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‘' ABSTRACT 2
Some arctic offshore gravity structure designers have
' §

.~ <

"proposed using, short rigid ("spud”) piles to increase the
(

resistance of the structure to horizontal 1loads.. An

evaluation of the effectiveness of this concept has been

carried out. This evaluation initially involved studying how

-

gravity structures are currently desiéﬁéd for hori%ontal
loads and determining the lateral capacity of single pile.
Subsequently the literature review proceeded to attemé;ing
to evaluate the horizontal capacity of’groups of piles: it
was decided that the utility pile groups had in incréasing
the lateral capacity of gravity structures depended upon the
ultimate capacity of the pile }groups under ~horizomtal
loading. . ' . N
Tests on model piles and’” pile 'groups in  a bed of
compacted clay were carried out. The objective of the tests
‘  was to _eohpare ‘the capacity of groups with a similérli/
~* loaded siﬁéle p(ﬁe, not' to .estimate the 'capacity of
p;qtotng\groups. \
,Testsiyerq carried out on 4, 9, and 16 pile square
Agrcqgg in a c§mp§cted Aow plgsticity_clay. The pile heads
were f%kéd rigidly and the ‘group was made 'to undergo a
simple horizontal translation. Total.léad on the group was
. ~ ,
N (fE;;;Bed. The spacing é;tween the.pilés was vgried Setwegn
1.5 and 4.0 diameters, centre to centre. = {

!Thé~;§pacity of single piles tested was consistent with

predicted values. However it was foundehatgthe efficiency

!

iv
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S . . .
of t?e large group%x}estec_was very .ow. The resu.:ts show

that for all.configurations tested, behaviour is control.ed

4 ’ ks -

by the,pile'dimensgbns. Under some conditions interference

between piles 1n a laterally loaded gfoup can: be greater
AN , .
than previously believed. The results of these tests railse

guestions about the effectiveness of tﬁe copcept of
_ °.

enhancing lateral resistance ' of  offshore structures

utilizing piles.
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T. INTRObUCTION
As hydrocarbon exploration In the southern Beaufort Sea
begins to meet with success, des.gn aﬁd research efforts are
being directed 1i1ncreasingly at productfon concerns. Design
and construction of pPoduction stuctures will be subjected
to a number of enviromental loadings and constraints.
Among the constraints are ‘the regquirement to avoid
‘on-site construction, short weather windOws in which tc¢
schedule construction, and the possibility of pack 1ice
invading the site and preventing access. These factors have
led to a preference for a prefabricated structure which
could be floated to the site and seg down quickly. | .
Enviromental loads include waves, Syrrents, ti1dal
surges, and winds. However the most critical load 1is from
ice. An extreme event could be an impact by a floating ice
island ﬁp\to 50m -thick. Current estimates are that ‘an ice
feature'of this size could apply a horizontal load of up to
1—-24.5 MN per metre of structure width (Gulf Canada Resources
Ltd.,1983). Obviously a load of this magn{tude makes the
late;él\spggélity of the structure a significant problem.

It is éenefaily considered that gravity structures,
rather than the conventional pile supported jacket:
sﬁructures found in other offsho;e oilfieids, will be used
in the Beéufort. A gravity structure 1is essentiallp aﬁﬁ
structure with a shallow foundation. It is termed a gravity

structure because its stébility against overturning .and

sliding come from its own wieght. However in soft cohesive

.



sci1ls. it is/’possxble,if not probable, that the si:ding
resistance developed by the structure will be i1nsufficient
to resist the load applied by an extreme ice feature impac:.
One proposed exploration structure, the SOHI® "SAMS"

I (Gerwick et al, 1983, Bea et al.,1983, 1984) proposes the
use of{'spuds': short vertical piles beneath the sgruc:ure.
Th§se piles afe installed through slkeeves in the structure
in 6&der to increase the resistance to horizontal loa@s. The
SAMSHis still'a_gravity structure; tbe p;leé play Qo rolg in

supporting vertical load. The sleeve connections between-:the
-

.

strucure and the piles prevent them from providing vertical‘
resistance. . . . g ﬁ.

' The SAMS was to be an octagonal structure 105m wide. It
was to be stabilized with up to 36 spuds placed around the
perimeter. The designers felt; after suitaple anélysis; that
the 2.13m diameter piles were sbaced.sufficiéntly apart to

allow each pile to mobilize very close to its resistance as

. an 1isolated pile.

& Because of its role as an exploration structure, the

SAMS was designedv to resist foundation loads due to. ice
"’%impact ~of between 360MN and 580MN or between 4.3MN/m and
5.5MN/m of structure width. As design of production struc-
tures progresses, it will becbme logical to ask whethernthe
spud concept can be exteﬁded.to resist the higher loads that
these structures must be designed for. To resist higher

loads greater numbers of spuds will be,required; at closer

spacings. At this point ‘the designer must become concerned



(S

about whether he can depend on each pil.e t¢ resist the same
ultzmate load as :t would if it were 1isclated. 1f he
cannot,ﬁe needs to know thé magn;:ﬁde of reduction tgat must
be made and whether there 1s.a limit to the benefits that
can be attained by the use of piles.’ ‘

- It is the purpose of this thesis to attempt to answer
these questions. In the first three chapters a review of
some of the various components of the pfoblem will Dbe
undertaken. Subseguent chapters will discuss tests on model
pile-groups carried out for this study.

In Chapter 2, some’ of the theorie§ and practica.l
experience 1in the design of an isolated Fingle pile under
horizontal loading will be reviewed. Chapter 3 will review
the components of the stability of gravity structures with
conventional foundations. Then, in Chapter_4, a review of'
what 1s known about pile group behaviour will be made,
concen;rating on the ultimate lateral load capacity of pfles
) -~
in groups. 4

Because the available literature does not adequately
address the concept of how proximity to other piles affects
the wultimate resistance, especialfy for farger groups of
short ‘biles, it was decided to undertake ‘model\ tests.
Chapterﬂ 5 discusses the justificatién for and ‘philosoé?ff
behind the: tests. The ‘apparatus which was designed 'and
constructed for the tests iékdescribeél Finally in Chabter 6
thé results of the tests are déﬁcribed and thelimpact of the

results on the viability'bf\gre‘Spud concept is discussed.

- -
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2. HORIZONTAL RESISTANCE OF SINGLE PILES

2.1 FAILURE MECHANISMS

The failure mechanism of a single pile depends on the
combination of apglied moment, applied horizontal force, and
assumed soll reaction. All piles excep: for rigid fixed head
prles, will have at least one point of rotation where the
so1l reaction will act in different directions. Bébending
upod the members lehgth, strength and 1its condition of end
fixity, the pile could fail 1in one of five different‘modes
described by Broms(1964). Thege modes of failure are shown

on Figure 2.1(a-e), and are dgscribed in the following

section. ;}

¢

2.1.1 Short Fixed Hﬁad files (Figure 2.15) '
This pile exhlblﬁs the simplest behaviour. In this case

the st:ugural capaC1ty is not exceeded in any part of the

plle.°?he pile translates through the soil as a rigid body

and the resistance 1is determined by the strength ¢f the s0il

alone.

2.1.2 Short Free Headed Pile (Figure 2,1b)

. As with the first type, this pile does not have its
flexural capacity exceeded. However because 1t has no end
fixity, 1t must derzve rotational restraint from the soil.
While the pile top tJenslates in the direction of the load

the pile also rotates and the tip translates in the opposite

\

e\
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direction. The reslstance :s aga.n cependent on the strength
cf the soi., Dbut now 1s a.lsc dependent on 1ts st:iffness.
This is so, because near ':he pcint  of retation  the
displacement of the pile will be small  and the degree‘:o

which the strength of the soil 1s mobilized w:iil. depend or
. ) € ’ » <
1ts stiffness.

2.1.3 Intermediate Fixed Hesad Pile (Figure 2.1c)

In this case the mament capacity at the head of the
plle 1s eiceeded and a plasti hinge forms. Therefore the
pile will rotate until additional restraint 1s provided by
the soil. Horizontal capacity 1s now dependent on moment
capacity of the pile'cap as well as soil strength and soil
stiffness. Sample calculations show that the yield moment o§
even the heaviest walled steel pipe pilles will be exceeded
1f the pile 1s longer than 10 to 15 diameters in all but

very soft soils.

2.1.4 Long Fixed Head Pile (Figure 2.1d)

Two plastic hinges have now formed, one at the pile cap
and one in the soil. Above the lower plastic hinge the pile
rotates and tfanslates in the direction of the locad, while
below the lower plastic hinge, the pile rotates slightl; to
develop soil reaction to resist the moment. Capacity 1is

dependent on pile moment capacity;capacity at the cap, soil

strength and soil stiffness. Relatively larger pile
/ s



A N - - < -
di:sp.acements make sc:. st.ffness & ‘parameter <cf less

rmportance.

2.1.5 Long Free Head Pilé (Figure 2.1%e)

A pilastic hinge forms in the soi1l only. AS with the
long fixed head pile, <the wupper portion translates and
rotates, whilile the lower “portion rotates only. Capacit
depends on pile Moment capacity, soil strength, and soi.

»

sti1ffness.

2.2 METHODS OF CALCULATING HOQRIZONTAL CAPACITY

1f a so1l reaction disf}ibu<ion 1s assumed 1t becomes a
fairly simple matter of determining a combinqtion of
ultimate horizontal 1load and moment. Various authors have
worked out solutions for simple soil reaction distributions,
and these are given in Table 2.1,

There are significant differences betwéen the methods
of the various authors because of different assumptions made
to make the 'problem statically determinate. As an example,
Broms' solution for a short free-headed pile in a soil where
the reéction has a triangular distrithion gives a load 33
percent more than the Poulos and Davis solution for a pile
20 diameters long with the load applied at the soil su:face
(Poulos and Davis, 1980). '

Alternative more sophisticated analyses treat the soil
reaction along the pilg_as a series of nonlinear springs.
Relationships describing the behaviour bf these springs are

- . | ) } o
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cften termec P-Y curves. Programs have been wr.sten tc mode:
the p.le-soil interaction, and can include non-liinear and
second order effects in both pile and sc:l behaviour(e.g.

© .
Nordal et al, 1982).

The common method Qf determining P-Y curves En Nerth
American practicg 1s based on research reported by Matlock,
Reése, and their cc-workers (Matlock,197p; Reese e:
al.,1974; Reese et al.,1975; Reese and Welch,1975; Sullivan
et al.,1979). P-Y curves have been determined empirically
for four types of soils (soft clays, stiff fissured clays
above and below the water table, and sands) by laterally
loading instrumented test piles. P-Y curves determined by
this method are intended to simulate the féct that the so:l
1s a continuous medium. Except for soft clays, the method
for each soil type is based on tests at only one site. The
method for soft clay is based on results at two sites.

Other methods of determining coefficients of laterél
reaction are available. For instance there is a method
developed by Grande and Nordal(1979) based on work conducted
on equilibrium stress fields around piles. The P-Y curves
are determined by solving for an egquilibrium stress field
using strength and stiffness parameters determined for the
soil by laboratory or insitu tests. If the soil for which

! .
one ig'designing a laterally loaded pile is dié%)milar from
: : R
the soils gi the sites used to develop the empirical rules,

this method may be preferable.



n

Beneath & grav:ity SsTtructure, pi.es w.l. ac:i mCs:

=

effectively against latera. .oacs :.f{ they behave as shcr:

fixed head piles. The res:stance ©of these pl.lies depends on
soil resistance only and they are intended to utilize the
available soil strength.

On a sand foundation, the structure can be made heavy
enough” that the design horizontal load can be resisted by
friction. Stub piles are a potential solutioﬁ to a siiding
‘problem only in clay. Therefore what Jfollows wlit
concentrate on determining the wultimate resistance c¢f a

cohesive (¢=0) soil to ® laterally loaded pile.
2.3 SOIL RESISTANCE TO A SINGLE PILE

2.3.1 Theoretical Considerations
The ultimate resistance of cohesive soil to a pile
moving through 1t 1s usually expressed as:
p,=c N d ~ (2.1]
where p, is the wultimate resistance resistance per
unit length (FL™')
d is the pile width or diameter (L)'
c, is the u&draiggd shear strength (FL?)

u

N, is a pile resistance factor
A

v

Various theoretical values of N, have been proposed. Two
CLasses of N, exist, those calculated assuming the pile is
at great depth and those calculated for the near surface

condition, where three dimensional effects are important.



‘ 2.3.° .. Res:stance at Great Depth :

t great depth the So.. .5 asssumed tC mcve only 10 a
- I
n

tal piane, generaily being thought t¢ flow around the

g

hor:i:zo
pile. Most theoretical soliut:ons treat the latera..y iocaded
pile as a strip footing at .great depth and then neglect the
effects due t{ gravity. Using slip line theory, a number of
resistante fa&:ors (N)) can be determi:ned, depending on
-variations in ;hape and surface roughness. A number of cases
given by Broms(1964) ar;‘shown in Figure 2.2. The values of
N, vary from 8.28 to 12.56.

A slip line solution for circular piles has been
obtained by Randolph and Houlsby(1984). Values for N_ are
very similar to those obtained for sqguare piles. p=9.14 for
a smooth pile and 12.56 for a rough pile. These solutions
are also summarized on Figure 2.2,

As might be e%¥pected Figure 2.2 1indicates that the
roughnesg at the pile surface can have a significant effect
on the magnitude of the ultimate resistance, ub to 35
percent for the diamond shaped pile. Vertical plates provide
the greatest resistance, followed, in order, by circular and
diamond shaped sections. Unfortunétely the plate 1is nof a
‘practical section for a pile.

The theory of the capacity of deep- foundations
developed by Meyerhof(1951) "provides a good basis for
understanding how the ultimate capacity of the hor&zontally

loaded pilé iss developed. Using this theory wvalues of

N,=8.28 for smooth square piles and N =8.85 for rough square



SLIP PATTERN SURFACE RESISTANCE
FIELD FACTOR N,
% ROUGH 12 56
" ~
% © SMOOTH 11.42
@ SEOOTH 9 14
SMOOTH 8.28

4

~

FIGURE 2.2 SLIP LINE SOLUTIONS FOR P!

L4

LE OF VARIOUS SHAPES

(modified from Broms, 1964, and Randolph and Houlsby, 1984)
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For sguare p.ies (Hansen, "S¢° . calculated a ve.ue of
8.2 for N_ Aisc for a sguare pile Reese('958) used a simp.e

block analysis tc obta:n N =12. He later (Reese, "975!

> / 3
revi*sed his ana.ys.s tc 1include wedges, ade obtained N_ ="
3
An aiternative analysis, usefu’;féi compressible sc:ilis,
hl

likens the failure mecha:?gm/ to the expansion of a

cylinédrical cavity. For an elastic erfectl iastic
Y

+ 1.75) (2.2]
For normal values of E/c_  wvalues of N_ range from about 7 tc

»

9.
Randolph and Houlsby(1984) consider s ction on the back

of the pile, or the possibility of free water in the gap

behind the p:le. Combining these factors with the cavity

expansion solution they bracket the ultimate resistance by:

g (o + P
h
ko ‘+ 7 < N <——‘-—o hd
V2 P

c (2.3]

u u

For normally cdﬁsolidated soils the lower bound 1is
about 9, while for heavily overconsclidated soils the lower
bound could be approximately 7.5.

1f one wishes to consider non—line%rity or sensitivity
of the soil, the method described by Ladanyi(1967) can be
utilized to give different results for the cavity expansion
pressure. Especlally for sensitive élays values of N_ will
be lower.

' - .
In summary, theoretical calculations based on

0

conditions of general shear indicate values of N, between 8
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and "2, whi..e ca.icu.at.ons bpased o cCa

from about 6 tC a.most ¢. This s & <on
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2.3.7.2 Res:istance Near Surface

Near the so0:: surface the so0o.:l .s nct conrstrained ¢

©

fiow horizontally around the pile, but may alsc mocve .0 an

upward direction. This leads to iower values of N, near the

~

surface.

Reese(1958) considered the passive resistance that a
wedge of soil the same width as the pile would provide.
Included 1n the resistance is the shear developed on tne
sides of the wedge. The expression obtained for N, at depth

H from surface for a smooth pile is:
H

- H H
N =2 + . 2.83 [2.4]
and for a rough pile:
- H H
N,=3 + - 2.8d [2.5]

u

where H 1s the depth below surface
7 is the soil unit weight (buoyant unit weight
for offshore piles)
and other symbols are as before.

Hansen(1961) made a similar anaiysis for a.smooth pile
but for the more general case where ¢>0. To obtain solutions
for a rough pile he introduced terms from the solution for
the passi;e resistance of a rough wall based pn‘log spiral
analyses. For smooth piles the expression he bbtained

reduces to Reese's equation for ¢=0, but for rough piles he
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(a9}

Hansen gropcsec  arn empiricael focrmusa sC "marrcy
together the "near surface” anc the "at depth” express.ons.

Reese .mpi:es a b:..near relat.onship, where the results cf

w

eguation 2.4 or 2. wOoulid govern unti. they exceed a vaiue

of N calculated four great deptn. -

2.3.2 Load Tests

There 1s some published data on the ultimate capa

@]

of a laterally lcaded piie. In genera., however, most 10oad
tests have concentrated on determining the modulus of soi:l
reaqtion or pressure-deflection curves {(p-y curves) and the
piles were not loaded to the failure of the soil. Also most
large«scale or prototype‘scale tests were made on long piles
and only the upper portion of the piles were deflected
sufficlently to cause failure of the soil. Most of the tests
reported were performed on free headed piles. This allows
the pile section to rotate ai_well as translate. Thus the
‘condit;ons in the tests do not exactly match the éssumptions
upon which the preceding theory was based.

..Broms(1964) reports that McKenzie(1955) determined a
value of N =8 from experiments. Donovan(1959; personal
communication, 1983) performed model tests and obtained N, of

about 8 for _high plastic clay and about 11 for a low plastic

clay.



) made “ests w.tn o oa Z.

ciays anc determi.nec <hat U...mate Capac.ty at degth was
9c . He aisc obta:ned an express:on for N near :?e surface
>

:n a sim:iiar form to that obtained by Reese theoretica..y:

N;-B - c S (2.7]
J 1s an empirical constant wh:ich appears to be spec.f.c

to each site. Mat.ock determined va.ues cf . to be (.25 and
0.50 for two sites. These values dc not agree with the
theoretical derivation (J=2.8) which seems tc imply that the
vertical failare planes forming the s:des of +the wedge do
not become fully developed. sfill, for full sized p:leé, the
maximum value for N, 1s reached within 3 to 4 pile
diameters.
Reese et al.(1975) performed load tests with 6 inch and
24 1nch diameter piles in submerged stiff fissured clays. On
the basis of these tests he recommended using theoretical
values for N,, modified by a depth dependent, empirically
determined 'A' value. i.e.
N, =A(H)N [2.8]
where B N; ls the resistance value to be used,
H d4s the depth, and
N, 1s determined from equation 2.3 near surface,
or is equal to 11 at depth
The 'A' vaiue ranges from 0.2 at surface to 0.6 at
depth. This leads'td a maximum value of N, of 6.6. However

it should be noted that the tests produced ultimate

resistance of the soil only for shallow depths.



maximum N =9,
,

Aga:n it should be noted that the ultimate res.stance

was atta:ined nnly to a depth of about Im. S:ince :the p..e

diameter was 0.760m, N at this depth was 'about 3.8.
Meyerhof (1981) repcrts mode. tests where the res:stance
of free headed piles was atout 3c Ld. This cocrresponds tc a
resistance of 8c d developing above and belowsthe centre of
rotation. He (personal communication, !'983) recommends a

value of Np=8 as a good conservative value.

o

Janbu(1881) 1is more conservative. For circular piles

-
-

N,=6 1s the recommended value. This capacity 1s developed at

depths greater than 10 pile diameters. N, tor square piles

can be 30 to 50 percent higher. No data is presented or
referenced to substantiate this value for N.. It may be that

the Norwegian experlience is influenced by the prevalence of

\
sensitive clays in many parts of the country. ~

=

‘&
2.3.3 Load-Deflection Response ‘ ?
Although the scope of th{s ‘thesis 1s generally
concerned with Qltimate resistance of piles: to lateral
loads, the load-deflection response of the piles, especially

during post peak behaviour, is important when assessing the

poiential for progressive failure of these large structures.
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o
A cause for concern 1in th.s case wouid be a load-deflection
curve which exhibitec a significan: drop frdbm  peak

wrésistance to residual resistance at large defliections.

Matlock(1970) recommended load-deflection curves for
uée with soft clays. He fitted an exponential function to
the 1initial part of <the load-deflection curve, with a
horizontal line defining the peak resistanze. No resistance
reduction is observed for static loading. Under cyclic lgads
1t 1s noted that resistance ls reduced at large
disglaceménts. The drop 1in res;stance at large displacements
occﬁrs only near the surface when soil deformation around
the pile is three. dimensional so that N, is less than 9.

Reese and Welch(1975) found similar results for a stiff
fissured clay. Reese et al.(1974) fom;§ no reduction.in«f
resistance at large displacement for piles in sand.

Conve;gng, Reese et al.(1975) recommend load-

J displacement curves of the same shape as the stressi§xggin
curves of the clay 1in submerged stiff clays. At ‘éepth,
residual resistance is predicted to be less than 10% of the ,
peak resistance and at the surface residual resistance.is'
zero. Intuitively, one wculd not expect sucﬁ: a drop 1in

hresistgnce for a léﬁe:ally loaded pile. As the pile section
moves tﬁfough the soii it is continually coming Wwp against
previously unsheared soil. In fact, the data presented by
Ree%é-et al. do not appear to support their é!bposal for
such drastiq reduction; in resistance. Except very near the

sprfaceffwithin two pile diameters) resistance does not drop

s L 2

b

"4.’ . .~
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significantly. It seems l:kely that redQctéon 1N resistance
at larger cdisplacements s only assocra;eé with scoil that
fails by moving in an upward diréction.

Theoretical consideratiéns appear . to support the vtew

< O

that no significant reductions in resistance are possible.
Methods of obtaining load-de{lection curves from the theory
of cavity expansion developed by Ladanyi(1963,1967) can be
used to gain insight into pile load-deflection
relationshiéé. Even with a clay of 1infinite -sensitivity
(Cr=d) no reduction in the expansion pressure is predicted_
although the magriitude of the expansion pressure 1s affected
by the post-peak resistance. (\

Working at the problem Erom ‘the other direction,
Ladényi(1972) also develdéped a method of determining soil
stress-strain curves frof pressure—expénsion curves. If one
attempts to dérive a soil stress-strain curve from a
hypothetical pressure-expansion curve that exhibits a din

in ‘resistance, the resulting curve drops below the strain

~axis. This 1s obviously an impossible situation. .

2.4 SUMMARY

The capacity

—

of a pile loaded in a horizontal direction
may be limited by either soil resistanceb or by the
structural capacity of the ©pile. For the greatest
effectiveness in augmenting the- resistance! of a gréviﬁy
structure to horizontal ‘}oéds, the pile will be sized so
that the soil resistance is the limiting factor. A quick

-

.
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decision apout the size of pi.le reguirec can Dbe made DY
refer:ng tc the eguations cf Table 1.

Determining the ultimate soi:l resistance depencs on the
factor N_ . Theoretical evaluation of N, can gqgive factors
between 7 and 12. Load tests on models 1ndicate that
normally consolidated or lightly overconsolidated clays car
develop % resistance of 9c . Heavily overconsolidated clays
shoula probably only be counted upon to provide a resistance

L}

of 7-8c, depending upon their brittleness or sensitivity.

, .



3. GRAVITY STRUCTURE FOUNDATION DESIGN

The purpcse of this chapter .s to exam:ne the stabil:itv
ci a typical proposed siructure uUsSlinNg convent.iona. bearing
capacilty analyses. 1t 15 assumed that the structure has
skirts beneath 1t 1n the same manner as exi1sting st?uctures
in the North Sea. All aqe%xﬁes .assume a basically twce
dimensional behaviour.

From an overall stability point of view, there are four
1tems which need to be investigated. These are:
1. safety against bedring capacity failure.,
2. safety against overturning,

-

3. safety against sliding,

4. adeguacy of the skirt system (related to 1tem 3).

3.1 QEARING CAPACITY .

Calculation of bearing capacity 1s 'a much studied
problem. Conventional theory has 1ts basis in
Prandtl's(1921) solution for an indenter on the surface of a
perfectly plastic medium. In extending the solution to the
conditions encountered .in foundation design, semi-empirical

) b
and theoretical modifications to the solution have been
-proposed to account for embedment of the joundation, lateral
and eccentric loading céhditiohs, foundation shape, soil

compressibilty, 'plus other factors. e.g. Meyerhof (1951,

1953,1963), Vesic(1973,1975).
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3.1.1 Effect of Horizontal Load

3 . . . .
1S socmelmes ocver.ookecC that the norizon

4
(4

components cf appli1ed foundation ioads can have a
significant effect on the ultimate verticai 1cads tha: the
q

foundation 1s capable o©of supporting. The :influence of

horizontal load 1s 1illustrated on the stabjlity envelope
shown on Figure 3.1. The stabiiity envelope 1is based on
equations recommended by Vesic(1975); other researfhers are

*

more conservative.

Curve 1 on Figure 3.1 1s for a foundation at mudline
with the load applied at that level. That is , there is no
eccentricity to the load. At the point of sliding failure 1t
can be seen that the ultimate vertical load 1is 70 pércent of
the ultimate lgad with no horizontal component.
3.1.2 P¥fect of Foundation Embedment

If the foundation level 1s extended below the mudline,
(perhaps with piles or deeply penetrating skirts) increases
in bearing capacity can be attained. However in terms of net
load, 1increases due to depth can be reduced by the“effect of
load eccentricity because now the footing depth is below the
pointvof load application. The results are illustrated by
curve 2 of Figure 3.1. Therefore piles or skirts would be
ineffective in imbroving the safety of the structure against

N

bearing. capacity failure.
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3.1.3 Effect of Strong Layer at Depth

Because o©f the .arge size .cf{ the gravity structure 1%
1s likely that strfonger materlals wouiC be encountered
within one foundation width (B) below the foundation gepth.
These materials will 1ncrease the safety c¢f the structure
against bearing capacity failure.

Solutions for bearing capacity of a soil underla:in by a
stronger base (Meyérhof and Chaplin, 1953; Brown andg
Meyerhof,1969; Meyerhof,b 1974) 1indicate that considerakble
gains. ln bearing capacity can be obtained, at least for
vertical loads. Because of the size of the potential
structures, soils at’depths of 50m to possibly 150m would
contribute té resistance against bearing capacity failure.
Soils at these great depths will almost certainly be much
stronger than the surficial soils. In the Beaufort_Sea tﬁey
will probably be ice bonded.

For situations involving horizontal loads it is by no
means certain that increases in bearing capacity will be as
great. Meyerhof andfﬂanna(1978) suggest that the following
semi-empirical formula originally proposed for layered,

systems loaded vertically is equally applicabLé for inclined

loads:

L;
e

9=q * (G2 - Q) (1 - (3.1]

e

where
g,, is the bearing capacity on a deep layer of

the (weaker) uppper stratbm,

qd,; is the. bearing capactiy on a deep layer of

» -



~~ R ; T 3 S mg AT EREN £ 0,
n, 1S the Cepinh CL SOL. nvol.vel 1 tne failliure,

F. 1s the depth of the weak .ayer.

H, :s said tc be egual to the foundation width B for
vertical loads in cohesive soils and decreases for incl:ined
loads. 1Inspeczion of eguation 2.7 shows that .if H, =:s
reduced then increases in bearing capacity due to the
presence of & strong layer at depth are also reduced.

Meyerhof and Hanna do not suggest a method cf

estimating the variagion of H, with Ioaq inclination. The
N N

~ e

following theoretical derivation is éffere&\as a means of
investigating possible effects of lateral 1loads on the
";earing capacity of a foundation. Its use has not been
experimentally justified.

Meyerhot (1953) presents a solution for bearing capacity
of a horizontal strip foundation with inclined load. For a
surface footing on clay the solution becomes particularly
simple. |

Theoretically, (see Figure 3.2):

H,=Bcosy (3.2])

and

cos(2y) * . |
sin(2y) + 37/2 - 2y + 1 [3.3]

Equations 3.2 and 3.3 predict that H, is 0.707B for a

tana=

vertical load. It has been observed that the actual value of
H, for a vertical load is 1.0B. Possibly, this discrepancy

can be related to the true frict@onal nature of all soil.

g
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BETWEEN H./B AND LOAD INCLINATION (a)

\
\\\
™
\\
FROM MEYERMCF (1953
[ p" tan . 5

S, T ~Mc—o»s‘% S LSIN@y @) v osing r o

+ ‘Wt
q., = —E—‘MEO cos<Cy-¢rcota

v cos ¢
- 28tan ¢ - .

o‘p = L(c + pl’.an¢)e -chotw
8 =T + 8 -n-y
FOR A SURFACE FOUTING ON CLAY:

¢=20

g =2

n=20
THE EQUATIONS BECOME:
q, = c-sin@y> + py
q, = -c'cos(@yicota
8 =3m4 + y
p‘p = 28c + c .

-cos(2y)
THIS GIVES' tana = " . AND
1 .. sin (2y) + —‘32 - 2y + 1
- He
B - Cosv
6458-1302
FIGURE 3.2 DETERMINATION OF THE RELATIONSHIP
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The results of eguations 3.3 and 3.4 combined lead to

(-

the relationship between .ocad :1ncliination a and H., shown on

Figure 3.3 shows that H, becomes 0 and failure occurs
by pure sliding when a=27.6. Th:is Is constten: with the
Vesic ioad :inclination factor for strips which :impl:es @&
max 1mum ioad inclination of a=17.6

The third curve on Figure 3.1 shows the variat:i:on of
the ultimate vertical load where there 1s a stronger stratum
with an undrained strenggh four times that of the surface
material at a depth of B/2. The figure indicates that
although significant 1increases 1n bearing capacity are
attalined for nearly vertical locads, there 1s little or no
increase‘in'vertigal bearing capacity 'if the horizontal load

1s large. g

3.2 OVERTURNING ’

Because proposed structures have wide bases and the
_water depths on tgijBeaufort Shelf aré relatively shaflow,
the load is applied relatively close-to foundation level and
overturning is not likely to be a problem. If the resultant

vertical force on the foundation falls within the middle

third of the base, this is a sufficient condition for the
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IGURE 3.3 RELATIONSHIP BETWEEN LOAD INCLINATION AND
' Hy¢B FOR SURFACE FOOTINGS ON CLAY



mreventicn oI cver4urninc. 1t Can Dbe Sshownh Tna‘t 1n o the ver:
wWOoIS case "he corresponci:nc facter of sal{ety aga.ns:
cvertyurning abcut the toe s S

3.3 SLIDING
Deg;gn for siiding .s general.y very s:ra:ght forward.
in <cohesive soils, o :ompZete base contact can e
guaranteed, resistance against s.:ding is est:imated to be:
R =c A [3.9]
The problem of des:gn against slicd:ng becomes one of
ensuring that the full contact area A 1is -mobilized. The
coqventional method of ensuring this is with 'skirts'. These
are steel or concrete projections on the base o0of the
structure which are supposed to be placed together close
enough so that shear failure will occur below their tips.
1f the base of the foundation 1s below the mudline,
then add:tional resistance to Slidihg can/B; obtained from
the passive resistance of the soil above foundation
elevation. For a D/B ratio of 0.1 this additional
resistance could vary from 20 fo 50 percent or ‘more for a
very large structure on very soft soil. The sliding failure
portion of the stability envelope of Figure 3.1 is based on.
a soil with c =100kPa and v'=10kN/m’. The variatioﬂ shown 1is
for structures,widths of 100m and 200m. The 1increase 1in

sliding resistancé over the surface foundation for these

cases averages gbout 25 percent.
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Trhecret.ca..v a fcundat:on gf.acel at 2egin wWoull alsc
<7 ¥ ~ ° } . £ L £ . <
mCL.i..zZ€ shear:nc a.onc the s:des c¢f the {f{cinca:s

The magn:tude c¢f this res.stance depends o¢n <the adhes.cn

between the so.. and the structure. Tradit:i:cna..y 1t has
beern 1gnored 1in design.
3.4 DESIGN OF SKIRTS

Young et ai.(3975) review possible sliding failure

modes for structures with skirts. These are shown on Figure

3.4.

- .

In uniform solls modes a, b, and ¢ apply. The spacing
é?and depth of the skirts are chosen to ensure that mode ¢, a

siiding base failure, will occur.

Murff and Miller(1979) analyse mechanism a using an

L5}

-

upper bound method. They determine that the force F

required to cause failure of each shear key (skirt) as:

F,=2c, “— + b’ [(3.6]
where

F, 1s the horizontal force e&xerted by the skirt
. &%, -
on the soil wedge,

F, 1s the vertical force applied to the wedge%as‘

a result the structure's wéight, -

L4

h is the depth of the skirt, and,
c, is the undrained strength of the clay
. T . .
Mechanism b (deep passive failure) will generate a very

AN

large resistance. For perfectly smooth skirts and base, %he
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{a) passive wedge failure
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{b) deep passive failure
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(c) sliding base failure
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" (d) sliding failure in weak zone with widely spaced skirts
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(e) sliding failure in weak zone avoided with closely spaced skirts
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B e

() sliding failure in deep weak zone

FIGURE 3.4 SCHEMATIC ILLUSTRATION OF SOME POSSIBLE

FAILURE MODES FOR SLIDING RESISTANCE
(adapted from Young et al. ,1975)
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’
s 2.5¢c h per skirz:.

u

resistance developed :
- | . |
For sliding benéath the tips (mechanism c) tne resis-

tance r, developed will be egual to:

r sc L (3.7]

u u

Figure 3.5 compares the resistances predicted by each

of the above expressions. Mechanism b becomes critical only

~

for unlikely combinations involving high foundation

(vertical) pressures and widely spaced skirts.

Tyéical depths of skirts are reported to be 1m to 4.5m

. {(Young et -al.,1975; Andersen et al.,1979). At their deepest
- :

and with a small struéture (B=100m), considering the passive
resistance would only fncreése.phq total sliding resise«ngs\\
by ;boug 10 percent. This small resistance increase 1is not
consideréd in design. | |
3.5 POSSIBLE BENEFiTS OF PILES

" From the previous discussion on sliding it can be seen
that the maximum attainabie resistance is limited to the

product of the shear strength of the soil at the pile or

skirt tip and the base area. To this resistance may be added

a compohent due to thé~passivg pressure along the front of
the structure. | f
It may $e possible to install piles beneath a structure-
in a way that they will force the shear plane beneath tﬂeir
tips the same way that skirts do. This would appearlpo be

the maximum increase possible. Because piles would be

installed to greater depths development of the passive
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TOTAL RESISTANCE ( x QL)

30 .
.~ ~ ~ « -Passive wedge failure . K
- (Murff & Miller, 1979) 9=2.5¢, 4a=1.0C,
. . .
i deep passive failure o y
- sliding base failure
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FIGURE 3.5 COMPARISON OF ULTIMATE SLIDING RESISTANCE PREDICTED BY

VARIOUS FAILURE MECHANISMS
skirt depth 2% of structure width (L)
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resistance|\along the front of the foundation could be a
factor utilized i& design. If mobilization could be ensured
then shear along the side of the bleéck of p:i:les could aiso
be taken into account. A

It 1s envisioned that the spud piles wused in this
co;;ept will typically be approx:imately 15m long. For
structyres with widths of 100m to 200m, the typical increase
in sliding resistance 1s about 25 percent 1in uniform soils.
éearing capacity would be completely unaffected. Only 1in a
very rare situation would this small 1increase justify the
expensé of installing the piles.

Piles may be more effective in areas where an increase
in strength with depth is encountered. An example would be a
deep profile of normally congolidated clay. Another
situation 1in which piles could_be used 1s a site where a
weak layer exists. Pilﬁ;‘may be able to be used to force the
failure plane beneath their tips intovmore competent soil as
1s 1llustrated on Figure 3.5d.

To establish thf effectiveness of these design
possibilities it 1is necessary to estabiish whether it is
possibie to develop a block type failure of a group of piles

and ithhe expected resistance will be attained. This wi%l

Pe evaluated in the next chapter.



4. ULTIMATE LATERAL RESISTANCE OF PILES IN GROUPS

In this chapter the ultimate load behaviocur of piies in
groups will be reviewed. It is apportaﬁ: to try to determine
at what spacings piles are unaffected by adjacent piles in
the group, the magnitude of interference at closq( spacings,
and whether any chaAge of failure mode (e.g. individual pile
action vs. block failure) takes place. As was the case for
the discussion of single pile resistance, this discussion

will be generally limited tc Pile groups 1in cchesive soils.

4.1 MODERN DESIGN PRACTICE

fhe methoé described by Focht and Koch(1973) 1is
probably the most commonly used procedure of analysing pile
groups subject to lateral loads. The method 1involves
determining the deflection of a pile in a group by adding
the deflection calculated by the p-y cu.rve method for a
single pile and the additional deflection fo} the group
calculated by elastic methods described by Poulos(1971).

When the elasto-plastic group deflection is found the
most heaviiy loaded pile is reanalysed with a p-y curve
modified so that the deflection of the single pile and the\
group g;atch. Generally the y-axis 1s stretched. The 'p'
value is also reduced if it is felt that some pileé are in a
"shadow zone" of another pile. A rationai‘ method for

choosing a 'p' factor has not been given. Currently

designers are tentatively using factors between 0.7 and 1.0.

40



Variati:ons of the methocd ex:ist &e.g.‘C’Neill,7983> Dut
none appear to rat.onalily treat the problem ¢f a reduct:ion
in lateral resistance. There seems :0 be general acceptance
that when piles are 1n line with the load, reduction of
resistance will otcur, but when they are transQersely

oriented no variation of resistance occurs.
4.2 THEORY AND PRACTICAL RESULTS FROM RELATED PROBLEMS

4.2.1 Adjacent Strips on Clay

It was first decided to compare a row of piles to
adjacent strip footings. The limits of their behaviour in-
dicate efficiencies of 1.0 for both very close and very dis-
tant Sspacings. k

The resistance of n very widely spaced footings of

£ : N

<

width B is n times the bearing capacity of a single footing:

'n x (¢ ,N.B)=nc N_B (4.1]

At the other limit of the problem, the footings are brought

so close as to b 1; contiguous single footing of width nB.
Thé resistance ot the footing is:

c,N.(nB)=nc N_B _ [4.2]

Thus the resistance is the same whether the footings are

very widely spaced or immediately adjacent. It may be

postulated that footingi that are very closé but nof

touching may involve the unloaded spaces between them in the

failure zone and thus increase the total resistance.
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Analyses carrciec out by Stuart(1962), Mandel(1965) and
West and Stuart(1965) show that th:s effect 1s negligib.e .n
¢=0 material, althcugh it may be 1mportant in sands.

This suggests that the ultimate resistance of a single

row of piles should be i1ndependent of spacing.

4.2.2 Group Act%on: Vertically Loaded Piles )

It was thought that it might be helpful to  the
understanding o¢f laterally loaded piles to review group
action in vertically loaded piles. . .

Although efficiency formulas based on spacing exist
(for instance the Converse-Labarre formula, Chellis,b1962),
Kezdi(1975) dismisses them as "not resting on a sound basis”
and recommends the method of Terzaghi and Peck(1967). They
(Terzaghi and Peck) assume that for close spacings the piles
and mass of soil enclosed in the group will act as a block
: and that the capacity of the group may be determined by
considering bearing capacity at the base of the group, plus.
shear on the sides of the block. If this exceeds that
calculated by taking the product of the single pile capacity
and the number of piles, ‘then the latter is used.

This model of behaviour is ‘supporteq by tests by
Whitaker(1957) although agreement in calculated capacities
is not always pgrticularly good. A definite change in
failure mode was observed iﬁ his tests. At close spacings

block failure occurred, and at greater spacings each pile

appeared to act as a single pile. The spacing at which this
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change 1n mode occurred was affected by Groug size; croups

containing more piles behavec as a block to iarger spacings

Q

between the piles. This is predicted by <the Terzach: an
Peck method. Whitaker found that for spacings at which
individual pile failure occurred, efficiencies were sti.l
below unity. It appears that this could be explained because
the piles tended to fail progressivély, with outside piles
in the group failing_first. Efficlencies were reduced as the
number of piles in the group increased.

It is thought that this concept of block vs. indiv:idual
pile failure should be a useful concept in explaining and
predicting laterally léaded plle behaviour. At close spacing
the pile group should behave as a large caisson or large
diameter single equi;alent pile. This implies that the total
resistance of the group can be calculated by summing shear
resistance over the base and sides of the equivalent—t&isson
together with .passive resistance over the frontal area.
Tensile forces acting over the rear of the caisson are likey
to be negligible. At larger '‘spacings the piles should fail

individually, and the group efficiehcy should be near unity.
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4.3 EXPERIMENTS AND THEORY WITH PILES IN GROUPS

4.3.1 Piles 1n Rows

4.3.1.1 Theory and Experiments of Matsu: et al.

Ito and Matsui(1975) deveioped an analysis tc predict
the force exerted on a row of piles used to stabilize
landslides. They assume a sliding 5urfacé as shown :n Figure
4.7. Rankline active pressure is assumed to act on the soil
between the piles. Certain other assumptions are made about
the direction of principal stresses in the soil mass.

They obtain, for a purely cohesive soil, the following

expression for the force per pile (per unit length):
D. D. - D,

p=c{D.(31095: + D, tan%) - 2(D, D)} +
yz(D, - D,) (4.3]
where ‘D, = centre to centre distance between piles,
and
D, = clear spacing between piles.
In their discussion of this paper, De Beer and

Carpentier(1977) took issue with some of the assumptions of
the direction of the principal stresses and obtained the

"following modified expression:

D, - D
D,

vyz(D, - D,) [4.4]

N
<«

=c{D,(21lo 2 + tan) - 3(p, D B B
p= ' geDz 8 2 2 Y
The difference is not great. The relationship between p and
D2/D1 for each expression are shown on Figure 4.2.
De Beer and Carpentier also point out that there are

limits to the applicability of these expressions. At large
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FIGURE 4.1 Fbwne PATTERN FOR A ROW OF PILES ASSUMED
BY ITO & MATSUI (1975)

4
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d=030m

=0

Yz = 100kPa
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— 1o & Matsul

-~ DeBeer & Carpentier

RESISTANCE PER PILE PER METRE (kN)
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10

FIGURE 4.2 COMPARISON OF THE RESISTANCE OF A LINE OF ‘
PILE AS CALCULATED BY ITO & MATSUI (1975) AND
BY DEBEER & CARPENTIER (1977)
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by passi.ve pressure theory. They recommenc as &
range of applicabil:ty centre to centre spac:ings from
5d (D2/D1' between (.66 and C.8). ’

red:ctec

Referring to Figure 4.2, :t can be seer tha-"

Kol

forces on a pile drop below Bc, at centre to centre spac:ings
of 1.1¢ to 1.64 (D2/D! between 0.! and 0.38) depending on
the value‘of c, and the theory used.

Matsui et al.(1982) performed model tests tc check the
theories. They pushed a mass of soil through a row of piles.
The soi1l was confined in all directions. They plotted the
resulting load deflection data semi-logarithmically with
displacement on the log scale. They found the data plotted
in  a bilinear fashion and defined failure at the
intersection of the two str;ight line portions. Failure load
defined in this way was found to be in excellent agreement
with the theory of 1Ito and Matsui. The ultimate load
measured in the test was usually approximately 60 percént
higher than the failure load.

Broms(1983), in a discussion of Matsui et al., proposed

.a simpler énalysis which effectively predicted the ultimate

resistance of the row of model piles in clay. His
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where a .s the cohes:on coefficient and,

ali: cther var:ab.es are as before.
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This theory 1is especia..v attract.ve because :f{! gives

(when a='.) a value of N =7.!4 when the piles are w.de.v
spaced.
4.3.7.2 Experiments of Cox et al.(1984) e
Cox et al.(1984) have performed experiments with rows

of three and five stub piles. The groups were tested in-l:ne
(load parallel to axis of the group) and side by side (load
perpendicular to the ax:s of the group). The clay used was
very soft, 1t had an undrained shear strepgth of 2 kPa. The
pile length varied from 2 to 8 pile diamejéxs.

In contrast to the results obtained by Matsui et al.,
1t was found the that group efficiencies tor the side by
side groups was less than one.. The minimum efficiency for
piles spaced 1.5d centre to centre was approximately 0.76.
The tegts_indicated that full‘efficiencies are obtained with
spaéfhgs of between three and fourv diameters centre' to
centre. This result was independent of Qhether there were
three or five piles in the group. |
In-line groups exhibited efficiencies from 0.54 for

centre to centre spacings of 1.5d to 0.95 at a centre centre

spacing of 6.0d. Extrapolation of the data indicates that
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between S and "U. [t was ornserved that the e
ive prie groups was lower tnan that cf the three gi.e croug

at the same spac:ing.

4.3.2 Tests of Model Piles 1n Groups

€

4.3.2.7 Tests of Donovan (1957)

et
rt

Broms(1964) reports tests by Donovan indicating ha
when pliles were spaced at less than two Ci:ameters centre to
centre the so1l and the piles behaved as a block and tha-
there was no reduction in resistance at spacings greater
than four pile diameters. Donovan(personal communication,
1983) described these tests as being performed with a direct
shear device, wusing 1/4 inch wooden dowels. Tests were
performed at integral spacings in both a highly plastic and

a slightly plastic soil. It 1is probable that only a 2x2

group was used.

4.3.2.2 Tests of Prakash and Saran(1967)

Prakash and SaraM performed model tests on aluminum
piles 9mm in diameter and 290mm in length. The relative
stiffness of these piles was intermddiate between a rigid
pile 126 a flexible pile. Four and nine pile square groups
were tested. The piles were tested with a Tigid pile cap,
which was permitteed to rotate during the test. Tests vere
performed at centre to centre spacings of 3, 4; ahd 5 pile

diameters. Deflections were limited to 6mm at the pile cap,

<
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Tesistance Dbecomes :(ndependent of spac:ing at 5 tc 6 gile
diameters. However reslstance per pi.e at egua. deflect:.:ons

is only about 60% of single piie res:stance for 2x2 groups

and 45% for 3x2 grougs. What the resu.ts actual.y agpear ¢
show 1s that :Interference :s substantial a: the pi.e
spacings tested, and that extrapolat.on of the daze

indicates that interfecrence w:i:.l remain sigrificant tc very

large piie spacings.

4.3.2.3 Tests of Meyerhof(1981)

Meyerhof tested groups of two piles (2x1 :in the
direction of the load) and 4 piles (2x2), both free headed
and with a rigid pile cap. The piles were roughened steel
tubes 13mm in diameter and were up to 300mm long. Centre_to
centre spacing was 40mm.

Meyerhof found that group efficiency was rbughly unity,
except for the 2x2 groups with a pife cap, where Dblock

failure governed the load.

4.3.3 Field Tests

.

Bogard and Matlock(1983) suggest a new method of
analysing circular offshore pile groups. In it they

introduce the concept of an imaginary pile which takes on

‘

the outside dimensions of the group. They develop p-y curves

based on the imagfﬁary pile and superimpose deflections of
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individual_piles to obtain the p-y curve of an :i1ndividual
pile on the cpnt’ext of the group. | .

Depending on spacing the ultimate capacity 1is limited
by the ultimate cabacity of the imaginary pille ot by *ihe
ultimate capacity of the single piles. This design procedure
1s utilizing the previously discussed concept of block vs.
inc'iivi_dual pile failure. .

The design procedure 1s compared to tests intermediate
between laboratcry’ models and field installations: 6 inch
steel pipe piles were usg.n circular groups containing 5
or 10 piles. Good agreement was obtained between measured
and predicted deflections and bending moments 1in the pile.

.
"4.3.4 Anaiytical Results /
Yegian and IWright(1973) berformed a two-dimensional
‘finite element aqalysfs of a laterally 1loaded cjlindrica;
pile section in a hypepbolic model soil. They first
calculated the p-y curve of a single pile and then the P~y
curves f8r single rows or files of piles. \ f

For a group of two éiles, spacéd two diameters ap;rt{
whenildaded)perpenaicular.to the group axis the efficiency
was calculgted to be 90 pércent, wvhile when loaded parallel
to the group axis efficﬁeniy was about 70 percent.

| An_ﬁnfinite row sgaced qg 3 pile diameters centre to
“cent:e was also an&lysed. In this case it was found ﬁha a
row loaded perpéndicular'to the group a#is would resist load
+ with an efficiency of 1.0, while the group ioaéed parallel

* P
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to the group axis had an efficiencyv of about 50 ,percent.
v e i 2 y) 4

4.4 SUMMARY

Pertinent results of this review arefpresentgg in Table

<
4.1. The table shows that there is some dﬁsagreement about
how pile groups behave under lateral load. Some researchers
have obtained results that 1indicate that at sufficiently
close spacings that a pile group will fail as a block and at
[ 4

larger spacings have efficiencies <close' to wunity (eg.
Donovan, Meyerhof, Bogard and Matlock) while some other
researchers obtained results which showed that group
efficiencies are much less than unity for much larger
spacings (eg. Prakash and Saran).

Ito, Matsui and their’ cé—workers have developed a
.theory, which they have substantiated with!model tests, that
predicts that the group efficiencies of a row of pilg§ will
increase with decreased spacing, thé efficiencies being
greater than unity. This analysis 1s for a twe dimensional
stress state. . P )

‘Yegian and Wright give finite element analysis results,
also for two dimensional behaviour' which shows that the
group effi;iency of a row of piles is lower than one. There
is broad qgreeme;t between their work and the tests of Cox
et al., éitept that those tests allowed thrée dimensional

behaviour. '

As for a single file of piles the analytical results of

Yegian and Wright again agree with, the test results of Cox

P



Table 4.1 Summary of Literature Review for Laterally Loaded Pile Groups

Type of
Problem

Adjacent strnip toolings

Vertically loaded
Terzaghi&Peck(1967)

Pites in rows
(s:de by side)
(ptane strain)

Yegtan&Wright(1973)

(3D action)

[

Piles in rows
Yegian&Wright(1973)
(in line)

(plane strain)

(3D action)

Laterally loaded
groups
(models)

- (field size tests)

Findings

Bearing Capacity on undrained clays 1s
virually unaffected by adjacent tootings

I3

differentiate between block failures

pile groups at close spacings and
individual pile

taillure at more distant spacings,

this is the accepted design method
concept generally supported by tests
by Whitaker

conflicting results:

lto&Matsui developed theory which pre-
dicts increase in capacity over single
pile, supported by their experiments.
finite element analyses suggest de-
crease in capacty relative to single pile

group capacity less than single pile
efficiency as low as .76, full efficiency
attained at spacings of 3-4 c/c.

finite element analyses suggest de-

crease in capacity relative to single pile.
lower efficiency than for side by side
rows

group capacity less than single pile,
efficiency as low as 0.54, full efficiency
attained at spacings of approx. 10c/c.

conflicting results: '

2x2 groups fail individuatly at full
efficiency at spacings greater than 3-4
block behaviour under 2 dia. c/c.
square groups of 4 or 9 pilé exhibit
maximum efficiency of .60 and .45
respectively at 5 dia. ¢/c. Increase
with spac&ng smali indicating that
interfergﬁCe extends to large
spacings.

circular groups behave as individual

- piles or an equivalent pile depending

on spacing

Reference

Stuart(1962),
Mandel(1965),

West&Stuart(1965)

Kezdi(1975)
Whitaker(1957)

Ito&Matsui(1975)
DeBeer&

Carpe 1977)
Matsui et al )

8rom§(1983)

Cox et al. (1984)

Cox et al. (1984)

Donovan(1957)
Meyerhof(1981)
Donovan(1957)
Prakash&
Saran(1967)

Bogard&

“Matlock(1983)
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et al. and 1i1ndicate severe declines in the ultimate
resistance.- Meverhof on the other hand has resu.ts for a
group of two piles ioaded 1n line for which reduction 1in

ultimate load was negligible.



S. DESCRIPTION OF TEST PROGRAM
*

5.1 THE NEED FOR A TEST PROGRAM

As can be seen from Chapter 4 there exists much
disagreement about the behavior -of laterally loaded pile
groups. As well there have been no tests which can be
considered to have modelled the conditions under which stub
piles under a gravity structure will be expected to operate.

To adequately design a system to stabilize a gravity
structure against a horizontal load it is important to know
thes following:

1. is it possible to obtain a block failure around the
piles and will the resistanc& be eguivalent to what
&égld be expected 1f the base of the foundation were at
the base of the piles? (i.e. Will the full shear
strength on the base plus pgssive pressure on the front
be mobilized?). g ~

2. what spacing of piles will create a block failure?

3. what will be the group efficiency at other pile
spacings? ‘

The literature search did not adequately answer these
guestions. Tﬂe results reported.in previous studies were not
consistent in all cases. Additionally fhe situation of a
group of short.rigid pifes has not been adeéuatgly examined
in thé past. Because of this‘gap in the literature a model

]

test program was decided upon.

55
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5.2 OBJECTIVES OF THE MODEL TEST PROGRAM

In genera., the objectlives of the model tes:ts are tc
provide the regulirec information ident:fied in the previous
sect:on. However, the scope was made more specific than

that. 3

The specific objectives were to,

1. obtain efficiency factors for éroups of short rigid
piles under conditions similar to being under a gravity
structure, and to see how they varigd with group size
and pile spacing,

2. to observe the mode of soil deformation when the groups
of piles were loaded horizontally in order to gain
insight into the failure mechanisms.

5.3 DESCRIPTION OF THE TESTING APPARATUS

The objective 1in designing the testiﬂg apparatus was to
enable a pile group to ' be translated in a horizontal
direction while the heads of the piies are fixed against

rotation. It was also felt desirable to be able to apply a

vertical pressure to the surface of the soil in order to

promote a plane strain mode of failure rather than-a three
dimensional mode. A condition of vertical restraint would
occur, bepneath a gravity structure.

A preliminary test on'a very small scale model showed
thqﬁ the deformation around a gfoup extended 3 group widths
ahead of the group and two\widths to the side. Prakash(1962)

recommends that the wall of the bin should be 8 to 12 pile

. - L4
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cdiameters aheacd of the pile and 3 to 4 times the d.ameter of
the pile to the side, irrespective of the si.ze of the group.

The model piles were 15.8mm (5/8") diameter cold rolled
seamless steel tubing, 1nstalled to a depth of 170mm.
Considering these criteria 1t was decided that a bin Im
square would be sufficient to tes; a group havihg a maxilmum
size of 200mm. A ®bin size of 1m by 'm by 500mm deep was
chosen.

Essentially Athe *apparatus 1s a large direct shear
device. The schematic diagram of Figure 5.1 illustrates how
the load 1s applied. The bin of soil 1is caused to move
horizontally on linear bearings. The piles are prevented
from moving with the box or rotating by the pile cag.
Consequently, the piles are forced through the soil. The
load required to prevent the piles from moving is measured
at the pile cap? The displacement of the bin of soil, which
is the same as the displacement of the piles through the
soil, 1s measured by a pair of LVDT's.

The pile. cap assembiy, whichv ls illustrated by two
photographs on Plate.5.1, was consructed to slide along two
parallel hardengd steel rods ‘on Thomson bushing Searings.
The inneg portion of the pile cap was originally designed t¢
slide in a veftical direction with a hardened steel rod in a
brass bushing. This feature was.removed before the tests
were begun, for reasons discussed in the following

paragraph.  Upper and lower removable templétes held the

piles in place. A selection of templa%@s were fabricated so
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Plate 6.1 Two phatocraphs showing the pile ccp esserfit:ly




tnat each group s:ze and spacing cculd be tested. The cap s
res:rained’/py a bar connected tc a f:xed pcriion c¢f tne
apparatus. The bar contains a icac¢ ce.. so that the __oad
required to force the piles through the so;lf;s measured

The original design cof the pile cap apparatus alilowed
1ts inner portion to move 1in the vertical direction. It was
planned to have the lower template rest on the soil surface.
By applying a load to the top of the inner section of the
pﬁgg cap, the so1l surface around the piles was to be
loaded. In this way the vertical stress conditions beneath a
gravity structure wer€ to -be modelled.

"It was found however that the pile cap could rotate a
%mall amount. This led to a substantial variﬁtion in the
resistance generated by the bottom template 'sliding on the
surface of the soil. The apparatué was modified to raise the
pile cap off the surface of the socil. Three dimensional

deformation was therefore allowed to occur 1n the stressed

s

soil.
5.4 SOIL

Athabasca Clay was ed ingthe experiments. This soil
1s classified CL nge the Unified Soil Classification
System. It has a Plastic Limit of 21% and a v'Cit{ Index

of 22. Proctor Optimum Moisture is 22% and the maximum dry
denﬁty is 1650kg/m3. The strength of compacted clay was
found to be (during test suite #1) sensitive to moisture

content as illustrated by Fi"&e 5,2.

. . |
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5.2 SOIL PREPARATION

compactec in0tC tne so:. Bin oan 00mm 1:£fts. The compact:ve
effort app.lied consisted of a minimum of four passes with

the dynam.c compactor, unti. :t appeared that a state of
\
maximum dens.ty for lhat me.sture content had.been achieved.

Tests with a laboratory vane indicated that the soil was in

a relatively wuniform state. Between tests, approximate.y
haif of <the soi1l was removed and then recompacted into
piace. The wvariation 1in the shear strength - moisture

content relationship of Figure 5.2 suggests that control on

soil compaction was poorer during test sulte #2.

S.6 DATA ACQUISITION @%@ @

The load on t)e plle tap was measured with an Interface
model 1370AJ load cell. Displacements were obtained by
measur ing the-?ﬂrément of the'pin of soil with LVDTs.

' Output from the transducers was routed into a Fluke
model 2240B data aquisition system. Readings were recorded
on paper tape. |

o
5.7 TESTING PROCEDURE

After the soil was placed, it was screeded to provide a
level surface. Guide holes were drilled to facilitate the

insertion of the model piles.The gquide holes were

.Mapproximately'12mm in diameter which made them undersized




ne Gulgde no.es were acvancec
depth apprcx:mately Smmr .ess tnan the finma. .nsta..el lencth
of the piles tc ensure that sSCl. CCntact was ConT.inucusS as
the base of the group.

Two sultes of tests were congucted. For the first suite

the lower template was approx:mate.vy 5Smm above the sci.

84

surface. It was found that soil piied up :n front of he
piles and came :1nto contact with the lower temp.ate befcre
arn ultimate load was measured. As described in more deta:.
in Chapter 6, the load continued to increase throughout <the
course of each test. Tests were genera.ly conducted until a
total displacement of 10mm to 15mm was attained. The bin was

displaced at a rate of 0.25mm/min.

For the second suite of tests, changes were made o

-~

rectify the perceived\probléms. The elevation of the lower
template was ralsed to 25mm. Recognizing that larger
displacements were gogng té'be required to mobilize ultimate
resistan;:e the tests were conducted to total displacements

A\l

. o?i between 40mm and 4Smm. In conjunction with this, the
f:g;;ﬁlacement rate was raised to I1.1mm/min |
There was generally spaEe for two tests in each bin of
compacted SOil.'In test suite #1, usuall§ two pile groups
were tested. Two siﬁgle pile tests were conducted during the
program. During the second test suite, tests of a singie
pile and one group were conducted in a bin of soil. Thee_

exception to this procedure during test suite #{/Qas when,

because of the small size of the groups, a single pile, a'md

~
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TCcups sgaced at L% and twC Ciareters cercre s-
centre were a.. testec ;r.‘:ne same bin.

After the test was comp.etec the sirencth of the so.
was measurec with a laboratory vane shear device. o
add:it:ion the soil was sampled w.th thin wa..ed -ubes. The
strength of the samp.ed soil was .ater tested & urconfiined
compression. Finally samples for moisture contents
determination were taken from the s0:. around the pi.és.

Apprcox:imateiy one half of the scéi\vl was removec from the
bin and recompacted 1nto place. The depth of sfil removed
was about 15C% of the length
5.8 LIMITATIONS AND DIFFICULTIES WIT!&,THE MATERIAL

Despite choosing relatively small rods to be model
piles, ~and choosing what was believed(.%o be the minimum
tolerable size soil bin relative to the maximum group
size, there was still a considersble volume of' soil to be
placed. In terms of wvolume of soil 1t 1s one of the most
ambitious model testing prog‘rams in & clay soil ever to be
attempted. The mass of the soil was approximately 1 tonne.

Problems were encountered preparing and handiing the
-material. The method of placement which was chosen waks the
only practical one available. The compromises whicH™ had to
‘be made resulted in a material which differed substantially
from anything. which might occur naturally, and‘which was

less than ideal in terms of the model testing. Some of the
¥

differences of the soil from an ideal (natural) material are
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Ris section. Potential difficulties 1N

identifie

interpreting the results of the tests will pointed out.

" standard methods for ﬁixing clay at the Universit# of
"Alberta are limited to batch ?izes of 4 to 5kg. Larger
batches were»xnixed by ueing a small concrete mirer. This
worked guite well, although there wWere concerns about the
: uniformity of mixing. It was found tﬁat oompac{ion completed
the mixing'proress and a uniform product was obtained.
Obtayning a sofr, uniform soil was the objective during
soil prepafation and placement. This objective was attempted
by trying {ﬂg.keep the soil as wet‘ as possible and by
imparting a large amount of compactive energy "By compactlng

the soil heavxly the soil would be -moyed close to the "zero

o

air voids line" in dry den51tyuj moisture content space.

L ) - S ) . .
This 1S the upper limit to,ghe~drg density, attainable at a
" given moisture content. Byven5u;{ng that a¥l the Eqil was

close’to this upper limit, variation in dry density, and

therefore, strength'was reduced. This method of- ach1Ey1ng a

4

R
\unlform soil bed was felt to be a great deal simpler, -and as

‘ effectx%e» as any method of »imparring a ~specificA measured

°energy s

. !

The h1gh levBl of compaétlve effort dld however produce

LN

S

a strbnger 5011 than de51red A SOft 5011 was desired for

a . " ' ; . . «
two reasonst’e - ... - L

aE
. .

1. a soft ‘soil causes the. model piles to behave in_ a

{Similar,manner to the,fqli scale prototype,

. . . . -
- . N ° o

2. a softer soil reduces the loads, allowing use of lignter

: el e . .
i : . . ¥ . : ) ’
£ ' ' S 2 . _

.
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members in the design of the dpparatus.
It was planned to use the wettest soil practical. The
upper 1imiTfor handling appeared to be approximately 25
percent moisture. Problems were encountered achieving this
molsture content. Although the material was kept covered
with plastic dering sporage, 1t was found that a
considerable amount of drying took -place during the lengthy
‘mixing process and during placement. 1In piace vmoisture
contents were generally between'}Q% and 23% in a test series
conducted during the summer and between 21% and 22% durin; a
test serles conducted auring the winter when the relative
(&?midity in the building was ‘lower. Despite frequentay
. :

coating all soi1l surfaces with a fine spray, drying

continued throughout each test -program. Measured in place

g

moisture contents became{ lower toward the@end of fach
The objective of these tests was to model undrained

’ \
(#=0) loading conditions. Since the campacted’ soi{ was

unsaturated, a frictional component t6 the strength of the

. soil may exist. THis is not expected to affect the results

significantly since the soil was compacted wet of ‘the,

Proctor Optimum moiSture tontent. Ekperience_with compécted
Athabasca clay has shown that-the frlctlon angle under total

stress 1s’lesa than 3° under low conf1n1ng pressures. e

v

. The heavy compactlon used on the soil 1mparted a very
h1gh K,. 'This cond1t1on does not ‘affect the wultimate

capacrtyw.of laterally 16éded piles, although ﬂ@ﬁe load

-

"\ o . - . a_‘
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deflection curve may well be affected. Ig\has been assumed
that the behaviour of both single piles and groups are
equally affected. No work has been done during this study to
justify this assumption.

| Another effect of compaction is that the soil becomes
horizontally layered. This can conceivably lead to
hérizontai planes of weakness along which the soil could
fail preferen;ially. 1f this were to occur it could reduce
the capacitiy of the larger groups that derive a >larger
p:éportion'of the their resistance from shear beneath their
base. Foréuneately, no indication of this pre%erential shear
on an existing plane of weakness was observed when the test

were performed. Therefore the test results are not believed

to be significantly affec¢ted by this problem.



6. RESULTS FROM TEST PROGRAM
6.1 SINGLE PILE

6.1.1 Load-Deflection Curves
Load-deflection curves for the £first tests of the

single piles are shown on Figures A.1-A.2. Curves for the

. . - _ 3
single pile testsvconi?:ted during the second test program

are shown on Figures, 1-B.11. Load continues to 1ncrease

throughout the test.
\
P .
During the first test suite, as the pile was pushed

through the soil, soil would pile up in front of 1t until 1t
came 1n\contact with the lower template. It was thought that
this calused an increased confinement on the soil, which 1in
turn caused an increase in resistance. In addition, there 1ss
a component of«ffictionlon the base of the plate.n

The results‘qf_thé second suite of tests al;o show the .

same steady rise 'in resistance. These tests were taken to

I

large.disp}acehents, some to a final displacement of 40 to

.

50mm, about 3 pile diaﬁgters. Since the apparatué,had been

modified to prevent interference, from the lower témplate it
o - . . . »
is apparent that- interference was not the major factor in

the continuing resistance gain. - Ll
The resistance "build up is probably the result of a

combinafi&n»of some or all of.the follwwing factors:
/" ’ ) ° . . ’ oo “ I3 - .
-»1. "the ductility of the soil used in the. tests,

2. the géome;ry of the failure mechanism, which precluaee-

. . . F
. . %
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tesistance loss with continulng ‘Gisplacement._ This 1is
discussed in section 2.3.2.1.
3. pile up of the soil 1n front of the pile.

The failure load was determined by fitting straight
lines to the two portions of the curve and{extending them to
find the point of intersection.

As a check an alij;native method of determi;ing failure
of the soil was use -This 1involved plotting load as a
function of the natural logarithm of displacement. A typical
curve 1s shown on Figure é.1. The curve has four sections:
1. a concave upward portion correspanding to the 1initial

linear portion of the actual curve, B
2. a linear portion corresponding ‘to ~the 1initial" curved

portlon of the actual load dxsplacemen\t curv‘

3. a second l1near portion at a lower slope,

4. finally a second curved portion portion which 18 concave

N -

(upward. .
M

Other tests analysed‘ in this way (egqg. Matsui//gt

al.,1982) do not exhibit the fourth portion of the curve. It

b

is/ a product of the steady increase in load’ which these
tests exh1b1ted after tailure. -

ﬁ* Fa1lure is designated as the point where the two llneaf
%%rtlons of the curve meet. " Agreement is good between the
%go methdds of 1nterpret1ng the data. The semi- log plot has

. the advantage that the failuré point can’be determined with

hss ambiguity. ' o .
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6.1.2 failure Load

Figure 6.2 shows the wvariation of singie pilie
resistance plotted against the estimated shear a;rength of
the soil. As discussed in section 6.2.2 the strenéth of the
soil 1s estimated by assessing vane shear tests, ugconfined
compression. tests, and the moisture content of’ the soil

around the piles.

“

- 'Most of the data is for the second suiter of tests,
since only two single pile tests were carried out in the

4
first suite. Although the results show considerable

variabilt§, there 1s a correlation between shear strength
and the single pile resistance. Tﬂé two tests from the first
series, conducted in soil with an -estimated average strength
of 75kPa provided an average résigtance.,of 0.73kN. At an _
average sérength of 100kPa the resistance of the piles
appears to average 0.83kN,

The‘sinéie pile reéistances referred to above are based
oni,the inflection point of: the load -"‘lég displécemént
curve.- This vajue is- lower than the,,ul‘t'irlf;éte resistance at
ver"g large deflections. Matsui et al. “982) noted that for
‘theit'ﬁés'ts the ultimate load was' approxnimately ‘60 percent
-higher'\thé_n th;s 'failpré' Eloacli” as defingd on.the semi-log
- plot. }Miost of? the tests of second svuit_:e ,weré’ égrqied oﬁt ‘to
dai’-splacéments of ap“least two diamefe,rs. "The resistance :
.d‘eve*loped ‘at that displaceme’nt was measured and éomparegi .to.
the corresponding failure load as defined by the semi-log

. . , : -

plot. Interestingly,” the resistande at two pile diameters

A

-
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displacement averacec 6{( percent higher tnan the fa.l.ure
7
load. It was decided on th® basis of these two

rn
V]
8]
ctr
O
ry
v
ot
o]
[
(3 4

the wultimate resistance of <the single piles <could Dbe

estimated as 1.6 times the faglure resistance.

[

. Matlock(1970) has developed one of the most complete
deg;j

iptions of how lateral resistance is developed near the
surface by lateraily locaded piles. The results obtaiﬁed
during thig. study were compared with Matlock's work to
establish whether they are reasonable. I1f the estimaté égf
ultimate resistance discussed above is accepted, then the
ultimate resistahce'in 75kPa soil‘is'1;17kN, and 1n 100kPa

soi1l 1t is 1.33kN. Thege values were compared to the results

obtained by Matlock(1970) to establish whether whether they

H

reasonable.
The frontal projection of each pile had an area of

2.69x10%¥.~1; can be calculated that the average pressure

[N

. ‘ . :
on the pile was 5.80c, for the 75kPa s6il and 4.94c, for the

L2

100kPa soil. These are average ®alues for the entire length

of the pile. It is expected that N, is lawer at tﬁy goil

surface and increases alohg‘thg length of phe,pile.(gatloék
2 . .

- devéloped an empirical relationship for-the devélopment of

~

resistance with depth. It was stated éarlier in this thesis
. - %

, | @

. o N . .
—-— - ._L .}i . 4
Np=3 + c * qd

v

as equation 1,7:

~

at the surface N ﬁé, and " for 75kPa soil, if J=0.5,then at
L~ P U ,

the tip, ; . . P STy
N'p§3 v £:170)(2.03)(9.81) , ( g (.170) _ o .-

75 (.0158] -



The average va.ue c¢f N. over tne sength of the pi.e .s
5.77. This .1s s..ghtly liower than what was was measured,
possibly :indicating a lower value o0f the 'J' parameter.
Matlock found values of 0.5 and (.25 for two differens
sites. It 1s 1interesting that the lower value of J was
measured for- the stronger scil. The same effect could.be an
explanation for the l1¥wer 'average N value deduced for
stronger solls in these tests. !

This calculation highlights a difference between the

behaviour «f the model piles and a full scale pile. For

these tests the magnitude ¢f the third,term of eguation 2.7

1s much greater than the second term. This means that the
. 1
computed value of N, is significantly affected by the value

assumed for 'J'. For full scale piles the term |which
contains 'J'" 1is ‘the leastu significant term, so that the
value assumed is not importént. .

, The gbove discussion assumes tggt there is validity in
- comparing the "ultimate" resiﬁtance values as defined for
these tests -and the UItiﬁafe resistance as ‘méasu}ed, by
Matlock in his tests. Virtually all of the single pile tests

continued to pick up "load until the test was halted. The

methodology used here chose the ultimate resM™tance as 1.6

ti@ss failure, a value which roughly corresponds to a
displacement of two.pile diameters. The value was used
because factors such as soil build up in front of the pile

certainly appear to Bg. affecting the resistance at that
x .

¢ ) -
order of displacement. In.-addition, a displacement of two’



on

pi.e diameters wcu.Z - Certa.n.ly  De unaccegtac.e for the

*

des:gn c¢f mecst structures.

6.1.3 Deflection
Measured displacements to failure were 16% and 25% of
the pile diameter during the first suite of tests. During

the second -suite of tests the displacements averaged

>

approximately 35% of the pile diameter. Broms {1964 ) stat g

that maximum resistance should be attained gt -20% of the

N
-

pile diameter. In a similar vein, Matlock(1370) suggests

i

<

‘that the deflectior at ultimate resistance 1% given by:
Y v
y,=20e d : . [6.7]
where e  is the strain at half the ultimate strength in an
undrained compression test. A value of e. =0.010 1is recom-
mended for most cases. This leads to a value of y =0.2d, 20

percent of the pile diameter,

These recommendations of Broms and- Matlock provide

°

estimates for the diéplacement to ultimate resistance. In
the tests ‘reported for this 'theéis only the designaéed
failure was reached at dispiacements of this mignifudé.'One
'explanatioh for this diif%fence is the very ductile‘tesponii/
of the soil used. The value of €, obsgrved‘in unconfined
‘compression tes@s on th;s'ﬁate;ial was between app?bxihately
0.06 and 0.09. Uéing these‘&alues in equation 6.1 giveé a
displacément af? ultimate averagihg .175 pile diameters, a

value closer to therbsépved'behaviour. )

)
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6.1.4 S611 Deformation

- " As the. test progressec a gap wcu.l cpen upf beh:ad the
1

‘piie gnc-the so.. wcu.d bu.ge upward :n front cf che

-

pi.e.

oy AU approx:gately the point of designated failure a vertica.
¥ YR . "

. \ s . “.
appear- and pxopagate outward f{rom the gpilie .n a
. \
N

L lirgrtion  perpendicular te the direction of the load
application. The crack would continue to grow 1in liength as
the test continued. After the test was completed, 1t could

-beé observed that both the gap behiné the pile and the crack
PR

e

éxtended-tq the full depth of the pile.
PN .

During the first suite of tests the bulge would rise
]
until it came into contact with the lower templiate. As the

. . - .
test continued the contact area 1increased 1in extent,

*

« spreading from the inmitial point of contact. This effect

certainly added .to the resistance measured because of the

increase in ‘friction on the template. Since the template
-

prevented the soil from heaving it locally increased the

)

lvqgtical stress }n front of the pile. Equation 2.7 shows
CoT , , : o v
that the pile. resistance is @ependent -upon the vertical

stress, so it is expected that this also led to an increase
’ - §

in measured. resistance. '

v,

'?or theé#econd'Suite‘of testé the lower templaté "a§;
s réised 36 tﬁéi éoil'c@ntact w}th the piie cap‘Qas prevented. .
During. the test the pile up in front of’the pilejregched a
'Heiéht;of approXimately‘lsmm. | o
o L. L

‘ ’ : ‘

. C SR



6.2 GROUP RESULTS - TEST SUITE #1

6.2.17 Raw Test Results
Individuai load-deflection curves for each tes: are
~ (
shown on Figures A.3 *o A.15. In the same wav as the sing.e
pile tests, load continues to build up throughour.
Failure was initlally determined by 1tting TwWo
straight lines to the load deflection curve in the, same way
as the single pile tests. The data was ‘aiso piotted with the
. i
natural logarithm c¢f displacement as the abscissa. This

method of presenting the data prodlced curves of the same-
shape as the curves for the single pile.

'It was found, as in the case of the single pilé, that
the >semi-log plot produced values for the failure load
similar to those optained by fitting straﬂght lines to the,
load-deflection curve. Because the semi-log plot provided a
failure point that was consistently defineable values
dete;mined by ghis method were used. CS )

The locads at which failugg occurred are suﬁmarized in
Tablen&.1; and shown graphically on Figure 6.3. A generall
trend of increasing rgsistance with increasing spacing can’

be seen.
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6.2.2 Normalized Test 5esults

6.2.2.1 Estimation of Average CTiav Properties

g

Because slight Hrying of the soil (took place during the

I

‘course of the test program, the strength pf the soil varied

9

between tests. To account for this, the measured resistancés

were normalized to a shear strength of 75kPa. To do this 1t

was necessary to estimate the strength of the soil%in the

bin for each test. i

| Three methods were used to estimate the shear strength

of the soil;

1. The soil s$trength was measured directly in the bin with’
a laboratIry vane shear device. Seven measurements wekre
usgally taken from each s;il bin.

2. ©One o; two Samples were taken from each khin with a 38mm
1.D. thin‘walled sample tube. These sampjzk_were tested
in unconfined compression. The results of these tests
were used both to estimate the stfength'of the soil 1in
that bin and to deyelop the relationships betweeen
moisture content and strength.

3. Samples for moisture céntent determination were taken

from the sail within the-éile group after the pileé were

. removed. Using the correlation between moisture content

and strength determined from the unconfined compression

samples taken frow»test suite #1, aﬁ 9stim$te of the
strength was obtained. |

Table 6.2 shows the 'average vane shear strength,

unconfined compression test results, and. the average

\



o

»53 '

moisture con e&; and the shear strencth deduced from that.
-~ s . (

The final column shows the shear strength estimatec¢ from a.l

these data.

6.2.2.2 Normalized Load Test Results
———
Failure loads were normalized by dividing the failure
load by the ratio of shear strength of that particular so:il
. ' )
to the reference shear strength of 75kPa. The normalized
«failure loads are given in Table 6.1 and shown on Figure

. [
6.4. ~ Two conciusions are immediately obvious: group

resistancé increases only wvery slightly as thé sp;cing of:
piles 1ncreases over tﬁree diemeters centre to centre.
Additiopally, effiéiency at four pile diameter spaciné\is
low and it is lower for larger groups: max imum effi;iéncy is

75 percent for 4 pile groups and dréps to 32 percent for 16

pile groups. ‘
6.3 GROUP RESULTS - TEST 'SUITE #2

6.3.1/Raw Tes:YResults

The individual load-deflection curves are shown on
Figures B.12 to B.23. The results are generally tonsisfent
with the curves shown in Appéndix A despite the change'in
test A procedure. There is éome' variation in the
load—deflection.respoﬁse between the two test suites. This
will be_discusged quther in section. 6.4 Most tests were

carried. out to displacements of ove@ 40mm and exhibited

increasing resistance throughout the test. Surprisingly the

-
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, Y
exceptions weere the test3 on the largest of the 4x4 groups
(spacings of 3.0d and 4.0d) which exhibited & sma.l drop i;

\
resistance at large displacement.

Failure was again defined twe w@ys, with the 1o0g

displacément method used asighe preferred method due to :its

'precision. A summary of the failure loads and the displace-
N\

v

ment at which they occurred/may be found in Table 6.3.

< .
6.3.2 Normalized Test Results

Rather than normalize the group results by the strength

.

of the soil 1in the bin, the resistance pf each grodp hgg
‘been expresed as a muétiple of the resistance measured for
\the_ single pile test perfbfmed in the same ‘soil b@n. The
method 1is simbier and less prone to judgemental errors.
Since the 2x2'group§ at spacing; of 1.5d &nd 2.04 were

tested in the same $6il bin, " both &re .compared against’
N / .

single pile test of Figure B11. ’ .

The rgsdlts are plotted on Figugz 6.5. The resulfs'are

.

%

similar to  the reszzts shown on Figure 6.4. The combined

‘results aof both suites of tests are plotted on Figure 6.6.

- . \

6.4 LOAD-DEFECTION BEHAVIOUR AND SOIL DEFORMATION -

N * R N : @, "
‘
’

N

6.4.1 Loéﬁ-Deflection Behaviour

'Designated failure of the single piles tested in

3

b suite #1 topk‘placé at displacements of 2.6mm. and 3.2mm. The

|5
displacement at which designated failure took place for pile
i .
. #
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6€.7. Although <there may be a siight™ tendency fcr the

displacement at fa:ilu

8]
]
r+

O incrwase with group size, .t 1S
not statistically sigrnificant. It appears that the fa:ilure
mechanism 1s related to the single pile rather than the

group. .

~

The single piles tested in suite #2 reached designated
failure at an average displacement of 5.61mm. The groups
failed at an average dispiacement of 5.20mm, slightly lower
tharn the single piles. A plot of failure displacement
against group breadth for suite #2, although not shown in
ithis thesis, would demonstrate ‘that the variables are
completely independent. The two differences between the
tests that might be related to the different failure
displacements are the displacement rate and the moisture
content in the sﬁil. (Because the soil did not contacé the
pile cap until after failure had occurred, the position of
the lower template does not seem to be a factor)

Soil .moisture content varied throughout each test.
suite. No dependence of falilure displacement on moisture
content was observed withiﬁ a test suite. It 1s tentatively
concluded that the difference can be related to the
different displacement rates. ’ :

Because tﬁe point of failure appeared to .éorrgspond
with the opening of the gap behind the pile, Lt‘ls liiély

that the behaviour can be related to the loss of' tension on
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cf tne pile. It may Dpe %nat the Sci. can susta:ir
higher tens:le strains for shorter per.ods of time.

On Figure 6.8 the icad def.ecz:ion curves cf s:ix
selected tests from suite #! are plotted together, with the
icad ax:s normalizecd with respect o the failure load. The
curves plét virtuaily on top of each other, indicating that
the load-deflection behaviour is the same, 1indeperdent of

group silze and spécing.
+

This does not appear to bpe the case for the sulte #2
results. Figure 6.9 shows a selection cf normalized curves

from those tests. It can be seen that although fa:ilure

occurs at the same point 1in each test. the larger groups

continue to plck up load at a greatér rate thén.single piles

and the groups at 1.5 and two diameter spacing. The greatest

°

difference between the two modes bccurs.petween displace-

»

ments of 1.5 and 2.5 pile diameters, after which the gap

begins to close. Relatively speaking the larger groups pick

/

up more load in the initial post failure stages and
progressively less at 1larger diéplacements. As mentioned

befo?%, some of the; largest groups tested appeared to have

0

attained an ultimate resistance. It was found that groups-
spaced at three ahd four diameters experienced the largest

post-failure load increase, while the groups spaced at 1.5
a, - .

-

” - . ‘
diameters generally behaved 1like the single ,piles. The
’groups-spaced at two diameters formed an intermediate case.

The reason for the variation betwen test suites must be”

related to either the displacement rate- of the different
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locatipn of the lower template. Differences in s
to moisture content variations are not ‘believed toc be
i
responsible for the different response for the same reason
as before. The pcit-failure response of tﬁe larger groups 1in
test sulte #2 1s reasonably similar'to the response observed
throughout the first test suite. The smaller groups 1in the
secqnd test suite developed lower post-failure resistance.
This—result i's consistent with the theory that interference
from the lower template caused an 1increase in measured group
loads.

The effect of the template does not fuliy explain
observed behaviour, however. The template did not interfere
wiﬁh so1l deformation in any of the group tes;s. It may be
that there is some mode of behaviour common to the larger

groups which was obscured by the presence of the lower

template during test suite #1.

36.4.2 Soil Cracking and Deformation

The observeq behaviour of the sdil was consistent 1n
all tests, and appeared to be independent of the size of the
group or of the pile spacing.

Figufe 6.10 1s a sketch of the pattern of deformation
.afte? the test of a 4x4 group. It is typical of all of the
pile gfbups tested. A gap formed behind each pile in the
rearmost row of the group and a crack developed between each
k extended laterally from the side

7

of the group a distance which was approximately equai to the

pile in that row. The crac
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pbreadth of the group. Both the gaps and the crack extendecd
to the full depth of the piles. The soil remainec in c.ose
contact with all the other piles in the group.
‘\ TN
. . _ . 5 .
Within the area of the group and approximately one pile
e
i L4 .
length in front, the soil was- observed to heave. The
transition from the region of heaved soil to undisturbed

so1l was gradual and ’usually only very minor surface

cracking occurred.
6.5‘\D\ISCUSSION OF THE RESULTS

6.5.1 Comparison with OEEEB)Results

There are similarities with the observed behaviour wwf

vertical groups reported by Whitaker. There appears to be

two parts to the curve of resistance against pile spacing, a

portion where the resistance increases rapidly with®spacing

then a flat portion. Unlike the vertically loaded groups the
horizontally loaded group behaviour cannot be related to

block action.

In the flatter portion of the curve the efficiencies of

Y
horizontall{)floaded groups are much lower than = the

efficiency of the vertically. loaded groups..

The efficiencies observed in these kests correspond
quité well with the results reborted by Prakash énd Saran.
For the'£x2 groups a higher efficiency was observed in these
tests (0.75 vs. 0.60), in the 3x3 group test the efficiency

observed was approximately equal for both experiments (0.48

e



in these "tests, anc L.45 repcrtecd bv Prakash §nd Sarar .

Alrhough: the rés
tnterference 1n 1in-line loaded s:ingle files ¢!l piles :s
greater than previously used 1n design, they do not begin tc¢

indicate the extent of the interference that:occurs when the

group 1s extended tc two dimensions.

6.5.2 Possible Failure Mechanisms

#%he low values for group resi§takce observed 1s both
striking and disconcerting. The measuredh resistances are
well beLow either a block failure mechanism (described in{
section 4.2.2) or tﬁat of individual single piles.

Figures 6.11 to 6;?3/compare the measu}ed resistance
with the capacity predicted by some different mechanisms
thit may be postulsced. The two dotted horizo%tal lines
indicate the capacity of the group 1f the efficiency with
respect to the single pile capacity ;as 1.0. Failure 1s
defined as it was previously, as the inflection point on the
load log-displacement plot. The lower line‘ should 5e
compared to the actual capacity at "failure. The upper
horizontal line is the estimafed "ultimate” cépacity which
is 60 percent higher than the failure resistance.

LY

The resistances predicted for the, block which enclosed:

the pile group are plotted, for comparison using rféid
r ’

plastis}ty assumptions, Three lines are plotted, reflecting

various degrees of conservatism which might be used in

predicting the resistance. The top-most line represents
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mobyiizing shearing resistance (¢ J aicng the area c¢i <the
s:des anc the base.

A more conservative estimate negilects the shearing on

~

the sides of the bloc® and includes only the frontal passive
pressure and shearing on the base. The third estimate
considers shearing on the base of the biock only.

Figure 6.11 shows these results for the 2x2 groups. The

(-

trend of the u
with what 1s predicted for the block mechanism up & the
3.04 spacing; but then drops below the predicted resistance
for the 4.04 spacing. Figure 6.12 shows a simiiér re5u1£‘for
the 3x3 group. Ultimate r;sisfénce- drops below the moré
conservative prediction for the b%gck, which accounts only
for the base and front. Finallz;éiéﬁre 6.13 shows that an
extrapolation of the 4x4 resultsuwill>drop below - even the
base only res stance.

On all fthe figu§;§véhe actual resistances are far below
the line .showing full éfficiency. Extrapolation to spacing
at whig&“fﬁe pile‘reﬁistance will.be uﬁaffected by group
effects is difficult. It ié apparent that a fairly high
fpacing will be reqdired} greater than indicated by previous
\resear;h. It is al;o apparent that the spacing required for
full efficiency will be greater for larger pile groups.

4 .Some characteristics of the bile,group behaviour make
it appear that the group is behaving as a block. Chiefly

. these are some elfments of the mode of soil deformation: the

{

timate resistances shows a good agreement=""

£



crack.ng o©f tnhe sc.. beh.nd the group, tne fact that <nere

[¥e]

Y -

was nc gap benhinc any Dbut the rearmcst piles in the Group,
and the heaving moction cf the sb6:l in front of the group.
Other characteristics, the consistency of the displacement
at failure despite variations 1in group size, and the heaving

- %
of the surface of the soil within the confines of the group,
for exampie, g:ve :the appearance tha® *he group behaviour :s
controlled by mechanisms based on the single pile.

It is difficult to assess what the wvariation in
post-failure behaviour observed in test suite #2 indicates.
It is postulated that the larger increase 1n load observed
for the lafger groups 1s due to the shape of the group being
wide relative to its depth so that different compeonents of
the groups resistance, which might be mobilized at larger
»éisplacehents (e.g. shear on the base of the group), becomes
dominant. If this 1s so: 1t implies that the soil 1is
behaving as a coherent mass up to the largest pile spacing
tested. Extending this argument, at very large pile spacings
_gEg shape of the/igad-deflectioa curve would revert to that
of tﬂé‘«s}ng{g//pile. It may also be postulated however,
(although _this seems less likéiy) that the change in
behaviour obser&ed 1s caused by ;he change from a single
mass to multiple piles. Under this scenario, the piles at
1.5 diameter -spacing behave like an equivalent pile and
produce that kind of a load deflectioh curve, while at

larger spacings the load-deflection cutve is characteristic

of a pile group.



At spac:ngs cf three anc fcur Clle di.ameters each

Ve
'
(@)
&

o)

deve.ops on.y S..GhTl.y More than tne res:istance

re
[}
O -
0
e

cf the
row. This suggests that the second and fo..owing rows are
being shadowed by the first of pries. This has been observed
by Cox et al.(1984) for a single f:i:le, but these resul‘s
indicate that shadowing can e€xtend o adjacent‘ files as
we... A suggestion may be madg that +he shadow effec:t :s a
result. of the 4ailure of the soil ahead of piles :n the
second and subsequent rows 1nto the gap left behind the
leading pile. Since no gap was observed behind any piles but:
the extreme trailing row this dues not seem to be the
complete explanation. The scil 1n the group appears to
displace as a relatively intact unit, yet shearing
resistance does not appear to be mobillized over the
boundaries of this mass.

A possible explanation for this 1s that shear planes
develop progressively on the boundaries. The soil used in
these tests has a low E/c ratio. This property may have
prevented uniform mobilization of shear strength on *the
boundaries of _the enclosing b}ock, resulting 1in
progressively failure. The deformation observed within the
group Mmakes clear thar at least some differential
mobilization of shear s:-3:ng-h along the boundaries of‘the
block is taking place. @

The development of the tension crack behind the growp

is likley the event that is producing the designated failure

resistance. It may be possible that the development of this
/ : , .
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crack prevents =wne fU.. geve_.cpment cf snear gf.anes arounc
edl

) aal - ~ . € -~ -

the grcoup. The sci:iness cf the sc.i. mav aisc dDe a factcr .

prevent.nc shear pl.anes ffomr develop:nc at the <dlsgiacenm

(44
®]
rt
w

*o which the groups were tested.

An elast:c ana:ys:s descri:bed by Pculos and Davis{ 980
predicts that the stiffness of the icad-deflect.on curve :.s
{
very much less Ior liarger Ggroups when expressed as an

average load per pile. If, consistent with the observations
made during these tests, the assumption s made <that

b}
displacement ¢t failure s constant, irrespective of groug

size, then the efficiency of each grokp can be predic:-ed.
The predictions are shown on Figure 6.\ Actually measured
group efficiencies have also been plotted on the figure.
Althouéh agreement 1S not good, certain trends are similar.
Group efficliency is very low and 1ncreases only very slowly
for larger spacings between piles. Group efficiency declines
as the  number of piles 1in the group increases. The
dissimllarity between the elastic theory and the performance
of the model groups 1is that the actual efficiencies are
almost twice as high as the theoretical efficiencies. The
walls of the soil bin provide a rigid boundary condition in
close proximity to the pile group which may explain the
apparently stiffer response'of these tests.

It appears that the pile groups develop resistance
somewhat in accordance with elastic theory for groups, yet
then fail at the same displacement, which is related to the

single pile. The mechanism for this-is unclear.

\
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ﬁ 7. CONCLUDING REMARKS

)

~
- A

fé@a USING PILES TO INCREASE SLIDING RESY STANCE L

-

5 Chapter 3 discusses the ‘ossible advantages of wusing
'Hélgs beneath gravity structures tosx increass lateral

stability. It was assumed that the effect of piles can be
3

Ed

considered simijar to the skirts or shear keys which are

>
ks

usually déed beneath’ gravity structures.

-
Piles®* may -have some advantages over skirt in
£ N L) .
“

developing shear resistance. BeCause they are not built on

. N : . o :
to th® base of the structurg there 1s more flexibility 1n
’ , ‘ i .
designing ‘for wvarying soil <conditions. Concerns about
” N ’ . . B s

v

whethér tg; pdlgror»ékirt can be installed to the deéigé
aépth'are leésénéd. Even more advantageously, pfles can be
designed for deeper tip penetrat;ons than skirts. This means
that stronger scils, 1f they oécu; at depth, can be utilized
in the design. ‘
i’ “Also in Chapter 3 the possible benefic/ of installingk\
piles to‘greater depths than normally atta‘!ﬁzpby the use of
skirts was investigated. Piles between 1 and 2m in dlametek
cannét be i;stalled to deeper than 20m with the expectation
that they will behave as short rigid piles. The maximum
increase in élid%ng resistance in uniform soils for this
‘length of piie'would amount to ohly about 25 percent. Mor?
substantial increases’ (in percentage terms) would only be

possible - for smaller structures utilizing very large

diameter, thick walled secticns. In most cases the ultimate

s »
he
p 5’.’ NEY

&t i . 106



bear:ng capac:ty under inclined loads w:.l not be affected.
For site stratigraphies where an increase 1n soi:
strengtnh can be expected within the depthtof the piles,
greater benefits could be expected. In these cases it woulid
be expected that the usual desian goal would be to develop a

sliding resistance close to that which could be obtained by

E¥S

forcing the shear plane beneath the pile tips. It was to
R
- - o Y 5
determine whether this 'goal was attaihable that the
experiments that form this thesis were performed.

-

7.2 GROUP INTERACTION I‘N LATERALLY LOADED PILES:
*

The hypothefis was made at the beginning of this work
that the ultimate horizontal resistance ofé@ group of piles
could be bounded, at distant spacings, by thg sum of the
resistances of the indiviaual piles, and at close spacings
by the resistance of the block which enciosed the tgroup.
,Ind;cations from previous work was divergent, but most’
lnvestigators seemed ;o indicate that this was true, and
that the transition from a single pile failure mode to a
block mode was gquite distinct.

: P

The indication from model testing performed for this
thegis indicatés that this is not true, at least for the
conditions of.these experiments. On the contrary , it ap-
pears that neither the block capacity predicted from
perfectly plastic mechanisms nor the single pile capacity

can be mobilized. Extrapolating the trend of the results

indicates th complete independent action of the giles



—
(&)
m

could not ‘take place unt:. the plles were spaced son the
order of 20 diameters centre o gentrel Yet even &t the
spacings'used 1n the model tests the meaéured resistance was
below the predicted resistance of the enclosing block.

Even though the results of these tests were unexpected,
they are not really 1n conflict with previous model tests
sinte most had beep carried out on groups of four or fewer
piles. Efficienciles measur=d for the four pile groups 1n

-
these tests were relatively high; it was for the larger
‘groups that the very low efficiencies were measured. Cox et
gl.(1984) noticed a similar result during their tests on
rows loaded 1in-line, with larger groups exhibiting lower
efficiencies.

Despite this, the results of the tests differ from
accepted judgement of the capacity of horizontally loaded
pile groups. Potentially, the capacity of many laterally

loaded groups may have to be re-evaluated. It 1s important

that the results of these model tests are fufly understood.

7.3 POSSIBLE CAUSES FOR LOW MEASURED CAPACITY

Various characteristics of the test re;ults have been
discussed in an effort to explain the.behaviour ogser;ed. It
has not been possible to arrive at any conclusions. Further
investiga;ion is recommended, concentrating on the possible
failure mechanisms discussed in section 6.5.2. The apparent
discrepancy Dbetween obse;ved chafacteristics of soii'

deformation, some indicating individual pile behaviour, some



(e}
Nel

more cons.stent with bliock behavicur, creagtes the MmMOS*t

d:fficulty in interpretin the resu.ts. However iU 1S

V0]

believed that specia. consideration ©f the effects cf the
tension crack formation on the development of the horizonta:
capacity of the group woulid be fruitful. Cther pogszble
mechanisms suggested 1ipclude a ”shidow" "effect from the
front row of piles, development of pfogressive failure 1ver
N
the boundaries of the enclosing group, and th; combinat:on
of a displacement relaged failure mechanism with a strain
comtrolled development of load.

It 1s suggestgd that a numerical analysis program
should@ be carried out. The analysis should 1nitially attempt
to reproduce the observed mechanism. For this reason a
program which "is capable of __podelling tension crack-
development would be required.

The“results‘of such an ghalysis should serve to clarity
'many of the issues raised by thekse tests. In particular,
once confidence in the analysis was established by matching
the model test resulgs, the analysis could be extended to
.analysing proposed full scale structures. Parametric
analyses could be conducted to establish the conditions
unéer which a fulliscale groups of piles would experience

i
the low efficiencies observed for the model.



[

7.4 MODEL TESTS IN COMPACTED CLAY

-~ ~

Sect:on 5.8 discusses the prociems encounterec
preparing the soil. A primary recomendat:on for subseguent
researchers 1s to avoid having 'to handle such a large amount
of material. Proper control of the ©properties of the
material, notably 1its molsture content, becomes exIreme.ly .
difficult. Placement becomes a long arduous process.

A majér objective of the model testing progrém was to
determine mgchanisms and modes of Dbehaviour. This was
accomplished. The testing program has shown.that under some
conditions overall translation of the soil mass can take
place to larger spacings than previously appreciated.
Development of tension cracks around larger groups has been
shown to occur. As mentioned beegre, some elements of the
deformation behaviour are difficult to interpret. These will

be resolved when the the low efficiencies measured are

explained.

0]

-/
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APPENDIX A

Load-Displacement Curves Test Suite #1

icad-d.sp.iacement curves fcr the s.ng.e [..es and p:ile
groups tested cdur:ng the f:i1rst suite cf tests. These tesis
were conductecd from August to October '984. A tota. ©
bins o©of soi1l were prepared and f{.:fteen .cac tests were
conducted. Two of these tests were On a Single pl.e, anca the
rémaining thicrteen were conducted cn groups. Twe.ve
confilgurat:ons were tested. The three by three group at the
1.5 diameter spacing was tested twice. The first ztest on
this pile group was preliminary and the properti=s of the
soil were not completely determined.

Each figure presents the lcad-displacement gqurve for
the test plotted 1n two ways: the upper figure presents the
load as a function of the natural logarithm of displacement
and the lower ¢urve presents the curve on a natural scale.

The reader is referred tc section 6.1.1 for a discussion of

how the load-displacement curves were interpreted.
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APPENDIX B

Loag-Displacement Curves Test Su:ite

Or tne fcllcwing pages tne .cac-c.sgp.acement curves fcor
the sSs.ng.e [..es anc g..e Groups testec Zur:nc the secconc
s;;:e c{ tests are gpresentec hese tests were ccncducted
from February TC Apr.ii SES. A zota:. of bins ¢f scil were
prepared anc 23 load tests were conducted. 1o each D:n a
s:ng.ie p.ie was tested. Then a piie Cgroup was testecl. 0On
Apr:i 4, '98S5 a single pi.e, and the 2x2 groups spaceq’a:

1.5 and two diameters were tested. The single p.ie tests are
preéented first on Figures B.1 to 3.''. The group tes:s
follow on Figures B.12 to B.23. The group test andé 1i:ts
companion single pile test were always conducted on the same
da§ so that the single pile test corresponding*to a specific
§p0up test can be found from the test date reported. The

sihgle pile tegts, Figures B.1 to B.11 aré\presented in the
.

order of the date of test. The pile group tégts are ordered

by group size, 2x2 to 4x4, and within each group size, by

spacing, 1.5 to 4.0 diameters.

Each figure presents the iloéd—displacement curve for
thé_test plotted in two ways: the upper figure presents the
load as a function-offthe natural logarithm of displacemént
and the lower curve presents tgg‘curve on a naﬁural écale.
The reader is referred to section 6.1.1 for a discussion of

how the load-displacement curves were interpreted.
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B.16 Load-Deflection Curve for Pile Group 3x3 at 1.5d
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