacity is utroduced as'a depth factors d_, 4, andd by !
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most investigators. These factors are dimensionless parameters

depending on the 0 D/B and the angle of internal friction. Vesic
(1975) cmeidereﬂ“:ﬁ:u parametens as an increase in the individual
bearing capacity factors due to fhe shearing strength of the over-

burden, Skempton (1951) propssed dopth fadtor for the cohasion - .
tern ag: ’ ' % d

. e - ¢ 3

% = 1.0+ 0.2 SD/B) . b (161

Brinch Hansen (1961) has proposed the folloving generalized and semi-

emprical equation for the depth factors: §

0.35

L s e ol (17al

.\ " (B/D) + (0.6/(1 + 7 tan$))
e (17b]
AR RO l){Nq (1(:1

¥ \
Meyerhof (1963) proposed the following equations for depth facgors:

dc = 1.0+ 0.2(D/B)tan(n/4 + /2) o [18al
for 6 = 0.0% .
" 18wl
: -
o § 520 and /B < 1.0: : ’
s 1.0 +0.1(0/B)tan(n/h + $/2) t18cl

De Beer (1967) suggested the following depth factors:

&
S : St s
dle1i0s W -4 e - B e wtan(8/D) . [19a1
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: 4= 1.0 [ . t1gs) .
3 BrincR Hansen (1970) has also proposed the following approximate
! |
i - formulae:
- for D/B < 1.0: ‘ 3 |
! |
] d = 1.0} 2 eamg(l - stn9) % (0/B) 1208
: Y ’ i .
4y r0) . o tzo
§ . / ;
4o = dg - (- WO/ ey 3 120¢]
) v t i
and for ¢ = 0.0°: ' : |
. I |
; d = 1.0+0.4D/B ' 120d] i
;‘ . for D/B > 1.0: ' i |
{ N 4= 10 +2 tinp(L - sing)? tan "L (D/B) ! 21a)
i . 4 =10 218)
¥ . . Y r"
£ . s & :
: L =g L= d)/N, tany ‘lllcl

> and for § = 0.0%
4, = 1.0+ 0.4 tan” (0/3) 1210
., £

[ L
' Thus it is seen that in case .of deep foundations, appropriate .

correction factors are to e introduced to account for the overburden

beyond the' zone of soil shear, o wow e s
2.11.2 Shape ¢ ) Y
5 - v~
Most of the bearing capacity theories have been foruulated for
Itely long footings. -For fon éhapes which are not .long
. K o Y o b
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"' Meyerhof (19615, 1963) a}so proposed. similer eiipirical expression: |

and the i in

1 solutions
for besring capacity are cmnsidersble. To mccomt for the effect of
shape, pat  called the shape factors

are introduced. These paraseters are a fmctiom of (3/L), (V/B) and

{#). EBarly suggestims by Terzaghi (1943) and Skempton (1951) for
the shape factofs are:

for circular areas: '
: :E =13 g [222)
. !Y = 0:6 (22b]

for rectangular areas: .

£ = L0 hyD.2 (B/1) ' - (23]
Ev = 1,0 - 0.2 (/1) 23]

Bédnch Hansen (1961) developed the folloving sent-empirical shepe
i ' .

factor equation:
* -
6 v
£ = L0+ (0.2 tan'y) (B/D) {24a]
é :tq =d,-d -1 K [24b]-
" ) 6 2 )
E,r" 1-1/2 0.2+ tan ¢) (B/L) \ " [24¢)
) N

e
€ = 1.0+ 0.2 tan’(’+ 4/2) (B/1) sl

- 1.0 for ¢ =0.0° ¢t))

N
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for circular base:

. shear fail £ no

. 2 2,60 - 10°
Eq E(_/ 1.0 + 0.1 tan (45 + ¢/2) (B/L) for ¢ = 10 [25¢]

Expressdons for shape factors were recommended by De Beer (1967) based

primarily on s and 3 dified by Vesic
(1975) as: , .
' \ 4 5 5 A

for rectangular base:

“TN €, =10 + (/1) (uquc) ¢ -+ 126a]
Eq = 1.0 + (B/L) tend . [26b]

> K )

£, =10 - 0.4(B/L)" © 26l

E =L0+ @I“c) . (2787

' £y = 1.0 tany 127b)
& =06 . Ltel
A

2.11,3 Soil Compressibility
Soil cnpresaibility is generally nt an influencing factor in
bearing capacity equetions as the rupture {s assumed fo be a general

are made for soil

compressibility. Vesic (1963) hes suggested that, For compressible -
soils, local or punching shen; fallure, rather than gemeral shear
fatlure occurs. Based on. the- shear pattern shown in Mg, 13, m
exp;euim for nq‘@qum;iv was developed: ima m{mm is

p1em¢.ni'd coppared to the classic. Reinner equation for N, for general

*. shear in Fig, u. It may be seen in Fig, 13 und 14 that for compressible

sots (tocal .r.m- dmditlnnl), thé bearing clpncity “factor B, 18’ uch

W




lower than for incompressible soils (gemeral shear conditions).

3
Vesic (1972) has also suggested that the relative compressibility
1

‘of a sand nase may be expressed in terms of its rigi‘dity index, 1,

defined as:

= E/(14) (Cratand) | 130]

where | . 5
‘E = elastic modulus,
€ = so0il cohesioff § :

4 = sotl friction angle, . .

q = overburden pressure, and
v = Potssion's ratio. : .

w
.
Bearing capacity factors calculated by Vesic (1972) using the
assumption that the ultinate prassure on the soil under a foundation
18 equal to the yltimate pressure meeded to expand a spherical cavity

1inside the same goil mass-are given in'Fig. 20.

Durgunoglu and Mitchell (1973) have also made a reference to

soil ity and ‘taution in the wse of théir method.

For compressible soils, their method is clearly recognized to cause

ion of the ‘s a result of the

-
mvnl!gity of the failure mechanism assumed. They also report that,

.due to soil compressibility, the shear surface is restricted to a

smaller zone around the penetrometer-tip as suggested by Vesic (1963):
v

2.12 Sumary o
It ia seen from the literature revieved thgt the basic form of
Y sl ve

~ \ 7 Lok
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for f\auuu mechmiuprumed by di.f&ren{_\vyﬂgnéo

arid base’ conftgutation: " T o

the equation for the ultinate bearing capacity of foundations is the

seme in all the theordes [(Eqn. 6]. However, the vllues of the beating
capacity factora N, N, and' N vary in each theory depmuna o the

soil failure mechanism lulmd and the different factors that'are

as the bearing capacis Fig.' 21 show

R
nmr, for rleep fn\lndatlm\, :he ~alue nf n bncmleu nqugible K

comparéd. to r.he other tvo terms,: 'l'hu values nf N lnd u are :hou

cnnupondlng to a Alip surface of a weightleug:ou Vund e vnl\gg of
e tion q/y,B=

n_? is that to a slip surface £
0; 4,6, the surface. -

, at great’ depths the:

bearing capaciity df the base should be pructiullyg independent of 1

size and my be-expreased as: - . .

<

Some' {nvestigators such as Hu (1!65) nd nurmaglu md‘mcheu

(1973) conbined’ th fl:to!l Hq lnd N_/ini one unl (N ) “and’ expu!serl

the bearing rAplciW ds:

3 \

" /ycn +vxu b R U]

‘the friction-surcharge

i‘rl';\n N is the butins Shpicity? fctor

tgru, i {
Lt i ; i

The futmimch inﬂmce the. ultinate bur!ng u[uclty luve

been revieved earlier. mpu;m. ml -these ue\ !he b-u rmhu-
: ’ 20

qg-cu '+pu v " _um

i

e
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1 _Base Roughness .

The primary bearing capacity factors presented by Meyerhof (1951)
and shown in Figs. 3, 4 and 5 apply only to peffectly rough bases
(8/§ = 15. Investigation by Meyerhof (1955) and ;theu indicated
that for cohesive soils, the roughness has very little influence o
the bearing capacity. However, in cohesionless soils, the bharing
capacity of a surface footing with a smooth base is -imlii:cmt&ty less
than that for a foating with rough bage. To account for this influchce,
Meyerhof hls.auggaated that the N factor be multiplied by a roughness

£actor T, expressed as:

) .
By =m 120 =) 128]
where n_ 1s the degree of roughness, defined by the ratio of the
4
tangents of the base friction & and the angle of internal Friction

¢ .
. n, = (tan)/(tan¢) - 1291
Equation [29]spplies only to plane, horizontal bases at the soil surface.

This work was extended further by Meyerhof (1961a) for liniting
condtesons G perfactly rough- 8fs = 1) and perfectly smooth (8/¢ = 0
. bages for qhnllw nml deep foundations Bearing capacity factors as

lhmln !.n Flgu. 7, 8 and 9 vere suggested. N : L4

" The effect of has also been | in’the

tadmiqug glven by Nowatzki and !‘:aflath (1972, 1978). -Friction angle

between the. cone md the lnl,l _(6) was introduced a parameter in

. their analyels. Durgunoglu-and Mitehell (1973) concluded ghat, the.
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ben;'lng capacity factors for a given roughness should not be ehfimated
by linear interpolation between perfectly smooth and perfectly rough
values. They provided values for N, and N at different relarive
roughness. Thesé values showed that bearing capacity factors incresse
nonlinearly with increasing roughness for cohesionless sofls, In
cohenive mniin; husw vougosy s IAEEIK BE RS SIETREE BEIHN bearing

capacity factors.

2 Base Canf!g\lrationgv 2
The influence of various non-planar base configuration (e.g.’
vedges and ‘cojes) on bearing ‘Capacity factorg have been obtained,
for different conditions, by Meyerhof (1961a), as shown in-Figs. 6,
7 and 8. From these figures one can conclude that for & perfectly
rough wedge there is little dependence of bearing'capacity factors
on the toral apex angle (26), for values of (20) greater than 90°.
That ig, for rough wedges and cones with'obtuse apex angles,”the bearing .
capacity factors are nearly equal to those for plame and horizontal

: . 3
contact areas. However, for perfectly smooth wedges, the values of

., and N_ inerease with incredsing total epéx angle.

Recently the effect of cone angles on penetration resistance
have been presented by Novatzki and Kerefiath (1972, 1978). Both _
theory and experiment shoved that fortsoils at high relative dengities,

»
varies significantly with the size of the

penetrometer apex angle.

Based on experiments on model tests, Durgunogfu and Mitchell (1973,

1975) presented solution for bearing cqmqy ‘fagtors N and qu for
o s
®
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wedge and cone shaped foundations. They concluded that, the bearing
capacity factors for rough bases increase with decreasing values of
base semi-apex angle (a) below approximately 15°, but fcx“peffectly
smooth wedges and cones, the bearing capacity factors increase with

“increasing base apex angle. ==

Although there are various theories for computing the ultimate
buﬁng capacity of soils, the choice of a suitablé thaary for penetro-
meter tests is rather limited. The cone of the penetrcvmeter 18 not

réally smooth. smum.y the cohe anglé hu to be ncco\mtsd for since

it is unlike a k'llt foundation. Few theories are nv-il"ble at present

, ~
which fully account for the base configuration, base roughness, penetro-

{ne:er size, relative dapth‘ol and soil 1lity. The
theordes which account for most of those factors are: Meyerhof's theory
(1961s), theory of Novatzki and Karafiath (1972, 1978) and theory of
Durgunoglu and Mitchell (1973, 19?5). It was, therefore, decided to

choose these three theories for compsrison with the results of the (

experiments reported here..
P

.

el
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CHAPTER TII

" \
EXPERIMENTAL PROGRAM é‘f, |
!
3.1 General . 1
s in the chapter, the ;
1s influenced by number of v-riahles;) The experimental program vas ;
destgned to seady the effest of thesd varisbles md the spplicabilicy l
" of the different theoretical formulations to'both 10 ca? Rugro type \
petietzoaeter .and 45 cn’ Wemorial University penetrometer. The objec- 2
ttves, of the experinental inveatigation are: K " :
. 1. to study the influence of, the fuuwxng pl'{mtetl ‘on the _\‘ 1
penetration ‘resistance: ¥2 3 '
/@) cone apex angle ,
b) penetrometer base roughness
) penetrometer size ! e
&) soil friction angle
. e) saturation of sofl - T o )
£) - rate of penetration
§) depth ;uf ‘:mcuuon 3 '
2. 'to develop # better undats:mdlng of the failure nechnnim /
vith static o and the applicabilicy =iz

of tha chearaticll fﬂmll gl‘l&'ﬂ by Heyeﬂmf (1961!), Nowatzki and
Rarafiath (1972, 1975) and Dyrgunoglu and lﬂt‘ﬂmll 1973, 1975).

3. to {llustrate mgéhudu of deducing the ia-situ strength of
soils fron the results of cone pemetration tests.

4. 'to’evaluate the pefformance of static penetrofieter in ldyered




e

| A detailed physical description of the two types of penetrometers

/ used 1s given in Table 2. Tips for both penetrometers were detechsble
' | from the shaft and had various semi-apex angle and roughness as shown

‘ in Fig. 22. A complete listing of the penetrometer tips used in this

: | investigation is given'in Table 3. .

Two types of soil target material were selected for this investi~

" gation, modelling clay mé silica-70 sand. These were chosen as
represeptative of clay (n:ohulvc) and sand (:ahealm\lesa) targets.
The..ease and uniformity of preparing the mmu and the Y
procurability of the soil were the other corisiderations in choosing
the two types of soils In all, about 200 tests were conducted, results

of which will be discussed in the subsequent chapter.

i 3.2 sesttseten ana Tishy

The general layout of the experimental facility is shown in Fig.

23. The.standard rate of penetration for static cone penetration

I}

tests suggested by ASTM (D3441-75T) is 20 mm/sec. The penetrometer
‘is comnected to a hydrnniic “actuator which has a stroke of 55 cm.
The hydraulic actuator is comnected to a heavy duty pump (40 H.P.
9nd 20 G.P.M.) of the M.T.S. (Measurements and testing sy‘lt‘m) ‘model
v 410.31 digital fuiction generator. This system is designell to provide

N simple yet flexible 'dynemic programming capabilities in M.T.S. closed

y loop. electrohydraulié testing systed. Selectsble outputs inclide
} normal and inverted [varisble -frequency sine, haversime, and

and vartdble tize stpgle and dusl slope ramps. The haversine nd
 héversquaze irequencie. are step vartable, fron 0.00001 to 550 2, vhle

nmp tests are s ep N.lriahle from 04001 to 990,000 -seconds. Using tbis
~ S
|




. 1
L F' TABLE 2
& PHYSICAL DzSC!{IFTID“ OF THE TWO SIZES OF PENETROMETER
” Comparison Fugro Type “Mémorial University
;| ptameter of Come | 35.6 m 76.2 m
Base Area of Cone {10 ca® 45 cu?
Cone Angle Adaptable to any end sh‘pe, in present
. \invss;ytim\ 30°, 60° ahd '90° were used.
Sleeve Dismeter 35.6.m 76.2 m
Ares of Sleeve 150 ca’ 625 cu”
Length of Sleeve | 13.4 cm 261 cm'
> .
5 N
-«
~ £ .
& .
: . . ~
> - b S







TABLE 3

TYPES OF PENETROMETER TIPS

”

Penetrometer|  Base semi-apex | Tip Material Roughnesa ]
Diameter ©  angle. a-degreek (8/¢) 1
) ' . f
o ; I
15 Stainless Steel 05 - [
30° Polighed Aluminum |_ 0.6 -y
. \ 90° | Sanded Aluminum 0.75
. o
s 30 Stainless Steel 0.5
% 35.6 . S . !
. 20 . Polished Aluminum 0.6 |
o
5 . Sanded Aluminum 0.75
o
; 50 .| “steinlesa Steel 0.5
: 15° Polished Alunimum 0.6
°
30 > Sgnded Aluminum 0.75
| : |
] 15 ° Stainless Steel 0.5 ‘
\ 30 \ | Polished Aluninum 0.6 .
5 L0 Sanded Aluntnum “0.73] '
- =
i 36° Stainless Steel 0.5 e
i 76.2 & =
o ‘ 90 .. | Polished Muninum 0.6
» : R Sended Aluninum 0.78 i
= 3 g .
£ N L Stailess Steel 0.5 .
& . o i A
é‘ LN A Polished Aluminum 0.6
3 ; o ;
E : | 530 : Sanded -Aluminum 0.75 i)
: N p 2
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FIG. 23 PHOTOGRAPH SHOWING EXPERIMENTAL FACILITY
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system the velocity of penetration can be varied. The stroke of the

actuator and 1y the depth of can also be

regulated and controlled.

The penetrometer is inst: ted to measure the cone resistance
Inﬂ the sleeve side fricti The instrumentation for measuring these
two qmlilie:cﬂnllltl of strain gauge load cells, cone load cell
aull Seave Tond oull, (g B0 A detadled specification of the strain

gaugés ‘and the circuit diagram are show in Appendix A.

The velloetcy,of penstration wis measubed th a €454 potneer
sliding or a resistance wire. The wire is stretched along the length
of the movidg shaft so that sny wovemmt in the shaft causes the change
in the resistance wire with respect to a fixed pointer. This resuits
in & change in voltage and when connected to the chart recorder, with

a proper calibration, a direct plot of time vs. displacement is cbtained.|
5’4

The output signale from the cone load cell and friction sleeve
Load cell vere recorded on a chirt recorder of Gould 2000 series anslog
type. It is a self contained undt housed in a 250 mm mainfreme cluassis
to Accommodate up to three isolated recording dheondia: Eack yicoriiog
channel tncorporates hlcuonlul feedback sensors for closed-loop
control of the pen at hl.h lp!!d. The Gould Hod.l 13-4614-30 D.C.
bri\lu‘yrulplﬂhr 1s a high gain preamplifier designed to work with

resistance transducers, including It!n3 gages and strain gage based
transducers, It 1a des n-d for use with Gould 2000 series records,
and rece‘v)n ite operating pover from a companion pendrive amplifier

located the same analog channel of :bl recorder.

3
H




FIG. 24 CONE TIP ASSEMBLY SHOWING THE VARIOUS COMPONENTS



" ‘penetrometer mterial, therefore, must be nade caréfully. Roughness i

3

gation. Two'of them for recording cone and sleeve resistance and the

third to check the linearity of the velocity of pemetration.

The following time wvere obtained
(1) displacement, .
(@ cone thrust, and;

1 (3) ,sleeve friction. . . i

Three channels with three preamplifiers were used in this investi- §
I

The. actuator provides a cm;:-n_: elocgty through thie ‘pe‘nuntim\-

this dould be verified from véltage varidtion ve..tine relationship )
hieh 1o guraight line. The p‘-luttlt‘im veloeity 1a calculated by
knowing the total time of voltage viriation (calculated from the

« . %
chart recorder) and the stroke of the actuatot. With suitable cali- v

bration, the of the 18 for each
rime diviston on chart, and for different pemetration velocity. Thus,
the recorded time ve. cone thrust and sleeve friction relationships

1s directly convertable to depth vs. cone thrust and sleeve friction N

" profiles.

3.3 surd

is an factor which infl 8 &

The of the 5 of thd - {

* is always expressed gs a ratio of the angle of friction:betveen the w2 e

‘penetronetér materfal and the'soil (§) to the soil friction angle .
< 5 e I \
{(#); i.e., relative rolghness = §/¢:  Conventionally, the value of

§ 48 detetmined by conducting direct shear tests using plates of the -

same material ap that of:the penetiometer. This value of & is
= - " oo




ta be the friction between the pemetrometer and thé soil.

In this the material was ¢

measured to gnawa}:hat any difference.in the roughness between the % s

i plate used in the direct shear tests and that of the penetrometer cone

1s properly accountéd for. .

'A quantitative evaluation of the suface roughness’ for the three

_ tyes of penstroneter t1ps mteriulu was. pade by, using Taylor-Hobson

Nol ¥ Tllyaur and Rectd “tecorder.. The l’s shown’ 1n.

e g 25, The ro\lglmelu 1a expreased (CSA 395, 1962) in trwaof canbuss

line aveugg (CLA) 4n microns over a cut=off hngd\ of 0 56 um. The

unnud mugh:uls values are présented ‘in Table 4 for plates 6 X 6 em
which were used to determine the angle. Similarly- m CLA values for P '
P the cones ‘of different apex angled vere deternined. The resijlts show

.a difference between the CLA values of the plaf

and the CLA values

" of the cones. ‘& factor for the relative

roughness was made in the calcilations and. shown in Table 4. The ¢

N . - roughness profiles obrained.from the Talysurf recorder'for stainless )

steel, polished aluninum ‘and sandéd aliminum are shownin Fig:, 26, ' &

\ s
3.4 _Target Comstruction, S K ;) ,

-3.4.1 Silca-70 Sand .

Penetration ué

box 68.5 cm (2.25 i: )\vih, 9.8’ (3 f:

dgep. 'm Ermt 1de oi the'box' 1e° made: up of three
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FIG. 25 PHOTOGRAPH SHOWING TALYSURF ROUGHNESS RECORDER
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FIG. 26a RESULTS OF CLA ROUGHNESS MEASUREMENTS FOR PLATES 6 X 6 CM
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FIG. 26b RESULTS OF CLA ROUGHNESS MEASUREMENTS FOR CONES OF o = 15°



=
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FIG. 26c RESULTS OF CLA ROUGHNESS MEASUREMENTS FOR CONES OF a = 30°
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FIG. 26d mmmormmmusmsmmmcmxsot«-eo“



»
and the bottomof the box.

S1lica-70 Sand compacted to differexe but uniform densities which

were reproducible from test'to test vere used. At present there are

say_techniques avatlable for preparing the sample. In this investi-
"gation, the raining technique was' used for loose ulm})leu and the

vibration technique vas used for dense samples. The dene targets

were constructed by placing sand 4n 15 cm (6 in.) layers and then
[compacti.ngl to the required demsity using a vibrator. Reguired

.densities were predeternined. Each layer consisting of a calculated

velght of sand was placed and then Vibrated to the déternined
voluhe to obtain the predeternimed dennity.' For construction of loose
targets, the screen or raining technique was used. The dry material
was poured ‘through ‘'sieve held at a fixed height u\au;e the already

_ forned target surface. As the soil deposit bullds up, Fhe screen is

- elevated to-maintain a constant height of drop. This height was
‘detérmined 8o that . the measured amount of sand fills the volume to *

obtain the predetermined density. % g
@ S :

Three different,densities wére chosen as foflows:

N e

(1) Dense sana ™ <1688 Ke)n® \
. B . £ %
(2), Medtum'dense sénd - = 1530 Kgh®
(. Toose send L g kg[m3

“For :hs sac\lra:ecf target,’ the .sane prrocadnre vas ldcpted ‘as’

puviouuly zxplnined. Afeer: m ntgut was constxucteA “water wis

®E the smple¢ Ihare was




\ﬁ:\':

Proctor thit).: hé density wis contiolled by thie

random

. r
targats in loose sand. A&onn as water was added to the loose dry

sand, some settlement.occured to the surfaceof the target which

incregsed its defsity that i for dry conditions The( *
¢ s

three different densities obialnd for satureted sand were: -

(1) dense sand - | = 1688 ke/n® » b
(2). nediundense sand™ = 153 kg/w %
Vi o 1, 3
+(3)0100se sind - Ist6 kg’
D enae \
3 Modelldng Clay” ! A %

Penetrat’ion tests on nodelling eley were conducted 1n & steel
tEBt box of 1.0 m ﬁd!, 1.0 m long and 1. Om deap. The front side :
of this box is alsa md= ug of three removable seétions of 0.33 m
hefght to simplify preparatinn of the samples in layers.

e g ;
The ngterial sélected for testing was ‘thoroughly dried and

pulverized. Aee vao etien placed in a largé concrete mixer (Fig. 27)

and pixed with 'a métered amount of water to bbtain a specific moisture

cmen:‘. The material wag recycled until -the nixtire wad hemogeneois
_and was_then rénoved “fron :he‘uixen The molsture content wis
pxeaetaﬂnnga from Staitird Proctor test, results of vhir.h are °

presénted in a subsequent sectibn. Th= aoil mtxtute vas placed {n

0% nand (‘—u “to the xiqulzarl denbity . (pmaamnaa from swidaza

umbq: of! blaw! pe

layer of .ol Duj g target ¢onstzuction. amxlu wvere l:ullected a
;

the ateel testiggaboke in a 15 en layefsrand cospacted with sodified -
3
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FIG. 27 PHOTOGRAPH SHOWING EQUIPMENT FOR MIXING CLAY SAMPLE
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3 5 2 Sheas Teal‘.s

=% =
afedpenetration tests. Three different denu%ed a8 shom
in Table 5. ' ' -

y . | 5
3.5 Target Properties i
3.5.1'_Index Properties N N

Tests vere condwcted on the send and the clay targets to deteruine
:heephyuc-l prnpeﬂiae of the -ou. These included specific gravity,
grain size analysis, Aerberg ltuite “(clay) e maximm and minimun

void rdtios (sand). The tests were pertomed imediately after

/

5, ~

preplrnt}cm of ‘the target, B . . —

The gradation curve for sand'is given in Fig. 28 end some of
. N Ve

* ‘the silient properties are given i Table 6. The soil s claspified
: >

| a8 medtum to fine ssnd. & g i

S

The ggfn aiz distribition g the mielling c1§ 18 shom in_
Fig. 29, Acé&{d\inx to M.LT.. system of soil classifiéation it is
classified as nlu;n?ullr. vith the pmpemeé ‘a8 given in Table 7..'
Results of the Standsrd Broctor comactiom test for gu cliy 1s

phown in Pig‘ 0.




TABLE 5

@

DIFFERENT DENSITIES OF THY MODELLING phaY
\
.o 2
)
Type of Clay Water Content Dry Denﬂil:y
vZ kg/u
SELEE Clay . 25 . 1600 ©
Nedium SEAFE Clay . 0.4 1449
Soft Clay 40 ’ 1240
" 5
TABLE 6
CLASSIFICATION DATA FOR SILICASJ0 SAND.
% Classification. . Expertmental Result -
- — - - A ——
Mean Diameter (b0) . . © e e0115Tm
Coredctent: of Tndforaity. : Loiues :
nut!.n nmmy of Gnﬂm‘ : = 2.608
mxi.mm vn;d M(lo 1 gy 8 «0.95
nl.wum Totd Rito: ' Tl ST L
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; * TABIE 7 o o b N (
F . PROPERTIES OF THE HODELLING GLAY s
Property s Experimental Resulk
7 N - Liquid Limit (L.L.) ] 37% LA
f 1 1 - Prastic Lmte (2.L.) Rt e " .
3 # yo . & 3 # -
Plasticity Tndex (2.I.) vy a6
Relative Density 2.83 -
5 BN LI - 0 T i
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1951). Confining pressures of 34. A5 6.9, 103,35 uad 295.6 wi/n? were
used, Measurements were taken of e wxtel load with a calibrated proving

ring and of axial deforp@tion with a strain guage dial.

A total of 16 dratried triaxisl tests vere conducted for sand at
densities corresponding to those used in the pemetration test. The
‘results of these tests are plotted in Figires 31 and 32 vhich show
the values of principle stress ratio (o;/0,) versus axial strain for |

the condition investigated. The peak values of igoil:friction angles”

. were calculated from the results of these tests using the equation:

[/ey o o )
- 1[ 1/82¢ ~ ‘ fen

> .

(oylog)g + 1

] ‘
Table 8 shows a summary of triaxial peak friction angle. In Fig. 33
the peak friction angle is plotted against void ratio (e) for various
confining pressures. From Fig. 31 and Fig. 32 it may be seen éhl[

pesk priaciple stress ratio (0)/05) d with

pressure for a given void ratio. This explains why the failure envelope .

* shown in Fig. 3 for the Mohr's circle is slightly curved.

For thie modelling clay, 12 tests vere perforned using ‘12 undisturbed
nlmpl.el which were collected after preparing the tgrgets for the penetra-
tion tests. The confining pressures used are 78.9, 157.8, 236¢.7 and
276,2 kN/u®. The zesults of the triaxial test are shown in Figs. 35,

36 and 37 vat the .three typg- of soil tested. Cohesion of the soil
and the friction angle were obtained from th‘e shear envelope. = Table

9 summarizes the results of the triaxial tests. It is seen that the

shear atrength of the clay det with s ol Vi
:
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% SUMMARY OF TRIAXIAL PEAK FRICTION ANGLE OF SILICA-70Q SAND
i 3
Cmfin1n§ Pressure Ini:hlsnemlty * Density Index Pegk anum i
0y Qi /n’ 1y (Rg/m) I, R _.nsa(o)_ 1
X ) 3 : %
34,45 b oTess 0.8 RRRAT ¥ SR ! ]
C 1659 | 0.766 . . 46.8. \
W N T 1530 f e 0.50 . 42:5 i
|- 15 pst) ¢ Y140 s 0.365 40.1 T
P . 4
) v 2 T !
68.9 + 1688 o 0.8 . 47.0.
3 & wr i
. : 1659 a%766 46.1 ' |
1530 i ¢ 0.5 41:6
. 110 pat} 1470 5 7 0.35 9.2
: 103.35 - 688 0.8 ° s 46.0
: . 1659 L0766 - 44,9
i - ” 1
“ " . 1530 0.50 40.5
15 pet1 BT I 0.365 " 38.2
295.6 1. . 1688 2 o8 . 435"
i [, 1659 N oes VT 42.0 i
3 . . » Yol
1530 AR Sy
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@ 8éries of direct shear:tests vas done oniSilica0 sand.to
deternine the values of the soil ffiction angle to facilitate a
deternination of §/6. The tests were condutted in'a constant rate of .

strain ahaar box WF25000 of mm.-nzum; direct ehibak apparitubs, . © ¢

‘ A hotizontal constant rate \of ltrain 1a ph:.d upon r.he lower h.ls of

the, box while thc )_’ 1s, kep: Y. “The uhza‘t

3 o Forde 16 mudmured: frmn e wpper hnlf of the box, ising‘a

g A phacogtnph ot ‘e, .ppuumé, 1- ahm in rt&. %, +) Reailta of A

%59 uhent t

o
398 The values of the lngle nk‘ ££3ction -obtained from dirnct sl\ur

{ o, noﬂ.

/Ah lhm in Tablé 10'and praumted in/Pig. '," %

" faata!ls compared With the valves Bbtatned fom trirctal. testd;:and
L shown in Flg. 40. M . *
N R . P oo N o :

The strength 'prup&rtiei of the: nwdelling clay can he de?emmed

% . from vahe: shear test as uell = fx(m triaxial compression test., ‘ %

. .Slmple! at diffetem? locu:lmu were. nollacted during Bnd Aftex '
g

préparing the :lly\tngat nnd vane uhe‘r ‘tests were eol\dumd on thQse

sanples, The xesultu of theue test®-are prelaﬂted in Table 11,

\\ l Values nf iinbiiig bRy (ebatasd Emm vane shear-fests < | 1 .

are 1n gpod ugreement vith the values obtnined from triaxial cmns-

.sion’ tests.

I . Rt e ¥ ' e g R
3 4 3.5.3 to Soil Friction Anglq 0

- ratio, tests weré ‘conducted Ln the W 25000 llwaz bnl in which r.hn
‘

¢ B B
g,_ ‘ lnd‘anil. and !Meatlblilﬁ a is for the vnxizltion of 6/0 With vqid
“ ) Vuppet half ef the bcx was ﬁlled '1[1\ nuu-m Alnd at.a duued
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FIG. 38 SHEAR BOX APPARATUS
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[ | Dry Demsity - Water Content Bulk Density Cohesion ¥
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initial density, and the lower half of the shear box was replaced

by a solid plate of penetrometer material, The three different
materials tested were:

(1) Stainless Steel

-
(2) Polished Aluminum, and
(3) Sanded Aluminum
s Three densities of soil were used:
o <

(1Y dense dry sand, = 1688 KN/m’ | -
(2) mediun dense sand, = 1530 KV/m’

(3) loose dry send, = 1470 KN/u®

‘A total of 9 teSts were conducted using normal stresses of 163.4,
1326.8 and 653:6 KN/u’. The results of the roughness values (6/4) are

summarized in Table 12. N

The valués of direct shear test must be corrected for the cone
shapes. The correction factor can be obtained frdm the results of
the Talysurf on both plates and cone shapes ae shown in Table 4. To
slmllfy the calculation. average correction factors of 1 125, 1.2 and
1166745 SHEgoStY for BRifATeNR sLRAL, oMU ATt and pecded

aluminum respectively basedion the values given in Table 4.

. The corrected values of relative roughness (8/¢) can be sumarized

as: ' 4 - .«
" (@ statless steel ° 614 = 0.5

(2). Polished Aluminum 5‘/0 = 0.6

(9 Sended Alumtnim L8/ =0.75 I
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5
¢
i

dlameter and 90.0 cm height. layers of silica-?0 sand .and modelling:

3 Layered Soil
Samples were prepared in cylindrical steel moulds of 45.0 em

clay of different strength weré used to obtain four types of layered,

g
soil. Each type 1s described below: {
A) Type I . ,'

A 16.8 cm layer of stiff clay underlain by a layer of dense sand . N i

(height = 16 cm) and finally & bottom layer of stiff clay of 43.5 cm
height. o ' b N . .
B) Type 1T

A top layér of loose sand followed by an intermediate layer of
sand-clay mixture (50% sand and 50% clay) and lf_innlly a bottom layer
of stiff clay. The heights of the 1a;eru were-13, 13 and 41.5 cm

respectively. -

C) Type IIT

A top layer of soft clay querlying a layer of stiff clay and at "

the botton a layer of soft clay (d; = 13 ¢, d, = 18 cm, d; = 41.5 cm).
D) Type IV K :

A layer of soft clay on top with a layer of mediun dense sand
4 .
below and £inally a layer of soft clay (4, = 13iem,d, = 13 cm, dys
. ]

41.5 cm). - i
A summary of the type of soil targets is given in Table 13..
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" CHAPTER 1v/
TEST- FESUGTS, - ANALFSIS - AND: DISCUSSION

4.1 Gene:

A series of scau: penetrlzion tests were pe:fomd on. bu:h

-uu-—m sand (cuhe!imhu uoﬂ) and mdelling clay (cohelivn soil).

The preplﬂiul of ¢

soils vere pummd 1n the pumm; ahme:.

cuqurunn was ‘made betveen :he P results of

tests va.f.h the dffferent m.auuul methods available in the litera—

fure. | Three of the theoretical mefhods vhich account mucm' for

the factors affecting penetration Tesistance were chosen as folléws:
1. Mejerhof (1961a) provided solutions for both cohesive and

cohesionle:

solfs for limiting conditions of b

roughness and for

both déep and- shallow foundations,

2.  Nowatzki and Karafiath (1972, 1978) employed numerical ttel\;Lq\le

for analysis of the influence of apex angle on the penetration resistance
of cohesioaless-soil. They also studied the influence of base roughness,

penetrometer size, soil friction angle-and relative depth of penmetration.

3. Durgusogls end Mitchell (1973, 1975) suggested a failure

mechanism b-ia'd on the results of laboratory model tests. They also

provided a zhavuticnl relationship for the ultimate base resistance
which mmemunmy for base semi-apex angle (a), base muzxm‘)--

and,

(8/4) and relative depth of penetration (D/B) ‘for both ‘cohestonl:

cohesive soils. ' g

Results are presented in this chapter in the following format:

e
a) Tests on sand: comparison of the three theoretical methods




with the éxperimental velues, for dry sand to seléct the most appropriate
theoretical up’pm:h.

b) i étance: evalustion of

the effect of various _on the 0 _using

the theory chosen and the experimental mulu. tox sand,

O Testson g Sand: with saterated sand to
studythe effect \of vardous p-zmem on ‘penetration resiatance.

d)* ‘Tests on Clly: ctmplrllnn of’. che axpeti-ultll ruulu lnd

: :heo:y.

e) ra Besistance in Clay:

“valuation'of the effdots of the different physical versmatics in

modélling clay.
£) Effect b Velocity of Penetration.on.Cohesive Soils: studies

‘e effects on pénetration resistance of cohesive soils.

on ‘strain-i
~

§) Layered Soils:. tests on different types of layered soil

_Typical raw data for some of the pemetration tests miru:e.a in'
.. this mvem.umm are shown -in Figs: %1, 42 and 43 for r:nhellve,

“cobesionlesd and layered soils : ss-lm éne

records were obtained fm the c\mr: recorder For euh test. Fig. 4la,
1s the zecord of the vchd.ty of pemuem aid was obtaned, in-each!

tesf to check the iinearity of the «mecuy with tinei Pig.'41b and' |

A1c urarilis vacords’of sleeve and cone res -tmea rnyu:tively. ~Cone !,

rasllnnca at any requi:ed depth un bA nhnlneﬂ by nﬂ.ng the. uubnclan

chart for the coné vloud.;d.l 1in combination with the’ vnlociq record

and cone resistance output.  Unit cone resistance at any depth was then
A : e o~ 23 i

i il Kt




" Voltage or Depth

e i sy g ok e










a5

calculated as the resistance per unit cross sectional grea of the

ENPP SRS

pénetrometer. Sleeve resistance was obtained in a way similar to

>
“the cone resistance. Unit sleevé friction was detérmined by dividing i
the sleeve force by the'effective surface area of the sleeve. The [

tern unit penetration resistance used in this investigation is the

sub of 'both unit cone resistance and unit sleeve resistance. v

| The objective of this part of the anilysis“is to Souars the’
Laberatory results on dry sind vith the three theoretical methods
wentiuned yuvmuhy. The results are presented in Fig. 39 throug i
Fig. 46 in the form of unit penetration rcﬁzstmce 9 (Y.N/m.) vmk
penetration depth.D {cm). Theoretical values using the peak friction

angle from triaxial tests are also preseﬂted on the dame Eigure

Different tests were conducted with differan: types of conegfds well =
as different soil types. Fig, 44 is for the penetroneteg with'a cone |
sei{):—-pu angle a = 30°, Telative roughneds 34 =075, diemeter B =
25,6 m-and sotl delgity index I, = 0.8, while Figure 554 for the

 Mevortal Univeraity penetrémeter,of. 76.2 mm diameter. Flgs. 46, 47
and 48 are for a penetrometer with 4 valus fér o = 30°, 6/6 = 0.5 and -
B 35.6 m, fopthree déhstty inddctes of 0.8, 0.5 aid 0, 4365 respectively.

| Finally Figs. 49, 50 and 51 are for, e penetznmetet with a semi—upex'ﬁnsle i E

.6f a = 15%,°6/¢ = 0.75 and B = 35.6,pm for the sgme three den’!t)’ indicdes.
- # = ?

Analyses of the reaslts of the teste’n sand lead to the foilowing

conclusions:

(1) - Meyerhof's values are greater than the experimental values

4.2 Tests oPDry Sand ' RIS COE I
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thrée ‘theoretical

. of 'the base_ of the cone and expressed the weight of the soil above the
> \

" are'in close Agreement with the mxperimental values. This'ls true

. D %
for D/B> 4 and less than the experimental values for relative depth

values less than 4. Meyerhof has proposed two different theories for

shallow'and deep foundations and hence two ent sets of- bearing e §
capacdty factors. It is seen that for shallow foundations, using J 5

Meyerhof theory will give conservative values of penetration reslstance & i
. e %1 #.4 - o . %
and for deep one, the theofy 1 the restatarce valies:’: '

Thése high- valis are’s result of ‘the failure’ mechanden muméd by

Meyerhof for ddep fmmdlciun which. involves a greater, shinde surfacal b ol

- Thé" slip limes vevert 'back to the shaft with a lagde'stzé of m'af&cm\

soil mass. A wm'parilon of ‘the. t'h!!E l:hauﬂticnl methudu chosen_ here i
also Ashnll that in the shallow fm.mdnr.iurn zone, ﬂll lthe ‘theories predict -
elmost same valved, vhile in the dea,\:und.:mn 2one, there is sigAi- T
ficant difference. i )

(2) Values of Novatzki and Karafiath avé alvays lower than the
experifiental values. The difference increases with incressing defen
of penetraticn, Tt is seen that this theory inder dstinates the
penetration reststance compared to thé expertmental values, and ther: 8 Cpvady

error 1g pronounced@y the deep foundation situation. Comparing’the. i e

this theory is the most-conservative of all.

This 1s because Nowatzki and Karafiath asgmed the failure mechanism -

shod in Fig. 17 where the slip lines stop at the base of the pesetro-

meter. They disregarded the effdct of shear failure above the lével

base_level a6 an effective surcharge. .

(3) 'Valpes obtained from the theory of Dufgunoglu and Mitchell

for all the fijures presented irfespective of tie soil type and ‘penetro-

-
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- . . n i
’
meter variables. Th 1 values dre b ate values

between the other two theoretical methods. This can be explained by
exanining the failure mechanism shown in Fig. 18 which 4s an inter-
médiate case betveen, Neyerhof's shape and that of Nowatzkl aid 2

Xaraflath,’ The theory of nuumogl’u and. 'mumn“vu therefore chosen

for further comparisons becaun of 1ts good conemxoh with the present

w euias of experﬁnencs.

s fn€lisicing

o :his ‘sectlon the influerce of nou ftict;lwn mgle, pe al:romecex {

bau ‘apex anglé, peﬂetrwneter stbaand mug\mess, Felative dapth ot
penettstion and v:locity of pg.mza:im\ are examined.” ‘At-the sape time.
a compatimn will be mde betuéén the &xpzt!mm!:n;. values and ‘the,
:m:au al values based on“the theory of Durgunoglu and Mitchell for '

the lbave variables.

4.3.1 Angle of St Shed e L

Denllty 1nd!x 1- an tndlzer.t :Lnd!utor ﬂf the nngle uf 1l\tem1 )

0

friction af cahelianlau soils. Tha Mghe! (I\e denli:y 1.mlax the ¥

higher the mgle ‘of fnternal f:m:ian. Ta mkly thé influence of the

angle: cf internal, friction on static p;na:ntlm xeliatunce, targets

of a111ca-10 -aand wieh different demi:y muus vere prevnred

Threé ddfferent density indieiss and copsequestly tkyne_\aun frictin

" z i 2 0l ™ i
‘éngles were ised'to represent dense sand, meffum Hense sand and’ Iose

and s"' sofld. S B

sand, these are 51"
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different soil denmsity indicies. Theoretical values based on the théor‘

4 v
a of Durgunoglu and Mitchell are also presented on the same figures.

It is seen from both theoretical and experimental results in

thege figares that the

@

: . with increasing soill friction angle. The'variation of the static
1 : 2

- ] A L i
penetration reslstnpce with the va/lue ’of 'density‘ index for silica-70

R

sand is shown in Fl;!. Sk, 55 and 56 fur the two sizes of the penetro-

: .
metér, Three dif{:unt .ratios of relativz depths (n/n) 1, 5 and. 10 are

for the 35.6 mm:pe: and two'ratios 1 and 5 are
3 g

i PR ;
Presented for the.76)\2 m pen‘emucu‘.’ L I

LA saslyets of the dita i these figures shows that pemetration
restitance 1s very seni tve 0 sotl density, l.e., to soil friction
sngle. It increases rapidly with incressing soil density and the
rate of incressing is highel for higher densicies. It was also noticed
that the varistion of penetratim resistence ok Sanitavs depth s a
' linear voriation, ‘the slup: of|\these lines decréase vith decreasing

< ‘relative depth. The type of va\jinciun is the same’ for the two sizes
) ,of the penetrometer. o N

" :

4.3.2 Cone fpex Angle ; |
1 . shortiur Dctor shiek atfevts tha penetration -rilutince signifi- )
cantly is the cone spai-apex angle a. For the 76.2 m penetrometer,

with a roughnela of 0.5 and soll deﬂiity index 0. B Fig 57n shows

' the relation between unit pen n T and trs depth..

Curves were drawn for cone lmi-apex angles ‘of 15 , 30° and 90°. For Y %
Y . the 3.6 mm pmetxmter vith the same. vumm-, sinilar uu\umhxp

(is shom in Fig. 57b. The figurés show that mltwuztrltian resistance
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1 The pcne:mtim\\resiu:mce was, :aken at’ r.hree relar.:-ve depths; D)

T o

with cone pex angle 1f all the tests. 5
The penetration resTatusce 1 iliwn e a  Eumettiet 4 chia; oma s

semi pex angl: fcr Chﬁ 35 6.mmi dlmcex’ penetrcute: “in Fig. 58.

ulsi\m- | $infTar u-;veg for the ]_6'(\27511_

dimm panacxmneter are -hqan “An: Hg. 59 two relative depths -

Ttds .

theory, 1o ‘good.

2ot Pmm Fig. 58 it con ‘be; seen thlt an lncuase of semi—lpgx ungle

from 15° to 30° caiimes an increade of 3:.1 in penel:rutinn reuts:nu:a ) ;

at relative dzpth 6F-5 4nd 151 i'ncnuse ‘at re)ative depth of ‘1, vhile

i tncresse of ‘onni—apex, sngle fron 30° to 90° cawsesa, co:rupm\ding

‘im:reﬂu in penatrutiv\\ !esuunce of 36% at relative depth 5 and 77x o

T at reln:ive ‘depth 1y The effect of a.change in.thie sm-upex

mgle 1; nore pxmouncua at guaeer depths.‘ Further. thz ur.e uf

saller ingles. A amilar pl\znmuwn is’ .ua geen ! a Tor the 76.2m

dum:e: y:nettml:er (Pzg. 59).

)| The effect of base

studied using tips OF diffeunr. materials} jtainless steel, polished i

nl\m:lnum and sdided al\mﬂntm "The s

rnug‘hn;u of: 0,5, 0. 6 lmi 0. 75

between

5 lnd penntrltion depth

m:bunm;

for_the three
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the 35.6-mm penetrometer the same relation is shown in Fig. 60b. From
FPig. 60a, b, it can be seen that there s a significant effect of the

base on unit

with at any depth and for any density

index value.

¢ The of unit ‘as a function of

roughness 1s predented in Figs. 61 and 62 for the two penetrometers.

At any relative depth and for both the penettometers, unit penetration

with sing base ‘ al
curves shown in Fige. 61 ol 62454 in good resaeat with the experi-

mental results. v

4.3.4 Penetrometer Size
The influsnce of penstromstar sise ou stagic penetratio reststance
was studied by conducting pemetration tests with two sizes of pemetro-

seter keeping the other parameters comstant., Figs. 63 and 64 show the

relation between mnit and depth \fnl'
the two types of penetyometér. The theoreticsl curves ais alss whow
in these figures. It can be seen that the unit penetraticn resistance
decreases with increasing size at aiy depth and for a given cone semi-
apex angle -‘ndA base roughness. This brings out clearly the effect of
the foundation width in the soil bearing capacity and is in conformity -

with theory. 4 : .

g \
5_Rate. of Penetration ' 4

i > 5
To.check the infiuence of the rate of penetration on the.penetration,

using' of penetra-
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for the two penetrometers. Figure 65 also shows the curves of static

penetration obtained from theory. It is seen that experimental values
at different ‘penetration rates are very nearly the same and in close

agreement with theory.

4.4 [Tests on Saturated-Sand -

/
The objective of these tests is to study the influence of the

already dis on the unit 1 ¥ in | .
— -

saturated sand.

"4et:l_Angle of Sot1 Shear Resistance "oy %

" since the denmsity g indication of At ,
friction angle, three density fndicies were -chosen as was done for dry
sand. These are given in Table 13 (Sofls 8, S; and S). Fig. 66
shovs the relation between. penetration resistance and depth at different
density indicies for the two pmetr/mﬁters. The variation of the .
pensbeation zasiskance wifli deobity Sndex e dhown 15905 60 Soiiehe o, °
76.2 mm genetrometer and m‘ Fig. 67b _fpr the 35.6 m penetrometer at '
different relative depths.<It \uy‘w be seen that at any depth, penetration
resistance 1s very um;dvg to any change 4n soil density index and
consdqueqtly to boil Sedstion Wle" Tt Shorensed capiily with tocveistis)
4011 density, index and the rate of increase is muchhigher- than in the !

dry casé. It is also noticed that the varistion between|D  and q. is

1inear With.a smaller slope for lover relative depths.’
. 4.4.2 Cone Apex Angle ) -
" The influence of cone apex angle m penetration resistance in

. satursted sand 1s illustrated in Fig. 68 whre the relation betveen A o

- S 1 r\‘»
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. init pehetration resistance and depth 1§ drawn for different come
-seni‘apex angles.' The influence of the semi-apex angle on the penetra-

tion resistance is shown in Fig. 69 for different relative depthe.

“The ‘phenchenon obsetved in dry sand ‘1s confirmed in saturated sand also,’

for 41t ferent valuen of bas: 2 g}mau, ne'e‘ffec: of ‘base roughness

an:he e A' at

Fis. T}L ‘The resul:s are slmﬂar to me dry caee, uAit penetrﬂeionl
B

ke hasz g

kb T

rha’w'a pnenzmate:u were Tad in the saturated nu and exple—

mnls we!e l:umducted u was 3/7- .dry; snil. meurnble renlu are

: ulmwn in’ Fig. 72. 'l’hll Bgain cleal’ly L ﬂml the

) size effects. gtatic penatrlcion res: tnnca whatlmx e pabd\da dry or

B saturated. At my depth, yenecution lliﬂ:mcl 1s zun:ur for thn

emailer penefroneter. For different cone.sngle ‘and differsat 5011

i E % %
static 13 8t vu:h the 35.6 mm penecromacer’

is alwlys hlgh:z thm that fron’the 75 2 m yeneuumetar.
7

‘4i%:5 Rate of Panugrltlﬂn :
" Simtier to the dry send, the o 'ecc of the rate o penetntlon

on the.résistance of nmnced sand was_also u!udlul. The results

‘are sinilar to thase in aty s, o uignific_nnt ef!acz for ‘the Tate.

on ututic : > turate sand was nat!cad as
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Influence of Satu

on

It was notdced earlier in paragraph 4.4.1 that the penetration
!!Bi!me in saturateq sand is higher compared to that in dry sand.
Fig. 74 shows this compariaon for both penetronsters for different
soil properties. Contardry to an Hutuitive ‘:E,'eglinz that " saturatdon
would decrease the strength due to pore pressure effects in the cgse’
.

of sand, actuslly the sotl ree cex At present

there are no theure‘d!:nl approathes to _camp‘ut'a the penetration resistance
1 ‘saturated sands. -Schuertnann (1975) has also moticed a sinilar
phenomenon for sands. An,esrlier work by Drozd (1965) indicates the
same_type of behaviour for saturated sand in dynamic and £ree fall,
pe:hh m:mg; This effect of pore pressure in sands and clays

1s discussed further at the end of this chapter.
~

4.5 Sumary For Cohesionless-Soil

From test renu!:s‘m 1, some clusd nay be
drawn and sumarized as follows: R

(1) Penetration resistance is very semsitive to the soil density
and consequently td-soil friction angle. It increases rapidly with

\
increasing density.

(2) Penetration resistance increases with incressiag cone apex
angle. ¢

(3) Penetration resistance’ increases with increasing base
(4) Penetration resistsnce increases with decressing penetro-

meter diameter at dny depth. s

(5) Penetration regisgance of cohesionless soil is,independent

5 il
b
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of the rate of penetration for the rates up to 4 cm/sec tested here.

(6) For sand, the values are

oGRS DR O ey e ResetiEes e ot Lase
due to generation of negative pore pressure in cohesionless soils.

(7) ” There 1s a good sgreement between the theory of Durgwioglu  ~
and Nitchell and the experinental vilues. This theoty psy be used
vith confidence for cohesiomless iotls. .

(8 - Both the 45, cm? Heorial Iniversity penctrometer. and the 10
mz\,‘fuxrn Type penetrometer give sinilar fasults except: that the valies
btained frcin the 10 cn? penstronster aze higher than the valuss obtained

from the 45 ca® This 18 1n wvith bearing capacity

theory.
» S

6 Tests OnClay

To choose an- appropriate theoretical analysis for cohesive soils,

results of the peneéuc 1on te t\a performed on the clay target were
compared with the theoretical valuss of Meyerhof (1961a) and Durgunogly
and Mitchell (1973, 1975). The numerical technique suggested by Nowatzki
and Kerafiath (1972, 1978) and used earlier for cohesionless soils is
énnc applicable for cohesiva solls. In thelr anglysis, Nowatzki and
Karafisth assuwed that the btress houndary Sonditions ot the free surface
i aloig ‘ehs VAL f the el cauid by the penetrometer aré stgble
and that the so%l behind this hole tends to fatlend fotlure outaces
developed towards the hole, The latter -uit\utian occurs almost N
exclustiely fn cohestonless soils. ven a very ‘epall amomt of

cohesion is sufficient to insure stebility of the hole and thus the

sbove theory s mot relevant in cohesive soils.

e B A e




.
The results of penetration tests in this section are presented

in Fig. 75 through Fig. 78 in the forn of wit penetration resistance

qf(kN/nz) versus penetration depth D (cm). Theoretical values using ’

both Meyerhof's theory and that of Durgunoglu and Mitchell are also

shown on these figures. The combination of the different varisbles

are shon on each of these figur s,

il It may be seen’ fmm the dutn pr!aanted that Meyerhof's theoretical
K values are grel:er than the :xperimutnl, values for D/n > 4 and less
than the experinental values for D/B less thn 4. A efailar phenomenon
shserved previowly in the case of. cohébionless—soils was explained in
~ . section 2. The yalues of Durgunoglu and Kitchell are'in better
sgreement with mes:}permenmj values for stiff clay (Fig. 75 a, b)
and mediun stiff clay (Fig. 76b) and for soft clay the agreement is not
good. The theoretical values are always higher than the experinental
values in Soft clay indicating the effect of soil compressibility on

the. static penetration resistance.

. The ratdos of predicted to measured peetration resistance are

presented in Tebles 14 and 15, It msy be seen that these ratios are
alvays greater than unity for Meyerhof's 'values (Table 14). Comparison
with the values of- Durgunoglu and Mitchell (Table 15), gives ratios
which are close to unity for dense deposit, indicating -the validity

“ of this method for general shear condition, However, for low densities,

these ratios are larger than one, indicating the significant influence

Lof soil 11ty on The e of bearing

" capacity factors formiated for general shear conditions vill cause

on of the pene of deposits.

N

,
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TABLE 14
’
RATIOS OF PREDICTED TO MEASURED PENETRATION RESISTANCE FOR
. s MODELLING, CLAY USING MEYERHOF FATLURE MECHANISM °

e

: 2
)
H Soil Type Dry Dénsity Cohesion Water Qﬂtaﬂt _gg predicted
: (#a/n®) ai/n?y COY A5 pasavred
o/ |p/B |D/B ¥
Ch " 1 2.8 |5.6 '|9.8
= «
~ | v. sofe - " i
. | c1ay . 1240 © 5.5 40 1.62 |1v76 [1.76 d
i e = == T - q
RRelatively [N
Medium /
Stiff Clay w49 .| 386 30.4 NEBER NN W)
! Relatively # . “ f
; Stiff Clay 1600 47.8. 25 1.22 [143 |1.53
d .
+ v
o )
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TABLE 15

RATIOS OF PREDICTED TO MEASURED PENETRATION RESISTANCE FOR
HODELLING CLAY USING DURGUNOGLU AND MLICHELL'S FAILURE MECHANISM

Soil Type | Dry Demsity | Cohesion +| Water predicted q
3 5 2, | Content | “messured g '
(Rg/u’) /) |y 5/8 |b/B |D/B
. 2.8 |56 [9.8
V. Soft Clay | “Tauo 5.5 40 L3 |17 [176
Relatively i s .
Medium .
Stiff Clay 1449 38.6 304 + | 1.24 [1.19 [1.18
Relatively .
Stiff Clay 1600 ° 47.8 25.0 | 1.12 [0.85 |0.86
: . 2
~
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In compressible soils, the shear surface is restricted to a smaller zome

around the penetrometer tip as suggested by Vesic (1963) for punching

or local shear failure types. 4

§ b
41 ££ 1h Clay ¥

The objective of this part is to ptudy experimentally the-tifThence

of the different and soil 1ables on the

resistance of cohesive soils. Since base roughness has little or no

influence on the’ penetration xeslar_um:e of the cohesive .s0ils (Purgunoglu .
and Mitchell 1973), the vnxiubleu to be e:mmi_ned are soil shearing strength,

penetrometer slze, cone apex angle aan relatvie depth of ;\enezutim.

Fig. 79 shows the relation betveen undt penetration resistance a

- (1/n®) and penetratdon depth D (cm) for the modelling clay which has

dlfferent shearlng strength depinding on its vater content and its density.
The dry clay sample had residual vater content of 0.9%, Tests on this
dry sample (C,) shovs that the soil behaves Lfke a cohesionless material,
this is shown tn Fig. 79. When the water content io increased Yo 252
and che. slmple nade Tato a stiff clay target, the penetration response

1 siatlar to that normally obtained in clay soils. 'When fhe water
content is increased from 25% to 30.4%.the penetration resistance decredses
by approxipately 307. The reduction in ghe actusl shear strength of the
s0il in this process ig 20%. ‘Hhen the sofl is a soft clay with 40X water
content, the reduction {n ghear strength end the correaponding change

in shear ntt!ngth are ﬂrusticllly diifztent, It can thus be seén that

the degree of saturation has an’ important effect on the penetiation

A
resistance.
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The of p Y }3 tance with cone pex angle
is illustrated in Fig. 80 ;or stiff clay for the two types of penetro-
meters. The variation is shown for different relative depths.. From
this figure one can infer that there is a significant increase in the

istance with cone pex angle at any

relative depth. In Fig. 80a at a relative depth of 10, there is an
increase of 12% in penmetration resistance for an increase from 15° to
0% 455 s et g S, WS thaeote Bet-epex dhccesses Fron
309 to 50° at the same reldtive depthy an incresse of 32% in penetration
resistance was observed. At 1o;er relnr.i;'re depth (D/B = 5), an increase
of 12% was noticed corresponding to a change of cone semi-apex angle
from 15° to 30°, while an ifcrease of S0% was noticed for a change of
semi-apex angle from 30° to 90°. The influence of code apex angle on

1s more at lower relative depths

than at higher values:

The influence of penetrometer size on unit penetration resistance,
1s shown tn Pig. 81. «Both the penetrometers have a cone sesizapex
angle = 30° and relative rovghness = 0.5. A stntlar comparison is
ahoun 545, 2 2oe khe Yo peietEopatars Tt VIS #ooEe Nealodpex

angle of 15°. It may be seen from these figures thgt, irrespective

-

N
of soil.shear strength and cone pex angle,

for the 35.6 mm penetrometer is alwsys higher than the values obtained

using the 76.2 mn penetrometer at any depth. The difference between .
the two values are greater for stiff cidy and it decreases.with
decreasing shear strength for clay. E e

\

i
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. cohesive soils, eported by Amar et

- penetration on.the shear strength of

149 g,

4.8 Effect of the Rate of P on Static of
Cohesive Soils

The aim ofi these tests is to study the influence of the rate of

hesive soils, since the rate of

an r factor) which significantly affects
thie shear strdngth and consequently the pefjetration resistance of

(1975), ‘the penetration

resistante’ for cohesive soils v.:?-u.s. the speed of penetration,
when the speed varies from 1 to T0,. Amar et al (1975) ébserved an '

inctepse in Tesistance of about 40% for soft clays and hearly 100%
X

for Plateau silt. & ) L. ,
s S . Lo
Penetzation tests were conducced on clay targets 6f varying

strength, 5.5 ki/n’; 38.6 KN/n” and 47.8 WN/ul. These tests vere

at five £ rates, 0.88 cm/sec, 1.76 cm/sec,
446 cm/gee, 883 co/sec and 22 cn/scc. Other vartibles such™qg cone
seai-apex angle (e J~3,°°)’ base roughness (8/¢ = 0.5) and penetrometer
diameter (B,= 3.56 cm) were kept constant. Figures 83, 84 and 85 si;m;
the results of these tests for stiff, medium stiff and soft clay respec-

tively. In these figures, the: unit cone resdstqfice and unit- sleeve

_friction profiles are plotted to penetration depths of}40 cm for the

. five different penetration velocities. The results clearly demonstrate

that an incregse in the penetration velocity cssses a corresponding

increase in both cone and sleeve resistance for all fypes of the clay.
: [

. For'stiff'vlay, an increase of 30% fn cone resistance was noticed when

the velocity increased 10 times, and'an-increase of 45% was noticed

when the velocity increased 25 timess For medium stiff clay, when the

f
. veloc#ty increased 25 times an increase of 66% occurred in the come

B
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resistance while for soft clay the corresponding increase was 75%.
L

Strain Rate Effect

It has been long recopnizd that the shear strenggh of many soil
types is dependent upon shearing rate, (Casagrande and Shannon 1949).

For many of these types the shear rate effect is too complex to.permit

or ‘However, treatment

of the shear rate effect for saturated clays for both small strain and

" large strain loading has been accomplished recently by Turange and

Freftage (1970). They obaetved that for satirated clays, cone’ dndex

varied with penstration ate according to the relation:

o (W

5 @ <= : : 32)

Lw\g

wherein: \

CI_ = cone index of penetration V_ with cone of um:gl,e;z
CI, = cone index of standard cone,

V= penetration rate, )

d = diameter of 30° right circular cone, and

M = expoment of shéar rate factor. v
/ N - e o
“'he above expréssion was foundto hold good for .speeds ranging
from 0,051 to 43L,8 cw/sec, for diameters from 0.27 to 7.7 cm ang -

saturated soils nn!ln[ fron sile to heavy clay- The empcient fangad

frn 0.091 to 0,109° for these. conditions. o T
. i N /' %
r-and Luth (1972\ a, b) chécked :hg applicability of the above

using & b high speed mete e a
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correlation term T . .
P ’

cr 0.1

=2 (ee— @ O B

T 414y 5
where the V/L'tern 1s the velocity/length term. Expression [33]  was o {
ised 4n this invest: to-deternine t Lstues for e - B {0
cone ce'at different “on v . The intefpreca= 7 "

£lon of the results in this paragraph is based onthe cone resistance ' .. ',

valoda ot penetation depth greater than 4D (20 cu), this depth

being the depth ak Whioh & constant valug of cone and sleeve rests-

tance is obtained. A-comparison of the measured and the predicted

values of cone using on [33] 18

in Tables 16, 17 and 18 and showp graphically in Figures 86, 87 and 88 -

for acift, nediun SELEE and soft clays Tespectively. Thi Tatiod .of

the predicted and measured cone resistahce are also ‘presented in the
tables. It may be seen mné these ratios are c;ose to unity for the
stiff and medilm stiff cley idicating the validisy of expression (23] v
for dense deposits. However, frém Fig. 88 and-Table m the ditference

betweén theoretical and experimental values is found to be large. The

«zatios of predicted .to measured ivalues are smallér:than ome, .indicating

that the use of exptession m\: to predict cone penetration resistance 3

" in relatively compressible soils at any velocity underéstimates.the &

resistance.

4.10_Effect 'of the Pore Presdure on the Dnte R

“The pore presme f1eld around s p.gg:un.ng cone penetrometer:

can’ :ntt a ujur infl\lence m the umitude of the mlluzed penel::utinn,
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TABLE 16
COMPARISON Oi’ MEASURED AND PREDICTED CONE RESISTANCE USING
/f “ i W - . EXPRESSION (33] FOR STIFF MODELLING CLAY
i TN 4
{ : Penetration | Predicted Cone | Measured Gone | Predicteddy 2
H % Velocity s 3
v sist £ Heasured 7
i en/sec W/ K/ i :
L0.88° o s36 e B 1,004 1 =« WE A
™ 6.0 | 62.7 1,004  # .
t & 8.8 - 67.56 6.1 1.006 i
P o220 - 74,0 2.8 L Lo4s e
I ¢ . 7 ¥
. 1:, 3 - )
é Lo 8 x TABLE 17
; y . B
§ o o g W COMPARISON OF MEASURED AND szm’xnm RESISTANCE USING -
£ . ) EXPRESSTON B3§: FOR,MEDIUM STIFF MODELLING CLAY
| ’ . - ' : 4
i " Penetration Predicted Cone Mdgsured. Cone Predicted, :
§ . Velocity Resistance * Resistance . Heasured g .
fe Foude I el s o3 AT
;W . cm/sec | KN /m b KN/ &
AL 1 0:88 214 -, o 195 7Y . 1,097 y ;

. R CaE S o2h o 042" : A
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é
TABLE 18
¥ .
& ' COMPARISON OF MEASURED AND PREDICTED CONE,RESISTANCE USING
A EXPRESSION (33.] FOR SOFT MODELLING éLAY :
i : ‘ & i
N — - - -

i [Penetration Measured Cone |- Predictéd Cone’ | .q_ predicted
: velscity | Beitagance . ; e
¢ cu/sec i/ o/ %

0.88 0.396 0.4 0.99;
. v

o F [ 0,46 0.6 0.766

- 8.8 0.5 0.7 0.714

2 | 055, ,0.725 0,728\ .

& £ P
5 .
¥ s N
! iy < 4 -
t
i . » LIRS
H / > ‘ . .
: W G
i H
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q, 1 cohestonless-soils, . L . &
a

cohesionlees g@éls. ~—In case of cohesive 501 s, the permeablity o

v

resistance'q . - The weasured penetration resistance might be different |

from that which would be obtained under a fully drained. condition, It "

1s reasonable to expect, “that the pene of T
\such soils would be depgndent on water content and that interpretation

of data obtained from tests in saturated soils should be done with care. .
%

Schmertnann (1974 , b) stulted the effect Of pore pressure on

static cons registance. He used a congrplezometér tomeasure the.
extess hydrostatic pore pressure in the.field for both cohestve and

Yoetonenn sous, i plezoneter recorded a positive: pore pressure
in case of cohesive soils and a negative pore pressure in case of ¥

cohesionless soils. Cone penetration tests vere performed,in the same:

sites for drained and .. For, SRR,
an increase of about 50% was recorded for cohesionless soils while a

decrease of about 167 was recorded for cohesive 80ils compared to’the
drained tests. Schmertmann concluded that, the positive pore preasure

-
Teduces q,'in cohesive soils while the negative pore pressure increases ' -,
: \ -
W N
One can concéptually visuslize this phenomenon in cohesive and

the mu:ethl 15 snall and always results in ah excesy poré pressure.

This catises a.x _in : since’ the por: ',,7

fo vir:u.auy, cnuue a pore,-ptess\lte dieaipa:inn at a high

pene!:rutlm app!nrn

rate reaulting in a nagntve;_ pote. uxe:ss the sers adva




and saturated sil#2<70 sand (cohesionless soil). It is clearly

demonstrated that, penetration T in hesionless
4 soils 1s always higher than the pe indry cohest
,less soils irrespective-of the soil density or ‘penetrometer properties.

An incresse of about 607 was noticed for I = 0.8 aild at & depth.s, 40 cx.

This s due ‘to the cmcipn of negative- poré ?ta-l{ure which Lends to

1neuase e penetratign resistance. = I

- . v . 3 5
For the sodelling clay (cohesive g011), Fig. 79 -ghous the relation
v

ha{ween unit penetati and depth at

. . & s
waXer contents., It may be seen that pzne:ruc'iun resistance decruses

vith dncredsing vater content,which is inpart a result of the cnltifn

of a positive pore pressure.
—‘ )

The phenotiencn of pote vater pressure and its effect on-penetration

seststance was sleo-stuiled by Freitig o ‘sl (1970) who provided values

ok.avpbizent " coteaion: g & Function of relative density for Yuma sshd
“at variou water-conténts. . Fig.:89 shows these valus. From. the
f_{g’:n-e i de aleis By cel.:_!‘szm. degredses yith incredsing vater content
Vet the: sane ‘rehc/;h"dmuf:y;‘ ° w"

L g Annchen-wm.um toi this phenomenon “‘m giver by Melzer

(1974‘)/.’ based o expctillenlul studies nling WES cone p&nzttm:ar and

Lyan c. 1 degue nf aturgtion, He uated that,

. with decréflbing degres of waturation; the i

¥ s_ail bearing ‘capacity. bec
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b 4.11 Egermnt on layered Soils
The problen of foundations on lsyered soil vas truted by Button
® . (1951) vho assuned that a circular failure surface will occur in case

of a footing on a tw layered cohesive. soll, This work has been further

* extended by . eddy and 1967), vho r jeneity .

/e ) ooy mdwanua:rupy of -sofl with’ l'e!pecr & ok e, ey presenl:ed

> Ve imenial teuultn 4n the forn, oLgﬂphs thet can be reatily used to .

L caleulate the benl‘ing capacity of strip footing on a tvo layered cohesive

N %}1. These graphs take. fnto accomt the aisotropy of the soils and }
are sinilar in shape to that for’ inutxopic case. An incfemse of about

151 4n-bearing clpactry will xeaulc 1f K < ]. and a decuua of 302 1f

K > 1. "K' being duﬁneﬂ as the cneiiiciunc of anisotropy, the ntic

of :m cohesive strength of the two xnyetm(l( - czlcl)
i “ § \

" Anothex extension of Birton's nnaly_gis ‘of the beatthg”capacity for

" footing on, Layered wcldys® was carried out by Meyerhsf and Rrowm (1967) .

They proved expé: iy that the of a cy! al fatiure -~

surface vas incorrect, For a hmogenous and isotropic solution, the

nuuumpéaau ofa cylindrical surface 1ead's‘fa a wilve of N, which is N £

i 0L Y. - dbout 72 higher than that obmned By the rigorous Prandtl solution.

known that 2
the'error” o

" wm’—g the Bubodl’ is nel%ha( homo| enm ner Luntrop!c, At

Ilia fuuure sufice wlll no 1anger ’bu r,vliwdticnl lnd that

“with ihe 8




end mobilization of the full bearing capacity of the lower layer.
2 None' Of the presently available solutions in the liteFature
describe ef f1clintly the fatlure mechanism assoctated with sffic
penetratioi reststance of leyered soils. In nib investigation,
prelininary tests on layered sofl using the 10 e? Pugro type penetro-

seter and the 45 cm’ Memorial

y iver%
Tour types of layéred system using silica-70 sand and the modelling
clay were,'tested. A profile of the different layering combinations
. used, 1s shown in Fig, 91. Results are presented below:

(1) Type I. Figure 92 represents the relation between unit

% and depth. for this layered system.
The sulden’ change of the value of penetration raslstace in noving
- from layer to laver s clearly demmstrated in this Hgure. (nalysis
- of the data of this test gives the following renlr.u.
1. ‘The change in penetration resistance for the top layer
1 very small with an average value of 300 W/i? for the smsll
\ " penitomates ant of 175 u!/mz for the 45 cu’ penetrometer.
2. In the second.layer, which 'is a dense -sagd deposit, the
uni penctracion reaistunce reaches its mxi:mm 'vnlu'a." -
AL R TS % bottam Layer, untt cautitinie Ginteninsup §o-s-iioe «
5 Pf 1500 ul/m tn: mull. penetrometér and up o 1100 m/m for the -
big enetrometer und 1( hacmu nlmolc conatant at these values.

i 4l a, Ll %, TH seneral. shape of the uni: penetratdon resistance

veuua penl!rltlun depth u um-: thg same for thie two 'sizes of

i m pmemmtexl. but the Values 'of “the emall one b -my

y R : hnher\tlun ‘the v-luel for the ’l.lr'er auﬁ.m .: the pdsie depth;
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TYPE T L) TYPET (Lp)
a !
Meddfm Stiff Clay 3 Loose Sand-
¢, soil . g = Sysof1 /
& 1.1 - L
— Sand-Clay Mixture -
Dense: Sand (50% sand & 50% clay)
¥ = 1700 - kg/m® 3 L LT
6= 45° o
Stff Clay
SEIFF Clay - fyE s
€~ soil g & 3
P
A g
TYPE T (L)  TIPE I (L)
Soft Clay = o\ Soft. Clay F
\‘ CJ-l‘s.uﬂ L. m’ (§31§U|1..v
SHIF Clay.

Cy-:s0it




(KN/MD)

66

UNT PENET. RESIST.

&

@ #30%

‘(W) | Hid3Q - NOLLYMLIN3d

.
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E (2) Type II. Figure 92 shovs'the regults of tests in this soil.

g The following observations are made:
‘ 1+ e pesetration remcaim 1n the' loose, send 1s small,
kn average of 50 kyy/n? (small pénetrosecer) md “an average of 35 _

H ; ‘wlm (big'penetmmeter) 1s obaerveg 5 &
E : . _1. In the nixed layer, g’ signtﬂémt increase’ in'the unit
- pmetntim 18 obaema. 1€ 45 aluost constant \,;m ee dnetre
L7 depth of the lajer with an average of 125 and 75 W/u? for small
R and big size_penetrometer respectively. ¢ :
<y 3. At the botton,.the stiff clsy layer, there 1s 4 sudden
 incfessi'in the valisé of the penetration resistance which raactes

* ‘its makimm. At the maximim depth of penetration in this layer,

a restatance of 775: 1/n?! (jnall “size one) , and 550 kN/i® (big size

F 2 one) arp recordid. .- W : S
(3) + Type IIE. Tig. 93 .shows the results ohe ts in type IIT

layered soil, - Rmmining this f1gure,  one m notige the sudden’ incz:ne

tl\& l\ulden durﬂﬂl hetween the. mid and zhe hottm layer.

in pene\:xutivn reniannce hetﬂeen the l‘.nrp nnd the mid uyeu nnd alko "
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(O Type . m test. results in this type of soil,is presented

An Fig. 94 which s smun to Figurc 93 with a slight difference in

the value of penetration resistance.
1. For the top layer, the nhnng: in penetration resistance
“is from 0.0 to 225 ‘kl!/m for émall size penetrometer and from 0.0 -
to 65 kN/m for Me latger penetrometer.
2. The maximum value of péne(rhtim Tesistance. vcnurd in
the’ middle layer, at a vllue o( 950 'l'-NIm (356, Ly p:netrmtex)
“and zqo kN/m (76 2 - penet.runer.ex) k ;

3. Thé average value of penetration reststance in the ba:tm

layer 1s

275 kﬂ/m f£oi\the 35 6 m pene:mmtn and 150 kll/m for
~ _the 76.2 mm penetrometer, ® :

At this tiné' there ara/ﬁ' well defined’theoretical methods for &

caleulation of the penetration resiatance in layered

satisfactory
ar’ to thoue used 1.n this aneltigar.lon for CDheB’NE and
cohestontess sotls. - An attenpt was made to use’the appriablias b
Meyerhof (1961e) and Durgwiogli and Mitchell (1973).to corralate’ the
experinental esults obtained here, It is felt that s subscantial®
sodification of these theorids would be Taquired for’ evolvisg a

metningful dnalyata. Tt vill be alao neceagary to =xper1mmtully

sbsexve the ehape of the fatlure uur!a:z pnrr!cuhrl jen penet

ocdurs ‘in the trssdbion zone. The complexity of the problem could
¥hen the

be ex‘phhmd further vlth !eference to Pigl. 92 'to 94

penetrometer enters fmn one hyer ;o tbe mdlltlly succ ding layer

below,: chere 1o -alvays-an- interaction betwul the two L:yan Eur a8

The ntrengr.h of the mmﬂu lnye'z

. the s11p lines are concerried.’
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) .Vnnbu lnrl Senneuat \(1974): Sthmevtllﬁm (1575) ‘and. Durgunuglu nmi

*_+by Lusme’ lnd lﬂ:c‘hqll. (1977

.panetntlm 1nt6 that luyer, Any thacry t

take this phengmenon {nto “accoumt;md be .ne to yredl!:r. the -optimum

-Thgre m othe: methadu 40 pw:uce -uggeuud"by ¥eyert

Mltchzll (1973, 1975) Th! d:tliled revi.w cf thele ﬂﬂw

w111 be fully nobilfzed only when the entire fatlire zone ia restricted
fo that layer without hny: interaction with the overlying soil 'Lype.\r\v
This can be very: clesrly observed in all the experimental d’am presented,

When th:re is'a trangition; fmn a weak layér tod sczo«ngu lnysr, the'

]

full nrhlan.tnge of the better 801l is obtninzd m\ly ufter subsun:lal ‘5

wﬂ.l b= prnposed hl! to,

rlupt‘h nf penitrpl:iun o make the.best use af the praperziu of the

individu:l Layer This: T &’ 1ntaulf.1ng plmmmn :hn was; nouced

and ‘15 tn be puraued

a upa!'ut: xeseurch problm

412 "Iterpretation of Fa1d Te-t hsul‘:n :

Although a good eorummn has been ahuwn inthe preneemg

pamgr.pﬁs, &n intefpretation of fe1d vedea 1g an art, bned, on'
expetim\ce. This is doe to the “fact that more than one variable is | . -

to'be, ewlpated £ron the “avatlable nessuremnts, genckally by trial

‘andertor. In o ton OF the corie-pene e u!hodchn\n

Vet demitogad fér usedn “apesific soil type-.‘ For uxlnple De. Beet
(1945) hds dev:loped a ll:l‘.hod thﬂt 18" l‘pplinlbla pntinuhrly to loil! i a "

in Belgtun. *4a, angle of 30 1o fateially sasuiied “for, the-go11 and

valus of the apparent anigle of - internal mc:m and: colieston are |t ¢

cmn‘pucul (rmn ﬂ.eld cme resistlmca vnlu:l. Sini.\-rly moﬂi.f:lcltion f

of thia. nel:hod is uagd for col\euive md éohesive ltictin

(a96w),

-m. mchdd o Diirgmogli and, )u:cheu




. !oi‘ls anolvu § vu.Lh Lo

fznm tihich. :hz values of C sm! :$.cdn be found out.

and ‘are not partdculs

vﬂluea of ¢. Thenty nf Durg\lnoglu nnd M‘ic:hell (1973) equireu a

lmnuledge of cone * foughneas(

d the ccefﬂcie‘nt Qf alzth preaa\lre at

0'a li;lear vnintlnn- : Schmettmunn L3
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TABLE 76. -
Sy, L L

JANBI METHOD FOR HONTEREY SAND
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SCHMERTHANN, MTHOD FOR STLTCA 70" SNyl

e 00 e g
7 3 3 g o
«[-Depth | g - "o »/hﬁ' Relative | 0% - I
@) | Kg/em? | Re/eh®]" Denatty degree -
o e § B T % B e gt
i . - ) y
- . G -2

"0.001688 | 40.0-

L2413 | - 0,068 |, 80 " 4.5 s

ot D.o01s3 | 40,0 11.00. 0.060- 45.0° 39° i
L0:00247 | * 40,0 6.00 0.0588| . 3007 [ 37° - it
= . 5
kL N S wlos 4 : e
SCHMERTMANN METHOD -FOR HONTEREY SAND. NO., O by T
S i g e B v s
. = ) A. . B ¢ . \

vepin | g " 45| Relative :

Y .
dey
Kg/em (nax)
MW . .

keg/exn? | “Kifem? |-’ Density
" : . Denal

3 o e N N
\ g ¢
0.001681 | 30.0 18:40 | 0,05 70, |y
0.001596 ] °36.0 8.00- | 0.048 35

0.001553 [~ 30.0. -
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CHAPTER V

SUMMARY AND CONCLUSIONS .

The research reporhd here 4o part of a comprehensive program to
develop a 45 cu’ (nomtnal) free fall mpuc: penetrometer for use in
the ‘oceans.  Evaluatién of quast static panetrntion tests was.made 1n
:bnjnnctlon with & lt.sndard 10"ca® Fugro type penetzoneter.

1 b
Thru :haetetlctl methods, H.eyn'hof (1961!) Nowatzki And

 Karaftath (1973; 1978) ‘and Du(gmglu and Mitchell (1973, 1975) wste E
conairiered‘ and ,mmpued with the results of cuntrouad llhoutery ‘
perietzation tests conducted on &' fine sand (s111ca-70) ‘and on silty

clay (modelling clay): Varisbles ‘such as the pége:mecex roughness,

hl!e _apex lmgle, telAtive depth and the angle of shear .. reuistaﬂce of

soil vere ¢ were also

\-pertinent to the range of variabled mvestiglted i.n this study.

lous sglutions available fur the pgnetlpmeter

1. Among the.
problem, only phose.of Meyerhof (196la), Nowatzki 'and Karafiath asm;:
1978) and Durgunoglu And Mitchell '(1973;'1975) take into account the

penétrometer. reuphness,bbase apex angle and relative depthwhich

" inf1 the s ; - o
2. Meyerhof's -_ne.ﬁxod v ‘\ ":l_:e ; §:
) Nicitiaaey fouia sy Bt T sosdriaiive. ix tha Thatios topmdes
tion region, while the method of Novatzki and Karafiath nw;-ﬁ

:msgrvntive- . .

3. The Agtummt her.wem meuuud and ptadintul vlluas uling

4n la‘yatgd -s6ils.

The following conclusdons are drawn ftom the present invebtigation .




the théory of Durgunoglu and Mitchell for cohesionless &nd cohesive

soils was quite good. This analytical me_'mod cén be, reliably used for

the static of relatively incompréssible
soils. . 3 ; “ 1

4, Tests in dry sand showed thlt penetration resistance is *

1nf1uen¢ed by the angle bf sheat te!istanu for the sail, thz apex
" angle of the cone, the h&ue rcughn:ss and the size nf the ])enetromer.ar. 4 Ad

The trat “res s 18 hlghly\ 8 to chungel in the snll

strength. as showm in:. :eats on ueil! of th"e& dlffeunt «density 1nd1c1u.r 5 5

o . 2 Increasing apex. Angla of the: cone reunlt' in 1ncrenud pen!trntinn

78 s latd: it "af:hecang SRS Tl
the An :antease in the, dlnmel:er of
the the to

This' phenomenon tan be logically explained with:referénce £ bedring
“ . capacity equations. Although the larger dlamster penetrotieter consis-

tently gave lésser penetration rauiaunce, the afie-::s of the .various*

+ other parameters vere simiiar to both penetrmuters. i
4=

" infuence of ‘cone apex angle ds stmilar to that obigerved in’ unnd. An-

Rf ot O dncrease in the diameter of: the pena:rmtar reduces :he pqatmtion

. usiscmce,_stmi_ln o the effect .observed in sand. Cone rm.\glmess hag Y

fo pefceptable efféct in clay »'xnm?nn:{mi ‘of tests i i:hy equires £

"t dome, cautdon, l'(elul:a on canpteuiblg soft clay.ishow :hh: they are not -

ameagble to: relisble lnllyail, die to 10:!1 .nd.punchmg sheat & Alire,
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/ \
 The effects of ers on the larger penetrometer ia sinilar
to that observed in the standard ome. ot

s
 the reststamce,” ", -+

6. nte of penetration is an important v-rnblg, .hma the

results are to be finally.used. for the free fall penetromerer. . Penetra-

tion rates of 0.4 cm/sec to 22 cu/sec vere tested this range, -

~testa-on. und shoved no rate “etfetts. However, the clay was found,.

e effm, I i-y als be qunuﬂed here ..

Teits on saturated sand and‘clay shou-that pore water causes

some abmorsalities in cone pemetration test résults. In sands, a 'megative

pore pressire is 1n a higher pent : ne

while in clays the pore water pressure jrcreasés causing s decrease in .

. SR

8. - Tests on hyerexl sot1s show that ‘the relative! uum_\. £ the

-t;c;nkér layér éan be-used to advantage in foundation destgus, L the

ﬁe’plh at vhich nll].ll- pmltrll:i.an reuilllm occnrl can. be detemined. «

i X Iun vxd\ the two :ype- of ¢ -hu- that ‘the

thé nndud pzne:rmur. % .

Stos Futinar: rasa 3 T




litemturz vhere thu ef! t 18 qum!ltul’.lvely evuluated. lv.' 18

e fuithel Tesearch ‘offorts be made {n.this ared:

suggeated.

b) Cngpresubm:y of ‘tha un Wil be a p:ohh.m in tuting .

Rel*nh!a fnctoru

. ‘are. neceneury to; :Kncerp:et the :euul s un uuch -oﬂu i Thl!‘i an’ area.




--Baligh, MM | (1976), "Cavity Expansions in” Sands Wit Turved

3 !
: Bnligh MM, and Vivscrut, v. (1979). ,"In Situ Mnsuramencs in’

Berezant:em ViGiy Khrluoforav, \ S. and, Golubkov,. V. N (19 1)} -
3 'Lo:

Betdcy Hansen, "J

REFERENCES

28, xn;uenn F.; Jezequel, J.F.: and La Meliaue, A, (19'/5),
_"MIn Situ Shear:Resistance of Clays", Proceedings of the
Confereice on 1o Situ Measucements of Soii Propereies, ASGE,
Vol 1, .pp. 2245,

Amar,

Enve! 1bpes , Journal of the - Geotechnical E‘nglneerlng Division,
?roceedmga, ASCE Vol 102, No: ‘GT11, . I

& Marine Clay"; OF£atior!
(BOSS) con@emnce, Lbndrm Englnnd. 4

Bell, AdL, - (1915); "Lateral Pressure and Ruunﬁce nf ;Clay and °
the Suppom.nﬁ Pover 0f.Clay Foundations', Proceedings,
111!!1:“(10‘“

ad. Bearing Capacity and Deformation of Piled Foundations,"
Proteadings.of the Sth Intemational Conference bn Soil
~and " e Parid, pp.. 1115,

» Burel, M. and ‘Wack; B ‘ (1561) 3 icontEibition &’ 1!etude
e la fnn:e portsnta des. fo\mdntione » Proceedings, of the 5th
L n' Soil and ¢
zqgmuung, Pgels, 7 pp 603—609. : L 3 ey

Bishop, R:F. 'ﬂill R. and Mott, N. F. (lQbS), "The Théory of .
“Indentation and Hardness Test", Broteedingsof the. Physical
Sottety, Volv—}}f“pl’ 247~ 159, Ny

\Brinch Hansaw, 3. (1961); "A Gen!rul Fornala fo Bearing Clpacity
Bulletion No. 11, Danish C -4
Pp. " 38-46..

(1970). "A Revised md Extamll Furmull (ur
ty", Bulletin No.- 28, Danish G:Btechnital

(1953), "The: lurlng Caplcity of Fncn.ng
“Two-Lager Cuhesive Sofls", Proceedings, ‘3rd: Intetnur_innal
and F

yvu. 1 pp. 331:-335.

vCllagranﬂa. Aend Shmwn. WL, : (1949); "s:nng:h of Suﬂs
r. Dynamic. Londu" mnnncuan, ASCE;; Vol 114,

Chlrl +T, n., Smith, W G, and /Ziel.inski Au
: in S e- .

Fal.
xema Qcesil 76, TERE-M:

Civil Englneers. (Landoh). \' 199, pps 733'272~




13.. Charty T.R:, Muthukrishnaiah, K. and Zielinski, A:
"Performance Evaldation.of a Free Fi Pertetromet:
echnical Engineertng,

i -First Canadian confererice:on Mari
N ) Cllgary, Imm-n, April 1979. "‘4‘:5; .
14, Chxudhuri LS+, f(1979) ] "Free Fall Tmpact Penetration Tests in .
er. Thepls, Memorial Uui\vhxaif_y of Newfoundland, * i
[July 1979.

S: John'ﬁ:

c5A Seafliard B9S|1962, Buyrfad Tekityre ' (Roughnsds, " and 3
R Lay). ‘\Cans Stand rd Auuociatlon, Ottawa, Canada.

16, Cox, £.D. v(wsz), . 1y Symetric Plastic Defommation Sotls .
oy Soils Journal. |
L ofr Hech. Sef.; Vol 4;,pp.i370, - T - . i -

e n.yn u (1974). "Inucrmeu:ed Impact Penetrumeter", P, e
: s, Mevorial Undvereity ‘of. Newfoundlmd Cenadai. - ' ;

: S0il 180 e Bees, BLE: (1945), "Etuﬂas des Fond;:ions éur Pilotis et des .
i i " onditions Directés”, Annal Des Travaux Publlca de Belgique & . - A
45. ppy 1-78." G

5 119, De Beer, et (1967); "Bear: city and Settlement of Shallow ;
A X i Fowndations on Sand", y s, Symposium on Bearing
5, e A

& g Capacity and Duke 5
ot RN L I . A

: 220, e x..n.:, 7. /(1875), "The Ui of Tn-Situ Testing: fnr orth sea
e TR ¥ Sttdies" P‘l’!prln:a, Offshcre Eurape 75, Aberdéen, :
’ pp. 219 1-219.10. P K %

s Drozd. K 1965), s’ TifTuence. of Variable Mqtature cénc;nc e
¢ n Sénd .on' the. Rasul:s of. Dynamic Penetntion “Test", Proceed- .

LT *. < ings,"6th e Soil and
5, v gyt Founﬂlclon mginauing, Vol. 3, pp. 335-336. P Y % i
22, Dirgunogly, H,T. and Mifchell, JiK. (1973); "Statiec Penetration G d ©

Resistance of Soils", Research Report Prepared for:NASA
,Vashington, . et Ap:u 1973, University of

23, nfluence of "o

% Resistance",” N .|
n Testing, Vol. . . 1
n Tes o

“European
II, PP 133-139.

a4 nuzgmoglu, BT, md uikchell, .k, (1975, VStatic Penetration
; £ -Soils, ; luation",
. .of .the C ice on In=§itu sent.of Soil
ASCE, Vol.' 1, fp. 172-189, Tt v
gl 2

1974.; European Sympositn’on Pene én Testing, Stockhol: g




" Meyerhof, G,G.. (1951), "The Vltimate B!nrl)\g Cupuclty of
301,

'Meyerhnf_, G.G:

Vo
.Junk 1974, Vol. 1, State-Of-The-Art Report: s

Fetgusm, G.H., HcClelland B. nnd Bell;"W.D. (1977), "Seat]
Cone|

qf Ocean
Sedthent Sezengeh’s The 9th of fehore’ Technology Conference, s :
OTC 2787, Vol: I, pp: 471-478. ] o

Freitag,, D.

, Green,. A.J. and Melzér, K.J, (1970); “Pgrformance B
jon of Wheela for Lynar Vechicles", U.S. Arhy Englneer .

smm. )‘L{s!iﬁslppi Technical . ¢ =
Report: ¥-70-2, P ) S

Giaham, J,,-(1968).) "Plastic Failure In 'Cohchionless snu“ .
H Geotecfmique, Vo}. 18, No.'3; pp.;301-316. i

B, ) MK. | (1966), d a1, Soil ;“ 8% o o

v1|l£11 Book Company Publicatious.

(1965), 'Bearing Cuplcicy of rﬁmd.mn with ombuzaen ekl o
S6ls-Soils, Vol. I, No. 13’ june 1965, ppi.1i-18. .

“Janbu,. N. and. Semneset, K. .(1974) xffecuv’ Stress Interpress -
_tation of In-Situ Static Penetration .Test Yrcceedings, L
ESUP‘I’, tockhola, Vol. 2.2, p o A I

Johnes, I (1976), "The Use'of ak Tipact Penctrometer in Remoté

Sensing |Study of fhe Sea Bed Properties", 2nd CSCE Hydru:ech—_
nical anfetenne, Aclantic Reglon, Auherst, N.5..
’

Lembe, T.W. |(1915), "Soil Testing for Eagineers", Sebi 'm Soll
Engineexing, lst edition, John Wiley‘un‘d Sops, - Tnc, . A

4 e

Lundgr J. H. and K 1(1953) 5 by’ the Theory
L. of Plasticity of thelBearing Capacity o Contfnuous. Footings
on Sand", 3rd Inte: on'Soil
and 1 va1 1, pp. 409.

. oA et

Lune;, T.A. and Witchell, T.K." (1977), "sandStrength from Cone |
PanetrAt‘lon Resistance", Report: of Civil Engineering Dept.,
' ‘University of California, Berkeley, September 1977.

Melzer, K.J. ‘(1974), "Use of WES Cone _Penetrometer 1n Cohesive
Sot ESOPT 1974, , Voli 2.2, Pp.

263—165. °

Foun uunu", Geotechnique, Vol. z 2, -pp-

Hey!rhof G G. (1955). "Influnce nf Ruughness of Blse und
Ground Water Conditions on the Ultimate Bearing Capacity.
" of; Foundat1en”, Geoter.lmique, Vol.'s, pp.:227.-

(1961a); "fe Virinate Bearing Capactéy of Vedge-.- .. \




. 40,

48.

49,

5L .

‘Nwmu . A.\md xnm.-th. L., A

192 .

Shaped % s, Sth Confer-

ence on Soil and Vol. 2,
?p. 105-109.
_Meyerhot, G.C. I961b), £ Shallov Foundations
Influence of the Disensions end the shape of the Founde- !
tions", S5th snSoll -
and ¢ Vol 3, pp 193-195.

Meyerhof, G.G. (1963),, "Smle ngt lueuxeh on :he Bearing
Capacity of aradian Jo\m\-lf
9 lo. 1, pp. 16-2¢ s

Hayethn! 6.6 and Brown, J.D.:(1967),.
city of Footing on Layered So

"Discussion, g
Proceedings; ASCE,

Angle on Penetration Resistance mg)my Research Béard:

* /No. 405, pp. '51-59,

2 Nowatzki, E.A. and Karafiath, L.L.. (197!), "Soil Machnnics (m‘

Offroad Vehicle Pngineering", Series on Rock and Soil -\

Mechanics, Vol. 2 (1975/77), No.:5, Trans, Tech. Puhnuunla \

Prandel; L. (19209, "Uher Die Harie Plasticher Korper”,
richten Von Det Cesellochaft Der Wissen Chafted Zu
Klasse, ‘7p. .74-85%

Ohde, J. (1936) "l'hl Theory nf Earth P:euun With Spe:hl
Reference to Earth Pressure Dbtributim" llutechnﬁ -
16:150-761. + g

uady. A.S: and u.u.-..,n.J. (1967), “Bedring Capacity e

Footings on. Layered Clays", Procerjinu. ASCE, snz/u.x:h
19675 pp. 83-997

Reissmer, H. mzk) “Zum Btddmhtublm , Proceedings, ‘Ist
Interpational cfmguu of Applied Mechanics, pexfc 2
295-311.

sanglart, Gi | (1973 "m Emetrmeer and s«. zxp;u:ﬁzm"
i Elsevier - 5
Publ lh1n| Company. Voo p TG a4

T, (1974), l uu P
on ‘Quasi-Static’ Cone Bearing, q

an 7‘ 3; pps !Q—ssz.

1.7 (1975), leaguismint of ITndSiu Sher se:mgth
of the ConfdPene -Sity
" Soil hmuu-, ASCI. Vol. u. Jm 1975, pi

i
-l




- . 193 3 :
. 5 - ] 3 \
\ . )
\ i 52, Sknmptm, % 1951), "The Buring Capacity of: Clays", .
A edings; Building Research Cm\greus, London,’ Vo! .1. K
7 i pp. 80-189.
53 Suknlnvaki, V.Y, (1960). tice of Soil Media", 2ud )
e i (translated from Russian by n H, ' Jones and AN S:hnfizld),

Butterworths, London. L ey :
Sk Terzaght, K.\ (1963), " '

fork.

Fre 1“& ¥ (1970)-;

Turnage, C.W. D. ;
gze:on Sotl Penm-um neumnce

Velocity an
[Paper 69-97

55.

ep Fouidation

56 Vesic, A dn'
: “San No., 39, pp: 112—135

zlng Caplcity nf‘
R lu\tch Board Record;

L(1972), "‘Expansiun of Cavities in' Infibite Sotl
Mass"; qun'\al of S6il Mechanics and Eo\mdatl mvn;m. Ny
* -, ASCE, VoL_ss o, 'SH3;. py

d- Lllth‘ H., .Y.< (1972-), ""Rate Effaccs in': Snil e
Joumal of Terrmachunlcl, Val y No. 3y

et Luithy, BJ. wm), VBestcraance’ of Elabe saii a7 L
51.-:1;; n C1.y ». Tran -cunn; O ASAE; Feb. 1972, - RS
Wo. 1; pp, 211-216 Sz

60, Wtsme

- Citting
o1, 1!

£

S5
61. °, Zuidberg, H. (1;75)'.
2 Rig",




oy ¥ APPENDIX A

Y ) : SPECIFICATID\{S DF THE smm GAGES.
IR PR USED".IK" THE ysummmxs

Y’ nnd nzger afd Ipprwxmtaly 31 for. ‘gage, uum
,undet 118" (3.2 m).
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e regult m .greater. emln
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APPENDIX B

APPLICATION OF PLASTICITY THEORY TO PROBLEMS
INVOLVING PENETRATION RESISTANCE

4 finite difference approximation based on the method of character-
ist1cs vas used in the numerical analysis of the differentiai equations
of the axially symetric case which is applicable to penetration or
bearisg capacity problems. To derive the differential equation for
the sxtally symietric ‘case, consider the equilibrium of the element

shown in Fig. B.1. The main differénce between the axially symmetric

case and the plane strain cond f is .that the al stress
s theé intermediate prineipal stress (ag and 15 equal to the i
principal stress (s). Because of the axial symetry, the formlation
of the, equilibriun equations is done more effictently, {n polar coordinste
Az Tz Ty
are the stress components acting oh the soil mass. .The principal stress

as shown in Fig. B.1, where the symbols Or Oxs Oy T

directions and oriéntatibn definition,are analigus to those of the, plane

strain case given by Sokoloveki (1960) and e shown in Fig. B.2. The

‘angle 6 1s a function of the local stress state within the soil-mass

and therefore Sokolovski proposed the general relationship:
8= (1 -K n/b+ (KA - 6)+ nr ¢

where c 2

obliquity angle in the c};nicnl.aou mechanics sense i.e.
6 = axctanfv, /(o + W]}
&= arc sin(sind/sing) . ° . s

K = +1 (pasBive); -1 (active)
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n = any, integer; usually 0-or + 1
Axial symmetry requires that the shear stresses ‘).l and X;r wvanish so
that at equilibrium the summation of the forces in the r and z directions

ylelds:

20, /0% + ¥, /92 + (ur.,- oda/r. Lt . g [BJ-‘I .

S /arl %, /a:¥v+;n: /r‘?ﬂ 3

The basic ; of\the ransfo: 3 of st
e E 3
between stresses in poLur coord!.mtea lnd principal stresses when
5oy mogtess s o
g 212 %
. =, + 0 )2, + Qlhla, Tl - B.3a]
4 i T 2,172 &
§ Loy oy ¥ o2 - {1/ate, o AL 1B.3b]
ox oy i { B3l
N v . -
From which’ !
oy +w3)lz¢ (a - 03)/2 cog'26 T [B.4a]
= 9 f,“zl? ~o 3/2 Cn!HZl.! f> ('x.m
/280 28 Dhudc)

S\lbs:itnting lqultimu (B. A) i‘nto Iqu-timu (B 3) mﬂ followins the
umg nlth&mtlcll pl‘ubedu!e delctiv by Soknlawk! (19‘0) and given

in ¢e:-n.hy Naunad ad xmnnh (Bn) the mmvm g!nerll

Sy
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differential equations are obtaided for the axially pmmetric case

(=1):
4t dntan (k) ¢ <7 BLsal

don # 26 €and 40 - (dz + tang dr)y + no/rlsing dr + tand

v 5 4 sita .
‘ L g e g tan N + o) \"“ .
g‘_ s D M+Zutmods—(dx*!w¢ﬂ:)y+ e S d
ol totnd dn.t raie (1 & atniydzy w0 LA ey
The n i 9
L . A R L I
: R e ;
‘ . : R
\ ; - K o
sl [B.60)

o4, *2 tane, "1—1,1 1—1,1 . s Lalee




C= vlgy 4 — 80,y - tandlry g -
B b P
- v(z1 3 AL +eand(r, g -1y g 9] »

. - The expressions for r and z in'this cage aré:

Using the

The g béana Ty s axe ll.-ply

1 ducrip— g
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amount of cohesion is”sufficient to insure stability of the holé for
7 .
small depth of penetration, and therefore, the program is valid only

for cohesionless soils.

The boundary condifions at the soil-cone interface are of the
"GOURSKT type (Hary 1966) that require. the ;peuucsciun of a relation-
ship for. the seometry” and another one ‘for the directton of the major

s pzipeipu priees, The fitn rel-tlanuhip 16, defined by he angle. (8)

vhiuh the incerfaqe m‘kea uikh the horizontul vhile the , “latter. cnndi— ‘.

o i sacilﬁed by a mmg “that. the directidh of o) 1s, constant dnd

p!ciflud mgll of 1ntlrince frlction (6) For these

“corresgonds.to

S 'the nu 1 0 ithe ‘s1iy 11na He1d geometry
2 ° i

and-the aésacxa:ed*s':msm 18 atraight forward. The stress v boundaty

condition on the ho!iluntel plane through the’ blse of the come is given

" by the surcfiarge and’ overbnrdan pressureyD (Fig. B.3): - 7

oDl s . C ot e

The |H.p-11ne fuld and a ocllud sr_:enea 1n the” pauive zone: are
cam-putad by Huations ‘{5, 6 -cmmg with these boundary values.

-'snduu 225 value “for't

e ho:izmul extent of the passive zcme

(Lg Jd).. ‘In the radial abelz zone, tha nme equtiml are used, m

.mm connderatim u siven 'to thn un:n1 point. (0) whm the i

vlinn conmge. (Tle" potat s 4 degenerltaﬂ o145 1ine, wheu o Chasies

ve huundary tn :h.-t -peciﬂed at the attive

“from its v-lue at the-ps
Toe

“Zone hmmdny. X Pomé (0) is"called au;«ln points . In nmrical

¢

snlutlon prnceduze, !he slngular pa:lnt u 'b:dﬁed by dlv:lding (he
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total change in 6 by the number of i-lines converging at that point.

This result i an equal 48 increment between adjacent i-lines at the

singular point. % T
ok . i
¥ apussivg = 0.0 [B.8a]
- “ lctive = (1 ~K)m/4 + (K4 - 8) +nr o .‘»[!}.%!l
3 s = ‘
The o values' €or nch ;u\cramt are computed from- the equation:
o= cexp(l(a -0 } tnM) L3 , {B.8c]

With these Values of o aid fox each slip nna at poLn: 0, :he
coerdinnr.:l as ‘well an @e o A||d 8. vulu:s fo‘r‘nll othgz pnlnn in the
radial shear zone can ‘be computed by Eq\mtinnu 8.6]." -In the active

* zons the ‘seme’ equations ate used, ‘except for: the'-points at the 1o5d=d/

- surface of the cone itself. Here 8, , 1s assiged and the following

B
conditions pertain (iiowmki and Karaffath 1978): R |
F " ‘_ = 1
g g By Tt R t1 ) tand [B:9a)

v [1_1 : umz(a“

% s W TY e Zo]/E."“[:(ei.J} 8
; . %

ot 15 nnﬁ'] ”

1,7 01, F T30, 7 O, tane ¥
SOy, Ay y)

* where:

CB'= complenent ‘to half the cone 4psg—l|;;1€.

B.9¢]
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wo= /b -8/ :

o = depth to which bage of cone has penetrated
Ry = radius of “cone base

The numerical i 18 pet: and nade, using
iterati 1 » to the va & 4 for the ontal extent of
the pnuulvz Zone mtil :he ullp line :um clnaes Accntdlﬂg to the .

b required .ccumey. on the ulu of, aymetry

the apex of _:he cone

A: this s:lge, the rn‘ lation for: pene $ ince anr:s, ..

P ;‘[nn Sin(s/2) + tCos(d/2) ]t o [B.10a]
i ¥ ;
where »_ 8 .
T = (g, + W)tans. o ) s (8.106)
% ' £ .
therefore ] “

e

'(u Sin(u/z) +o, co.(u/z) nn6

it ‘b Co!(n/Z) t-nu dA i . .

'rhe method oi cnmputation ou:li.ned nbuve 1is well sultzd for. the’ >

,analysis of the effccc uf various mpu: pnwu:ez- on’corie p tration

téstatance,  The output of ‘the given cempum pruxﬂn 1a the aldp Line’
Held and :he it p;nurntinn esmmce nc ‘the requa.red depth., o7

u) “eontrol cdrd (21 10) .

Colums . 1 5’ Namber ‘of dm'
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c 11 - 20 Ndnber.of depths at which the above ;
; dats sets ave to be used: 0
b) Slip—l!nes charscteristic card (F5.0, 625) P
b Colums, 1 -5 assmed length of passive'zone i o
i\ ® asiy ;

-i’s e uf‘j—ul‘iﬁ;lines IR

16 =25 fiumber of 1—51;,, Ithes -7, -w o Yo

55 - 65 1-line Atlr&!

£ pmetrmu:er and o1l propertiés card

" <Golumis | 1-10 pe.\mmm ddametex (B ~ DIAY)

penstronater cone angle’(2:’~ ALFA)

ﬁen¢§mze§ £0 sotl ‘friccion angle
3 (5 - nzm) E
e g

b 3 K] e \mit w&ighc of loﬂ ('v GAMA)

u'- 50 unher!.orn of g0l (c  coisy”.

‘d) dnpr.h versul fr!ction lnsle clrd

1.

V124

e Te niu - Also N c-rd- of penetm:er \mi soil pzopertisu

-/
. e needed.
7
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L . o . x
A.‘T’Im M-sets of points, M cards of depth’versus friction

angle -are required for eich of the hbove set:

% Dutgul: of the’ Computér_Code ", i et B

(anid gotl mpeum are pmud out, Kot ; eich
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A COMPUTER PROGRAM FOR THE DETERMINATION OF L
_BEARING CAPACITY FACTORS OF CONES

This computer program 1s criginally written by Durgmoglu and

v

Mitchell (1973) ‘to calcuh;e the bearing cupaciEy factors N, und

2 7 L of ‘wedges and conés at fricion angle. intervales of 39, m the:
" . present: stidy the progran vas modifted o, caltulate. the unu penetr‘— §

T T R S PHSa———

tion resistance.of cories. mx obtain the output ;&su ﬁm:tian of depr_h

" and'relative dapt_h. s ™~ h G 4 i

i The - ‘program conisdats of ‘a. mn ‘ogram u or uy ‘and " ‘one. ms:aume PR

w0 (MNG).. This subrouttne culcul-taa i - Prograns (“c) mnd (82

| Angle B is.calculated in

the wnit t

the main routine and Equation [15] was used for the shape factorsi The

at-rest earth pressyre coefficient was assumed to be (1 - sing).
. B v \ > .

D lngut .
K Control Card (110}, ¢ ... i PSP P
1- 10 Nusber of data seu':n be calculated.” 2

: : Colums

, 1520 uudbe: of ‘depths at which- the' sbove s’
5 oy o P
/ : . ; e n:n ‘are o be-used. ! ! -

Wicards edch (mo) T B A

Col\ma 110 Senl—l?ex nngle of; r.hh cone (a
11 - 20 Raughnuu cf the penetrmter (6/0 &) FAS)

Y g N 21 o Unit weight, of. soil 1 -cm)

40 Dismeter of the penetrometer (B 5 DI - .

cards 'each’ (2F10)
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. -
Columns ' 1 - 10 Penetration depth (DEPTH)

11 - 20 Friction angle (4 - FI)

Program Output
The £inal output consists of unit penetration resistance, N_ and

% factors as functions ‘of depth and relative depth. : H

4 Deducing! of Angle of Internal Friction (4) from the Above Computer:

LI w 8 puviou-ly a-mnatu(ed in chuptzt s that. t.ha angle uE

oA !nml friction 0 can be deducéd: From |:||e relultl of cone. p!n!!tl

s using o' procedure such that by D

) ' and mmfau (1975) ' This computer program cah also determine . 4f -
the gone -pex m;u. penetrometer roughness, and nln:xv. depth are
known. Figures C.1 and C.2 show the Telations betwees X o and ¢ for
- dttfirent relative depths obtpined fiom the computer program, _From
the results of pmu’“i7n resistance, q; 18 know from which N ;‘.n :

ISR ulcuhud [Co gflv_u). Fiom the kiown value of the ‘relstive s
depth, the cnrrupomll.n; angle ok faternal friction cen be de:m!.ned )
using Piges C.1 and Ci2.-. «
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