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SUMMARY

| The work presented in this thesis concerns the behaviour of
isolated piles subjected to repeated loading and placed at
various depths in a medium dense sand upon which either static or
cyclic surcharge acted. The piles, which were of laboratory scale,
were instrumented by strain gauged load cells located along the
inner surfaces of the pile shafts, The behaviour of tension as
well as compression piles was examined. It was‘found that the
behavioﬁr of the pile was governed to a large extent by the repea%ed
load level, the number of load cycles and the initial boundary
stress conditions existing along the pile shaft. In compression,
the pile life-span decreased when the embedment depth increased
- while the reverse trend was observed for tension piles, .The
movement of both tension and compression piles decreased when the
surcharge pressure was increased or was cycled, and it was of a
minimum value when the uppef repeated load acted in-phase with the
higher surcharge pressure. For tests performed with static
surcharge pressure, repeated loading was found to decrease the
bearing capacity and the pulling resistance of the pile. The higher
percentage of reduction was recorded for the tension pile. 1In
contrast, after cyclic surcharge tests the pile capacity always
increased.
At any depth of embedment or surcharge pressure, as the nunber of
load cycles was increased the shaft load of a compression pile
increased up to a peak value then decreased grgdually until it
reached a limiting value., This limiting value increased when the

load level, the pile depth or the surcharge pressure wés increased

and it was independent of the pile loading history.

it



For a tension pile the shaft load decreased progressively as the

number of cycles increased until failure occurred.

——
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CHAPTER 1

INTRODUCTION

1.1 The Need for the Investigation

The loads on piles, in general, have two main forms, dead
éndllive. The former comprises the self weight of the structure,
foundation, and all other loadings that are indepeﬁdent of time,
whilst the latter includes loadings which are time deﬁendent such
as wind and wave pressures and other moving loadings.

The repetition and ratio of live to dead load may in certain
clrcumstances be so small that the pile experiences undetectable
changes in behaviour. 1In contrast, the drastic variations in the
system of forces that act upon off-shore structures and the high
live to dead load ratio plus the large number of loading cycles may
cause a sudden change in the performénce of foundation piles
(McClelland 1974). Not only off-shore struqtures encounter high
live to dead ratios but also narrow tall buildings, transmission
towers, long span sﬁspension bridges, and silos. During the life-
time, each of these structures is liable to a loading randomly
repeated in one or two directions with different aplitudes. There-
fore the stability of these structures might also be severely
_gffected. Failure of piles under repeated loading was the subject '
of several authors whose works are described in the following
paragraphs.

Chan (1976) deécribed the state of faildre in compression
nodel piles subjected to repeated loading as follows. Initially
the pile was stable, but after a certain number of cycles, which

increased with decrease of the load amplitude, the rate of pile



movement began to increase rapidly until ahother stable stage was
reached. In the case 6f tension piles, he found that the rate
of movement initially decreased then.after a stable stage it began
to increase until the pile was pulled out.

Matlock (1979) indicated that the resistance along the upper
portion of a pile subjected to tensile repecated loading was
progressively lost. The field observations by Kraft et al (1981)
showed that the load transfer characteristics of piles were affected
when the loading was repeated. Even the theoretica.\l study by
Poulos (1981) revealed that under the influence of repeated loadihg
both the ultimate capacity and the load transfer of the'pile are
affected.

A searcﬂ through the literature indicates that only a very
limited area of this wide subject of repeated loading has been
investigated. .

1.2 The Scope of the Investigation

In view of the limited published'information the following
t&pics have been considered in the present investigation:-
() fhe influence of pile depth on the life span
of compression and tension piles Qhen:f
(1) The pile is subjected to repeated
loading while the sand surface is
acted upon by a constant surcharge.
"(11) The pile is subjected to sustained
loading while the sand surface is
" acted upon by a surcharge cycled

between two limits.




(iii) The pile is subjected to repeated
loading while the sand surface is
acted upon by a surcharge cycled between
two limits. This type of loading
consists of the following three modes
of testing.’
a) The applicatibn of the cyclic
surcharge on the sand surfacé is
independent of the repeated load
~level of the pile:
b) the application of the high cyclic
surcharge.pressure is in phase with
the high repeated load level of the
pile, and
c) the application of the high cyclic
surcharge pressure is in phase with
) the low repeated load level of the
piie.
(ivf Different combinations of the previous states of
loading.
. B) The influence of the'previous stateé of loading on the
load displacement response of the pile.
) The influence of the previous states of loading on the
load transfer characteristics of the pile.
To carry out such a research programme there are three main
approaches:-
(n) Theoretical approach.

(B) Full-scale field tests.



(c) Laboratory-scale model tests.

Unfortunately, soil is a very intricate medium. It is neither
lhomogeneous nor isotropic, "it is inherently a particulate system" |
as Lambe and Whitman (1969) said when they Aifferentiated between
solid, fluid and soil mechanics. Therefore, theoretical approaches
which treat the pile-soil systeh as a rigid plastié, perfectly
elastic or elastic up to failure and then yielded as a plastic
material are unlikely to lead to a proper solution. Although the
second approach is the more reliable for quantitative results it
has the following limitations:=-

(1Y Time of conducting the previous research programme.

.(11) pifficulties in conducting such a research programme,

(1ii)The cost. .-

Therefore the only approach which can be'adopted is the model
one. Model tests, in general, involve certain limitations. These
limitations are mostly due to the similarity between the state of
stress and strain in the model and that in the prototype, Rocha (1957),
Roscoe and Poorooschasb (1963) De Beer (1963, 1965). Hence the
results of model piie tests will be of quantitative value only if
the correspopding elements of soil in the prototype and the model
are subjectéd to identiaﬂ strains. However, there exists three
types of model testing:-

(1) Free~stressed sand surface.

(11) Pre-stressed sand surface.

(11i1) Sand subjected to centrifuge forces.

Concerning the first type of testing, this may be assumed as

the worst case of modelling. Piles tested by these methods are

usually subjected to a stress-level much lower than that of the



prototype and hence neither the load nor the deformation of the
model can be related to the prototypé.

Iﬁ the second type, the sand surface is acted upon by a
surcharge pressure that keeps the sand in a state of stress similar
to the average stresses of the prototype. Lack in similarity is
very limited as compared with the first type.

Although the centrifuge is assumed to be the best testing
technique it also suffers fromcertain defects such as:=-

(i) Noises and vibration during the operation may
affect both the sand density and the
instrumentations.

(11) The ratio betweén the length of the sample
(the pile depth) to the average radius of the
centrifuge may affect thé fesults.

(1i1) The sample actually is subjected to én
acceleration equal to the resultant of two
accelerations, the gravitational and the
centrifuge. Therefore the model is not
perfectly tested in a stress-path identical
to that of the prototype.

(iv) The influence of the particle size of the soil.
That is, when a model is subjected to an
acceleration of N times the gravitational
acceleration, the size of each particle in
the model becomes in effect N times as large

~as éhe original size, which is equi?alent to
anticipating the behaviour of piles in sand

from that in boulders.



(v) Any slight changes in the density of the sand -
would be magnified N times.
(vi) Due to unexpected changes or a sudden stop of
the centrifuge motor, long-term tests such as
those of the present investigation cannot be
conducted.
(vii) The cost of the centrifuge per hour is relatively
high as compared with the other types of test.
Therefore, it was decided to carry out the present investigation
tests in a model of the pre-stressed sand surface. The topics have
been studied experimentally on isolated model piles driven into a
dry clean medium dense sand. The piles were instrumented by load-

cells located along the inner surface of the shaft. The load

transfer during any test was monitoreé.and recorded by a data logger.



CHAPTER 2

REVIEW AND DISCUSSIONS OF SIGNIFICANT RELATED WORK

2.1 Introduction

In this chapter, the available literature is divided into four
main parts. In the first part ;he influence of repeated loadihg on
metals is considered. The second part deals with the behaviour of
sand undgr static and repeated loading., The third part, the response
of foundationé other than piled to repeated loading is reviewed.

The last part is concerned with the general behaviour of a single pile
under both static and repeated loading.

2.2 Repeated Loading On Metals.

A repeated load is a force that is applied many time§ to a

' member, causing stress in the material that continually varies,

" usually through some definite range. The fatigue strength of a

material is oftén used to indicate itsstrength in resisting repeated
stress. Early in the study.of strengéh of materials, it was found
frém experience and tests that members usually failed under repeated
loads that Qére considerably smaller than similar static loads that
were requi;ed to cause failure,

The mechanism of fatigue failure of a ductile member caused by
repeated loads, and as described by Osgood (1970), is a gradual or
progressive fracture. The fracture seems to start at some point in
the member at which the stress‘is highest, usually at a point where
the stress is concentrated or highly localised by the presence of a
fillet, groove or hole, or somevother abrupt diécontinuity. As the
load is repeated, a small crack may start and gradually spread until
the member ruptures without measurable ylelding of the member as a

whole.



2.3 The Behaviour of Band

The availlable information about the behaviour of sand will
be reviewed under the following two main sections.

2,3.1.Under static roading >L

Roscoe (1970) demonstrated the following fundamental principles

of soil:-

(1) Results of triaxial compression tests on soils
tested under active and passive conditions
indicated that the soil behaviéur was strongly
dependent on the loading path. (Fig. 2.1).

(i1) Tests on instrumented model retaining walls

indicated that the behaviour of the soil was

highly dependent on strain path.

(iii) Different granular materials of initially
different voids~-ratio tests in a simple
shear apparatus results in the following
cbservations: =’

(a) Once the rupture surface had been
formed all the subsequent shear strains
dccurred within that surface.

(b) The fallure plane consisted of a thin
band of not more than 10 grains
thickness. Through that band the void
ratio attained the critical state and
befond that it decreased in magnitude
‘as shown in Fig. 2.2,

- ‘(c) Even the densist sand packing was found
to be compacted first before being

dilated.
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In an attempt to explain the phenomenon of the critical void
ratio of sand, Youd (1970) suggested that in randomly paqked systems
ﬁoth loose and dense arrays of particles are to be expected. Smaller
shear strains are required to collapse loése arrays than to dilate
dense arrays. After larger strains, the loose arrays of particles
have for the most part collapsed and the denser arrays dilate,
Dilation, in turn generates additional loose arrays which may eventually
collapse. Thus, at some stage of strain, the effect of expansion
and collapse of particle arrays counter balances each other and a
constant volume state is attained.

Based on triaxial compression drained tests, Lee and Seed (1967)
concluded that:-

(1) The state of critical void-ratio was a function

of the confining pressuré; Very dense sand may
compress during shearing if the confining pressure
is high enough.

(ii) The phenomenoﬁ of volumé£ric change ceased when

| the cell pressure was equal to a critical confining
pressure.

(1ii) There was an unique relationship between the

critical voild ratio and the critical confining
T pressure. Critical void ratio of loose éand was
found to vary qonsiderably with small changes
in confining pressure. In contrast, small changes
in void ratio of dense sand corresponded to
large changes in critical confining pressure.
kiv) The phenomenon of dilation: was dependent on the

strength of the sand graihs.



(v) The failure strengﬁh of the sand was not
only dependent on friction and voiumetric
change, it was also dependent on the
crushing ana ie-arrangement of the
grains,Fig. 2.3.

An investigation on the angles of friction between sand and
plane surfaces has been reporéed by Butterfield and Andrawes (1972).
From that study the following conclusions can be drawn:-

(i) The static coefficient of friction is dependent

on the relative movement between the.solid and

the sand, microscopic toughness and hardness of
the solidmaterial. The gradation, density and

angularity of the graiﬁs and thelr packing are

also effected i; the coefficient.

(i1) The static coefficient of ‘fri¢tion was alwafs
gréater than the kinetic coefficient by a
magnitude depeﬁdent on tﬁe material, the speed
of sliding and the stress level. |

(iii) “a phenomenon of "stick-slip" associated with a

non-steady deformation was noticed during the

failure stage of the tests. This phenomenon was
- attributed to the difference between the static aﬁd

kinetic friction, which was found to depend on the

stiffness and damping of the loading system énd

the speed of testing. | |

2.3.2.Under Repeated loading

The behaviour of sand under the influence of repeated loading

is very complex as compared with that under static loading.

10
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Parameters such as the amplitude of étress, number of stress .
cycles, frequency and duration of the repeated‘stress, stress
history, stress level and density of the sand are important.
From the results of c&clic loading tests on the surface
of sand samples testedin alarge ocedometer, Al-Mosawe (1979) concluded
that the compaction of the samples increased with the number of
load cycles at a rapidly decreasing rate. Most of the compaction
took place within the first few load cycles. Ko and Scott (1967)
reached the same conclusion from a few loading cycles on samples
tested in the triaxial apparatus.. They concluded that most of
the potentially unstable arrays of particles got a chance to be
re~arranged }nto a more stable configuration within the early
loading cycies. The investigation of Morgan (1966) on sand
samples subjected to 2,000,000 cycles of deviator stress confirmed
the conclusion of Al Mosawe,
| The observations of Silver and See (1971) of the behaviour of
sand under repeated loadiné in simplé shear test indicated that the
sénd sample was compacted by an amount dependent on the nunber of strain
cycles and the repeated shear strain level.
Ta explain the phenomenon of shear strength reduction
associated with vibratioh of sand, Youd (1970) postulated that
“when a sand mass is subjected to stress fluctuated between two
limites, the inter-particle contact stresses would also fluctuate,
Repeating of the normal component of the contact stresses results
in fluctuations in the contact.area. Separation between particles
due to the shearing stress component along the contact surfaces
may therefo?e be expecfed. Re-arrangement of the sand grains will

continue until a stable state is reached. The void ratio of this
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stable state is equivalent to the critical void ratio, If the sand
;s acted upon by increasing static loading during this stable state,
no volume change will be detected. The interlocking between particles
will no longer contribute to the overall shearing strength of the
sand. The influence of confining pressure on the previous reduction
of shearing strength was also discussed by Youd. He argued that
increasing the confining pressure induces an increase in the initial
interparticle normal stresses which in turn increase the frictional
resistance along the interparticle surface.

The reduction in shearing strength of saturafed sand was
extensively studied by many researchers such as Silver and Seed (1971a,
1971b), Seed et al (1977), féék (1579)“Ne;at-Na§sér and Shokooh
(1979), Martin and Seed (1979), Blazquez et al (1980). The main
éonclusion was that during the applicétion of repeated shéar-strain
the sand volume tends to decréase. Pore water pressure would F
consequently increase by an amount depepding on the relative dénsity‘
the drainage condition of the sand, a; well as the number of cycles,
ffequency and amplitude of the repeated shear-strain. The effective
stresses, t#erefore, decreases which leads to a reduction in the sand

shearing strength.

2.4 Repeated loadings On Foundations Other Than Piled

During its lifetime, a structural foundation may be subjected
to loading which fluctuates between different levels. This fluctuation
is mainly caused by the variation of the live-loading with time.
Repeated loading might severely affect the stability of the structure
depending on theémplitude, the 'level of the repeated loading, the
stress-history and desnity of the soil as-well as the number of

loading cycles.
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From a laboratory investigation Carr (1970) reported that the
ultimate pulling resistance of a plate anchor increased after
testing under repeated loading. In addition the movement of
vthe anchor increased with increase in the number of loading
cycles. The behaviour of plate anchors under repeated loading
was studied exﬁensively by Hanna et al (1978). The tests were
conducted in dry sand of different over consolidation ratios. The
main findings of that study were that:- | | |

(1) The irrecoverable displacement was much greater

than that developed during static loéding tests,

(i) The over-consolidation ratio of fhe sand was

found to have no effect on the accumulation of
the irrecoverable movement.,

(1iii) Even for the high levellbf repeated load which

had been used and the large number of loading “
cycles applied,no failure was oﬁsérved.

(iv) = The life-span of the anchor when subjected to

: alternating logding was shorter than that for
repeated loading.

Based on the results of 'l tests pefformed on anchors,
Al-Mosawe (1979) supported the finding of Hanna et al. (1978) and
';éported that:-

(1) The irrecoverable‘movement of the alternating

loading, in contrast'to repeated loading,
increased at an increasing rate, leading to
faiiure.

(i) The ultimate load capacity of the anchor after a

repeated loading test increased but it always decreased

13-



after an alternating loading test.

(1ii) The performance of the anchor depended
mainly on the type and magnitude of the
previous loading. |

(iv) When surcharge pressure was cycled, the
anchor system was always stiffer than'that
of an anchor under static surcharge.

(v) Pre-stressing the anchor was always
associated with a longer life-span.

The resﬁlts of repeated loading tests on instrumented
reinforcing steel strips embedded in dry medium dense sand
have been reported by Al-Ashou (1981). He found that:-

(1) After an initial stable state, the strip

within a relatively smaii number of load
cycles, was pulled out,

(11) The life-span bf the reinforciné strip was
found to be a function of the amplitude-and

: level of the repeated loading. |

(111) Increase in surcharge pressure always increased
the life-span of the reinforcing strip.

(iv) The ultimate pulling resistance decreased by as
much as 35% after the strip was subjected to
repeated loading.

(v) ﬁven after 2x105 cycles of surcharge, failure
had not been reached when the strip had been
subj;cted to a sustained loading as high as 0.780t.

Qt being the static pull-out load.
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(vi) Testing the strip under different combinations
of repeated loading and cyclic surcharge indicated
that the most severe loading condition occurred
when the upper load level .coincided with the lower
surcharge pressure,

Prevost et al (198l) conducted tests on a gravity platformv
foundation bearing on normally consolidated silt, The tests were
carried out in a centrifuge. The foundation was subjected to
repeated, inclined and eccentric loading conditions (not more than
15 cycles). The results of those tests showed that the foundation
accumulated permanent vertical, horizontal and tilting movements
and that the'accumulation ef movement decreased as the number of
cycles of loading increased.

2.5 The Behaviour 6f Isolated Piles/“

2,5.1.Under Static Loading

Based on the results of compression tests carried out on H-
bearing plles driven througﬁ sand and.gravel, D'Appolonia and Romualdi
(1963) suggested that, during loading, pile deformation will be
resisted by(shear-stresses mobilised along the pile/soil interface
surface. These stresses increase with increase in the relative
displacement between the pile and the soil and ere a maximum near
the ground surface. Initially the soil sticks to the pile surface
and the relationship between pile toé loading and load transfer, as
represented by the average shear stress on the plle, is approximately
linear. Once the loading reaches a certain level, the pile .
begins to slip along the soil and a shear plane starts from the
ground surfaee and progressively extends towards the pile base.

Any subsequent increment of loading will be transferred to the pile
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base in as much as the pile is slipping along its entire length.
The falilure load will then be reached when the base starts to
punch into the soil and settle continuously.
The mechanics of load mobilisation have been comprehensiveiy

studied by Hanna (1969). He confirmed most of the previous study
and postulated that the failure surxface does not necessarily coincide
with the pile/soil interface surface. Concerning the pile load
transfer, Hanna stated the following fundamental concepts:-
(1) The shaft friction and base resistance

do not act independently, they are

interrelated and strain dependent.
(i1) Uhloading friétion.is generated from the

ground surface and propagated down to the

pile base such as that wﬁich takes place

during the pile loading process. |
(ii1) After unload, the pile will be subjected to a

system of stresseé (residual) distributed in

such a manner that keep the pile in a state of

’equilibrigm.

(iv) The behaviour of the pile in the subsequent

stages of loading is, to a large extent,

dependent on these residual stresses.
Field and model tests carried out by Vesic (1967) on instrumented
piies embedded in sand of different reiative densities indicated that
both the unit ultimate point : ” resistance and the average skin
friction attain a limiting value beyond a certain depth of penetration.

To explain this phenomenon Vesic suggested that when a pile
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is loaded, the sand beneath the base is compressed whilst that around
the shaft tends to move downward. The latter action causes the
original horizontal stress which acts at any given point along the
‘pile shaft to become inclined by an angle dependent on the

magnitude of the settlement and the depth of thevinvestigated point.
If the depth of the pile is great enough, then a condition of constant
inclination after a certain critical depth will be attained.. This
critica¥ depth was found to vary from 10 times the pile diameter for
loose sand to 20 times the pile diameter for dense sand. Vesic

then reached the following conclusion.., There is arching created
along the pile shaft such as that observed above a horizontal trap
door in a silo, This archiné affects the state of effective
vertical and horizdntal stresses around the shaft as shown in

fig. 24, S

A later published paper by Vesic (1969) stated that "very‘
little is known about the acéual stress condition around piles and
this problem will remain opén". '

The phenomena of arching and the limiting values of point and
shaft stresées have been supported by mary researchers such as Tan
(1971), Ooi (1980) , Touma and Reese (1974).

Cooke (1974) described the initial strain field around loaded
plles as follows. The soil deforms in such a way that it consists
of a series of concentric cylinders centred on the pile. Shear
strains decrease with increasing distance from the pile surface.

Holmquist et al (1976), Parry and Swain (1977) attributed the
postulétion of Hanna (1969) that the failure surface and the pile/

soil interface surface not being coincident to the reduction in the

shear strength of the soil in the direct vicinity of the pile.
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Gallagher and St. John (1980) suggested that the coinciding
of the two surfaces depend on the surface roughness of the pile.
Thorburm and Buchanan (1979) restricted the limiting value of
the skin friction to driven piles only. This conclusion was
based on the following failure mechanism. During the process of
pile driving, sand in the immediate vicinity to the pile dilates
due to the large applied shear strains. In contrast, small
shear-strains cause é éompaction to the soils located a short
distance from the pile shaft, thus creating a thin, looser annulus of
sand along the shaft which affects theyesistance and distribution of
stresses along the pile shaft.

From figld tension and compression tests carried out‘on
instrumented steel piles of 0.457m diameter driven into boulder
clay to 9.2m depth, Gallagher and St.xdohn (1980) concluded that
the pile shaft capacity in tension was less than that in
compression. A similar conclusion was reported by Hunter and -
Davisson (1969). |

2.5.1.1.Residual Stresses

These ;tressed are generated along the piles during and‘after
the process of installation and have a maénitude and direction
dependent on many factors such as the depth, method of installation
“and flexibility of the pile. The important influence of these
residual stresses on the load-settlement behaviour of a pile has been
quantified by Hanna and Tan (1971). Tﬁey carried out a series of
large scale laboratory pile tests. Two methods of test preparétion
were followed. In one, the pile was permittedvto float whilst 1n4
the o£her méthod the top end of the pile was fixed and thus axial
movement at the pile was prevented. In this manner two extreme

initial residual stresses were created, The result of cohpressive
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tests, Fig. 2.5. indicated that the residual stresses greatly
affected the load carrying capacity and the settlement of the tested
piles.

Hunter and Davisson (1969) concluded that the evaluation of
load transfer based on zero residual loads may seriously be in error.
Measurements of load distribution (Cooke et al 1979) of instrumented
tubular steel piles embedded in London clay revealed that the state
of residual stresses of a given pile was also affected by the
installation of a nearby pile, Fig. 2.6.

2.5.2. Under Repeated loadings

Repeated tension loading tests on H-piles in sand have been
reported by Begemann (1973). Those tests revealed that the pile
tended to pull out of the ground when a high alternating load was
applied. For repeated loading less than 35 per cent of the static
‘pull-out‘reéistance, no significant increase in movement was
observed. Begemann also highlighted the efféct of load history
on the subsequent pile performance.

An extensive test programme to study the behaviour of a single
pile under repeated loading was conducted by Chan(1976). The pile
and the apparatus of testing is similar to that employed in the
present investigation except that Chan's tests were only performed
on sand subjected to a constant surcharge pressure. The main findings
of that work were:-

(1) The behaviour of the pile was found to be dependent
maiﬁIY.on the amplitude of the repeated loading and
the number of loading cycles.

(ii) For compression repeated loading, initially the pile

was stable, but after a certain number of cycles
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vwvhich increased with decrease of the load
amplitude, the rate of movement began to
increage rapidly until another stable
stage was reached. Repeated loding was
found to briné about a re-distribution of
pile load between the shaft and the base,

(1ii) For tension repeated loading, the pile
initially moved with a decreasing rate then
aftér a stable stage, the rate increased
until eventually the pile was pulled out.
The intial compressive residual axial
loads changed to'tensile during the early
stages of the repeated loading. These
tensile, residual loads wéfe very small at
the final stage.

(iv) Failure due to ?epeated loading was

~ attributed to a reduction of norxmal
';tresses that act upon the pile shaft.

(v) 'gepeated loading was found to decrease the
ultimate load capacity of the pile, This
observation has been confirmed by
Bogard and Matlock (1879), Poulos
(1981).

(vi) Increasing the surcharge pressure resulted
in a pile of longer life-span when subjected
to rebeated loading.

ﬁolmquist and Matlock (1976) conductéd repeated loading (not

more than 100 cycles) on 25mm instrumented aluminium tube piles

tested in a drum 750mm diameter containing remoulded clay.
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The results of those tests indicated that the alternating loading
caused a severe reduction in skin friction as compared with that of
unidirectional repeated loading. Increasing the confining pressure
from 68kN/m2 to 340 kN/m2 corresponded to an increase in the l‘ife-‘
span of the pile.from 25 cyclesto 75 cycles of repeated loading. When
compaxing the life-span of driven and bored piles they cbncludéd
that the.latter had the. lopgexr life,

Although different téchniques have been employed in testing,

" the studies of Madhloom (1978) and Ooi (1980) confirmed the

finding of Chan (1976). ©Ooi indicated that the life-span of a pile
decreased when it was subjected to failure loading before being
tested under -repeated loading.

Matlock (1979) concluded that the.resistance along the upper
portion of a pile subjected to ténsiié repeated loading was~lost -
progressively ‘

Bogard and Matlock (1979), after a cyciic loading test cairied
out on an axially loaded pile, suggested a mechanistic model.of
what may haépen in a typical annulus of soil around a pile., Prior
to repeated‘loading, the distribution of shear strength, shear stress
and soil deformation are as shown in Fig. 2,7A. After repeated
loading the gradient of sheatk strength of the soil in the vicinity
.;E the pile may give rise to failure at a short distance from the
pile wall, The band in which failure is initiated is shown hatched
in Fig. 2.7B.

To solve the problem of a foundation pi;e subjected to
repeated loading.many theoretical approaches have been proposed.

(For review see Smith 1979). Each of them attempted to produce a

modél which combines some of the phenomenon observed in element
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behaviour such as a reduction in éhearing strength. Most of these
solutions assumed the pile and the soil as an elastic continuum
and the problem‘iua; then solved either by the solid or by the
transfer function approach. Gallagher and St. John (1980) did not
give credibility to any of the previous design approaches unless
it was used with an unrealistically ﬁigh factor of safety.
Theoretical investiggtions by Poulos (1981) indicated that
the cyclic failure begins at the top of the pile and prog}esses
downwards as the number ‘of load cycles and the level of the
repeated load are increased. This failure caused the load transfer
to increase gradually in the lower parts of the pile. Moreover,
Poulos found that the increase in the soil shear strength results
in a pile of longer life. L -
Recently, field investigation o% Kraft et al (1981) on
instrumented (356mm) open~end steel piles, embedded in clay and
subjected to unidirectional repeated loadiné revealed that the load
history and}cyclic loading affected the load-éeformation response
of the pile. Concerning the load transfer of the pile thece authors
found that initially the load was transferred to the deeper sections

but after several cycles of loading, the trend was reversed and

the upper portion of the pile began to carry more of the load again.
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CHAPTER '3

LABORATORY INVESTIGATION OF THE BEHAVIOUR OF A PILE ELEMENT EMBEDDED
IN A TRIAXIAL SPECIMEN

3.1 Introduction

One of the main parameters studied in the teét programme presented
in this thesis is the pile shaft friction. The available information
‘has indicated that this friction depends on the load level and
history, surface roughness, pile material and rigidity as well as
| the soil propertie§ and many other factors, Hanna (1963, 1969), Coyle
and Sulaiman (1967), Vesic (1967), Touma and Reese (1974). Therefore
to establish a better understanding of this friction, a pile shaft
was tested in a modified triaxial cell. This was done in such a
~ manner that the base of the pile was freely extended out of the
sand sample and thus all the resistaﬁce to loading was taken by
shaft friction. Two levels of confining pressure were used in
these tests, 50 and 100 kN/mz. These pressures were chosen to
simulate the conditions of the main research programme. Both
tension and compression piles were investigated. The properties of
both the pile and the sand that were used in this investigation are
the same as those used in the main research programme.

3.2 The Test Apparatus And Procedures

A large triaxial cell of 300mm diameter and 600mm high was
employed. The apparatus, shown in Fig. 3.l., consist of a
cylindrical sand sample of initially 200mm éiameter and 497mm high
supported by a perspex pedestal of 200mm diameter and 50mm high. The
pedestal, which is rigidly connected to the base of the triaxial

cell, contains a hole of 25mm diameter located along its own axis

and through which the 19mm diameter pile passed. The diameter of
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this hole was larger than that of the pile and ensured that in no
case would the pile surface touch the pedestal.

In order to fix the bottom of the pile in its proper position
during installation and testing and to prevent the sand grains
from falling through the gap between the pile and the pedestai, a
rubber washer of 10mm thickness was stuck on the pedestal so that
the centre of the washer hole coincided with the centre of the
pedestal hole. A stainless-steel bushing 25mm inner diameter was
rigidly connected to the top cover pléte. The outer diameter of
the bushing, 38mm was tapered at the top segment so that during
erection of the apparatus the bushing could easily and smoothly
pass through the cell cover plate.

The "model" pile was a tube of high strength aluminium alloy
19mm outer diamter, 750mm in 1ength,';nd a wall thickness of l.6mm.
The soil was uniform, alr-dried, medium denée sand. The

properties of this sand are stated in section 5.1. During the
sample preparation, the sand was placed by a raining technique to
give an aveiage density of 1.557 Mg/m3 which is equivalent to
51.2% relative density.

Before the first test was started many preliminary tests were
carried out to check the repeatability of the test and the vertical
aisplacement of the sand mass after applying the back pressure as
well as that during testing of the pile. It was found that the
tests do repeat to within approximately 5%. Regarding the vertical
displacement, this was found to vary from approximately 8.0mm to 20.Omm.
Therefore an avefage of 14.0mm was considered when preparing the

samples.to give a net depth of pile embedment equal to 475mm which

corresponded to a depth to diameter ratio of 25. The vertical



displacement was detected by a dial gauge mounted on the top eﬁd of
the bushing.

Before starting the test each individual component of the
apparatus was cleaned. The groove of the cell base, the hole of
the rubber washer and the inner surface of the threaded collar were
coated with silicon grease,

During the process of sand placement the pile was held at the
lower end by the rubber washer. The upper end which was held by
four sets of thin plastic bands was adjusted to set the pile vertical
and hence coincide with the centre of the sand sample. The plastic
bands bridge the pile to four free-standing rods which were firmly
connected to the cell base and forming a cross-shape.

After the mould was filled with §and to a depth of 497mm and
the surface of the sand was levelled éff, the top cover plate with
extreme care was placed.

In order to apply a back pressure (not more than 40 kN/m2) the
clearance between the pile surface and the inner surface of the
bushing was gently packed by layers of cotton and silicon grease,
Fig. 3.3. The upper part of the triaxial cell, which was
suspended vertically from a crane, was lowered very slowly and
carefully guided so that the bushing could smoothly pass through
;ge collar outside the cell.

When the two parts of the triaxial cell were lumped tightly
together the cell as a whole was carefully lifted up and positioned
on the base of the triaxial machine. Water under low pressure (not
more than 5 kN/mz) was allawed to enter and fill the chamber. The
back pressurewas then cut off and the cell pressure was raised
steadily to the required testing pressure. A load test was

conducted using the arrangement shown in Fig. 3.4.
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FIG. 3.2. THE SAND SAMPLE AFTER APPLYING BACK
PRESSURE AND REMOVING THE MOULD.

FIG. 3.3. PROCEDURE OF LOADING. FIG. 3.4 GENERAL VIEW OF THE
APPARATUS.



Load readings were taken each 30 seconds from the instrumented
proving ring which was monitored by a Solartron data logger. The
displacements were checked by dial gauge. The rate of displacement
was 1,36mm per minute. Confining pressures of 50 and 100 kN/m2 were
used in this investigation. During thé compression phase of the
study the load was transmitted through a 25mm steel ball mounted on
the top of fhe pile. For the tension phase, a threaded metal bar
was used for this function, Fig. 3.3. Tension loadings were
generated by reversing the direction of movement of thé triaxial '
machine, after the triaxial base was rigldly connected to the
base of the machine.

3.3. Test Programme

The test programme comprised nineteen tests performed on two
sanJ samples., The first five tests which were carried out on the
first sample, studied the shaft friction in compression loading. On
the second sample fourteen tests have been conducted through wbich
the shaft friction in tension loading was examined. The detailed
éest programme and sequence of tests are shown in table 3.1l.

3.4 Presentation And Discussion Of Results

Fig. 3.5 shows a plot of load versus pile movement (average
skin friction versus pile movement) of the tests that were carried
out on the first sample. For all tests, at relatively small
displacements the skin frictioﬁ increased raéidly until a peak
value was attained. The peak skin friction of the test Tl, which
was conducted under 100 kN/m2 confining preésure, reached 40 kN/mz.
Beyond that the f;iction continuously decreased until it reached a value of
v 34,4 kN/m?. These values of skin friction correspond to an angle
of friction between the pile material and the sand equal to 22°

and 19° respectively, Moreover, the peak skin friction was found
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Table 3.1

Test Programme

Sample Test Type of leoading Cell Pressure Remarks
. No. :
No o kN /m2
Tl . Compression 1oo
T2 " 50
1 T3 | " 100
T4 n ”
T5 " 50
T6 Tension 50°
T7 L] "
78 " "
T9 11] n
Tlo L] "
2 Tll " 1 1]
T12 " 277100
T13 " " '
Tl4 " "
Tls 1] 1]
T16 " 50
T17 " 100
T18 Compression "
Tension "

719
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occur at a displacement of 0.858mm which is equivalent to 0.05 of
the pile diameter or 0.18% shear strain.

The angle of friction between a reinforcing strip aﬁd the sand

- as measured by Al-Ashou (1981) using a load control method and for
a wide range of normal stresses, was 20.5% This value may be
assumed equal to the average of the two aforementiqned angles (19o
and 229 .

Theltest T2 was performed on the same sand sample but after the
confining pressure was decreased from 100 kN/m2 to 50 kN/mz. The
results of this test showed the peak skin friction was 18.34 kN/m2
after which the skin friction dropped, then slightly increased as
the pile displacement was increased. The peak value was reached
when the pile moved 0.388mm which is equivalent to 0.02 of the
bile diameter. The reason for this smailer displacément as compared
with that of test Tl is believed to be due to the stifféning the
sand had gained due to the previous test Tl where it was tested
under 100 kN/m2 confinemen£.

. When fhe cell pressure was raised again to 100 kN/m2 and test
T3 conductéa the peak skin friction reached a vélue equal to 44.3
kN/m2 which is much higher'than'that of test Tl. This value

was attained when the pile head settled 0.655mm which corresponds

“to 0.034 of the pile diaméter. The higher value of the peak skin
friction as compared with that of test T1 ma§ be relétted to the
compaction of the sand sample which tock ﬁlace after each change
in the confining pressures Ko and Scott (1967).

The peak skin ffiction decreased and the load displacement
relafionship became brittle when the test T3 was repeated as shown

by test T4, Fig. 3.5. A decrease in the peak skin friction due
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to repeated loading has been reported by many authors, Chan (1976),
Ooi (1980), Al-Ashou (1980) and Bogard and Matlock (1979). The
first three authors indicated that the normal stresses which act on
the shaft surface decreased due to repeated loading while the latter
related it to the reduction in shear sérength of the soil layer
located very close to the pile shaft surface.

Again when the cell pressure was decreased to 50 kN/m2 and the
test T5 carried out, the peak skin friction wés greater than that'
of test T2, This increases in the peak value may also be related to
the compaction effect that took place after changing the cell
pressure.

It may be argued that if an arch is generated in a horizontal
plane it wili affect the value of the horizontal effective stress
which acts on the pile shaft surface and therefore, the value of
the shaft friction will also be affected, Thorburn and Buchanan (1979)
Vesic (L967). Thus, the value of the shaft friction due to anlincrease
or decrease in cell pressure from and to 50 kN/m2 respectively should
not significantly be affected, From Fig. 3.5 it can be seen that
" the shaft friction of tests T1l, T3 and T4 was alwayé greater than
twice that of tests T2 and TS5 which were conducted under 50 kN/m2
confinement. These results may indicate that the sand grains
did not form an arch around the pile shaft, A similar cqnclusion
m;y be drawn from the tension tests series as shown in Fig. 3.7.

_ At the start of each test, the load-displacement relationship
was non-linear. This behaviour may be attributed to the state of
residual stresses which are generated after each loading test as well .
as during the process of sand placemené, Tan and Hanna (1974).

The intial displacement may therefore cause a relative movement

.between the pile shaft and the soil, so that all stresses along the
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shaft become in one direction such as that described by Hanna (1969).

Coyle and Sulaiman (1967) carried out a similar investigation
on 25./4mm steel stube, instrumented model pile placed in a poorly
graded silty sand sample 150mm diameter and tested in a modified
triaxial cell undexr a wide range of cell pressures. The results of
two different initial densities tested under 70 kN/'m2 (10 psi) by
the authors together with the result of test Tl of the present
investigation are presented in Fig. 3.6. This plot shows the
relationship between the average skin friction and the displacement
ratio (displacement/diameter of the pile) of the pile. It will be
seen that there is close agreement between the displacement ratio
of the two investigations. With respect to the skin friction, the
peak value of the denser sample was much closer to the respective
value of the present investigation.

Fig. 3.7 shows the load displacement relationship of the other
test series which was carried out on the second sand sample ana
designed to examine the shaft friction under tensile loading.

The geﬁeral trend of this family of curves is similar to that
of the first test series (FPig. 3.5). The test, T6 which was the
first test in this series, was conducted under 50 kN/m2 cell pressure,
The peak skin friction of this test was about 14.1 kN/m2 and attained

giia displacement 0.021 of the pile diameter (0.13% shear strain).

Beyond that the skin friction increased slightly as the pile displécement

increased and reached 17.6 kN/m2 at the end of the test.

If the value of the post failure skin friction of the compression

test Tl (which wa§ carried out on the first sand sample) and that

of the tension test T6 (which was carried out on the second éample)
are taken as a r&tio of the applied confining pressure, the following
values of this ratio are obtained, 0.35 and 0.352 respectively. This

.
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revealed that, at post failure and after a large pile displacement,
the conventional coefficient of shaft friction in compression loading
and that in tension was the same and was independent of the cell

. pressure,

When the test Té was repeated six times, the peak skin
friction was affected and the lpad displacement behaviour of any
test became stiffer than the preceding test,

During the first loading cycle, test T7, the peak skin friction
increased to 16.7 kN/m2 and then continuously decreased after each
loading cycle until it reached a value of 15.45 kN/m2 during test
T1l. The peak skin friction of test T7 was higher than that of
test T6 and is believed to be caused by the change in the direction
and magnitude of the;esidualstress which resulted after the test
6 suéh as that demonstratéd by Hénna'(l969). A similar behaviour
has been reported by Tan (1971) and Ooi (1980).

When the cell pressure was raised to 100 kN/m2 and the test
T12 performed the peak skin.friction éeached a value of 46,27 kN/mzo
This value also decreased when the test T12 repeated three times
and reached.é value of 39.32 kN/m2 during test T15.

After the cell pressure was decreased to 50 kN/m2 and test T16
conducted the pezk skin friction was higher than all the values of
the previous tests which had been carried out under 50 kN/m2 confining
. pressure, as shown in Fig. 3.7.

The compression loading test T18 was carried out directly after
the tension test T17. The load displacement characteristic of this
test was-more ductile as compared with the other compression tests,
as shoWn in Fig. 3.5. Moreover, in contrdst to the other tests

which were conducted at 100 kN/m2 the post failure skin friction of
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tést T18'increased.

A similar trend was observed when the tension test T19 was

performéd directly after the compression test T18 - see Fig. 3.7.
The change in behaviour of the tests T%8 and T19 may also be atfributed
to the state of the residual stresses as reported by Tan (1971) and
Hanna (19695. On examinétion of the meéhanics of load mobilisation
in friction pile, the latter author found that the pulling resistance
of a pile which has not been subjected to a previous compression
loading is larger than an identical pile but loaded in compiession.
3.5 Conclusion

From these'few tests and within the testing limits, the following
conclusions may be drawn:-
(1) Fér small pile displacements, the skin friction

increased linearly with increases of pile

displacement.
(2) During the post failure stage and after a large

pile displacemeﬁt the conventional coefficient

'of shaft friction in compression loading and

that in tension lcading was the same and was

independent of the cell pressure.
(3) The shear-strain required to attain the peak

skin friction increased as the confining

pressure increased.
(4) At a given confining pressure, the peak skin

friction‘was increased when the confining

pressure changed and, then, retutned back to

its origihal value.
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(5)

(6)

(7

The peak skin friction decreased and the load
displacement became more brittle when the

loading test was repeated.

Within these few tests and under such conditions,
the influence of arching in a horizontal plane

and around the pile shaft was not detected.
Alternating loading greatly affected the behaviour
of the pile shaft. The skin friction decreased and
the displacement required to mobilise a given skin

friction increased due to this type of loading.
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CHAPTER 4

THE TEST APPARATUS AND MATERIALS

4.1 Arrangement Of The PMpparatus

Three identicy) rigs'have been employed in this investigation.
The arrangement and detail section through one of these rigs are shown in
Figs. 4.1, 4.2 and 4.3 respettively. The pile was placed in a
cylindrical steel container filled with dry sand. A double hanger
and lever arm system acting together with a reciprocating machine
were used for repeated pile loading. In each minute during testing,
the machine steadily lifted and then released the lower hanger which
carried the amplitude of the repeated loading.

The mechanical advantaée of the lever arm was 1l1l.0 and 10.0
for compressive and tensile loads respectively.

«¢The stress condition around the pile was controlled by applying

a surcharge pressure on the sand surface.

The method of testing and the apparatus' adopted in this study
was similar to that of Madhioom (19785except some modification
regarding the cyclic surcharge system which was found necessary

to fulfill the requirement of the test programme.

4,2 The Sand Container

The sénd contalner was made of steel tube 380mm diameter,
965mm high and 17.5m thick. The diameter of the container was
20 times the diameter.of the pile whilst the minimum depth of sand
beneath the pile base afﬁer installation was 18.5 times the pile
diameter. In order to brepare a suitable space for the pressure
plate the sand was filled up to 920mm of the container height. The

influence of any external vibrations through the ground was minimised

by introducing a 12mm thick rubber sheet betwen the floor and the
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FIG.4-1 THE TEST APPARATUS




OVERALL VIEW OF APPARATUS FOR REPEATED LOADING TESTS.

FIG. 4.2

(After Chan 1976)
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container structure.

Preliminary tests indicated that the ultimate load capacity
and the corresponding settlement of the pile were greétly
affected and became non-repeatable when the container wall
surface was not coated with silicone grease.

The influence of the_container size on the state of stresses
in the soill mass during the process of penetration was calculated
by Chan (1976). He found that the major principal stresses
decreased rapidly with increase of the radial distance from the
shaft and the vertical distance from the base. These stresses

became of negligible value near the boundary of the container.

4,3 The Sand Hopper

The sand hopper was made of 12mm thickness plywood with 40 x 40cm
cross-section and 60cm depth. The outlet of the hopper was a segment
of steel tube of 44mm outer diameter connected to a 50mm flexible
hose. The other end of the hose was fitted with a stainless steel
wire mesh of 3.3 x 3,3mm siée through‘which the sand was allowed
to flow. Hoses of two different lengths were used during the process

of sand plaéement, one of them was 70cm length and the other was 40cm.,

4.4 Arrangement Of Repeated Loading

The system by which the pile loading was‘repeated is shown
in Fig 4.4. It consists of a lever arm, two hangers connected
together through a ball bushing guide and a reciprocating electric
machine. ' The frequency of the repeated loading was one cycle per
minute for all tests except one in which the frequency was 3
cycles per m;nute; An adjustable press button relay waé fixed to
t;,he skeleton of the reciprocating machine 'by which the maci‘xine

could be stopped when the lever arm became inclined due to the
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FIG. 4.4 ARRANGEMENT FOR APPLYING REPEATED LOADS,

(After Chan 1976).



 decreased.

displacement of the pile by more than a certain amount. Scanning of the

top load cell of the pile during the 60 seconds duration of the
loading cycle indicated that the pile loading was held constant
for approximately 23 seconds while the transition period of
increasing or decreasing the loading was about 7 seconds. This
relative period of the pile loading was kept approximately constant
in each cycle by re-levelling the lever arm as discussed in
section 5.7.
The influence of impact on the pile during application of
the repcated load was minimised by introducing rubber dampers at
the surface of contact between the pile and the lever arm and at the
top of the ram.of the reciprocating machine, By use of these
dampers the stiffness of the lever-hanger system was artificially
The problem of lateral movement of the lever arm due to
eccentric load application was overcome by providing the bottoﬁ of the
hanger with a small semi-spherical steel element Fig. 4.4 and by two
frictionless roller guides located at the top of the container
as shown in fig. 4.5. These guides alsc prevented any undesirable

lateral movement of the load lever. Measurement of the fricticn

in the guide between the lower and the upper hangers indicated that

this friction was negligible.

4.5 The Surcharge Pressure System

4.5.1.General

Three types of surcharge pressure have been used in this

investigation.
(i) Constant surcharge pressure.
C(i1) Surcharge pressure cycled between two limits
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FIG. 4.5 ROLLERS FOR PREVENTING ACCIDENTAL
LEVER MOVEMENT.

(After Chan 1976)



and independent of the pile repeated
load level, and

(iii)  the cycle of the surcharge pfessﬁfe was

conditioned by the pile loading level,
‘This type consisted of two modes of
testing:~
a) The high surchérge pressure was in
rhase with the high repeated load
level Qf the pile.
b) The high surcharge pressure was in
phase with the low repeated 1oad
level of the pile.

Since the available system which had been built by Madhloom
(1978) could only fulfill the first two types of surcharge
pressure the system was subjected by the writer to a simplé
modification through which the third type of. surcharge could be
applied. Fig. 4.6.shows the'technique'by which the surcharge
pressure. on the sand surface was controlled. The high pressure of
the air which was supplied by the compressor was regulated through
the pressure controller, then applied on the water surface in the
"change-ovér éot". The pressurised water then, through the pressure
plate, acted upon the sand surface as a surcharge.

4,5.2. The Pressure Controller

Schema;ic diagrams of the pressure controller, by which the_magnitude
and the time of application of the surcharge pressure were regulated
are shown in Fig. 4.6. The pressure diagram, Fig. é.sb consist of:=-
(1) Two Norgren regulétors, type R13 -
400 RNBM |

(11) Two Solenoid valves, type 454TA
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and 457TA. The first one is open when
the electrical current is "on" whilst
the other is open when the current is ) )
"off",
(iii) Shuttle T which was provided with two
valves., When one is opened the other
is shut,

According to this diagram the frequency of the cyclic éurcharge
is dependent on the frequency of the electrical current. From the
electrical circuits dlagram, Fig. 4.6c it will se seén that the
current is controlled either by the timer through which the current
is repeated reéularly at a given frequency or by the press-button
relay. This relay was attached to the head of the reciprocating
ram as shown in Fig. 4.6d. Therefore, the electyic current may be
"on" or "off" depending on the contact between the ram and the
bottom of the lower hanger.

4.5.3 The Magnitude Of The Surcharge Pressure

In reality this research programme is a part of a continuing
programme to study the behaviour of piles under repeated loadings. In
1976 Chan published the results of the first part of that programme
in which the sand surface was subjected to a constant over-burden
pressure equal to 100 kN/mz. Madhloom (1978) presented another set
of results in which the surcharge was cycled between §O to 100 kN/mz.
In the present investigation, therefore, the surcharge pressure
was either constant at 100 kN/m2 or cycled between 50 and 100 kN/mz.
SeQeral additional tests were carried out under 0.0 kN/m2 and 200

kN/mz.tontudy,the influence of the surcharge pressure on the behaviour

of the pile.
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4.6 The Test Piles.

4.6.1. ~ General

Four model piles have been used in this investigation. They
wer e made of high strength‘aluminium alloy tube of 19mm outer
diameter and 15.8mm inner diameter., They were of three different
lengths, the longer of 1,000mm, two of 700mm and the shorter pile
of 600mm. Three depths of penetration were examined namely, 570,
380 and 285mm which corresponded to 30, 20 aﬁd 15 times the pile
vdiameter respectively. The instrumentation and details of the
piles are shown in Fig. 4.7 and Fig. 4.8.

In order to facilitate the gauging work, the shaft of each pile
was divided into segments. These segments were connected together
by means of threaded internal collar joints as shown in Fig.4.9.
~ The pile base consisted of conical segment of 60 degrees apex angle,
and was threaded onto the lowest pile segment. The pile head,
which comprised a thick tubular section, was welded to the shaft.
The two threaded collars, located near the pile head, were used
to transfer the load from‘the lever arm to the pile head, Fig. 4.8a.

4,6.2. Measurement of Pile Movements

The pile top and base movements were directly measured by dial
gauges, Fig. 4.10. A "tell-tale" stiain rod was used to detect the
movement of the pile base. This rod was threaded to the pile base
and extended out of tﬁé pile top. Through the pile body, the rod
was separated from the strain gauge wires by a tube of relatively
greater diameter. |

4.6,3. Measurement Of Pile Forces

Measurements of the axial load distribution along the pile depth

were made by strain gauges mounted on the inner surface of the pile
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shaft. Therefore, each instrumented segment of the pile was actually
acting as a load-cell. Each load-cell consisted of four tem prature
compensated strain gauge rosettes. The individual rosette comprised
two orthogonal foil strain gauges type FCA-2 manufactured by the
Tokyo Sekki Kenkyujo Company. The length, the nominal resistance
and the gauge factor of each strain gauge were 2mm, 120 ohms and 2,0l :
respectively. Except the top load cell which was always located
above the sand surface, the axial and tangential strains at the position
of the load cell were evaluated by two independent full bridges,
These bridges were combined into a single bridge at the top load-
cell of each pile Fig. 4.8.

The analysis by which the pile loading at any given depth,
in terms of the axial and tangential strains, was calculated is
presented in Appendix A. The influeﬂce of the lateral soil
- pressure was taken into account in this analysis.

To increase the sensitivity of the load cells, the inner
shaft surface at the location of the strain gauges were machired
to a thicknéss which varied from 0.635mm at the base cell to 0.89%mm
at the top cell location. The length of the machined part was
designed so that the shaft was always safe from local buckling, and
the positions of the strain gauges wére always far enough from the
;;hes at which the shéft wall thickness were changed. This length
was found to be equal to the pile diameter.,

4,6.4. Gauging Technique

Before mounting, the loads of each strain gauge were extended by
soldering a sufficient length of 0.25mm wires in order to be longer
. than the length of the pile segment under consideration. The pile

segments were then assembled and the outside position of each strain
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FIG. 4.10 MEASUREMENT OF PILE MOVEMENTS

(After Chan 1976)

FIG. 4.11 STRAIN GAUGE MOUNTING DEVICE

a) Pile top section.

b) Intermediate pile section.
c) Holding down clamp.

d) Strain gauge mounting rubber pad.

™ (after 00i 1980).



gauge was marked before dismantling for cleaning and gauging., A
“perspex plate on which the rosette axes have been marked was used

to prepare the rosettes so that they became suitable for handling.
Double side sticky tape was first placgd on the plate, and after
tracing the rosette axes a hole was then cut from the tape. The

back of the rosette was then carefully positioned on that hole

so that the axes on the tape coincided with those of the rosette.

The leads were lined up along the tape length and coated with a

layer of adhesive to insulate them. The rosette as well as the

leads were covered by a layer of sticky tape. The latter layer also acted
as an extra precaution to separate the wires from each other. The
rosette, after cutting and shaping the holding tapes, became

ready for mo;nting on the pile shaft surface. A strain gauge

mounting device which consisted of a central rxod on which a metal
plate wés stuck as shown in Fig. 4.11l., This plate was a segment

of a cylinder 25mm length and had an inner diameter equal to the
diameter of the rod and an buter diameter equal to the inner diamecter
of the pile shaft. On the outer surface of this segment a rubber

pad which had peen marked with the axes of the rosette, was étuck.

A part of this device was the sliding clamp which was used to apply
the pressure on the rosctte during the process of mounting. The
method of mounting a strain gauge on the inner shaft surface was as
follows. After covering the rubber pad with silicone paper, the
rosette with the backing facing upwards was carefully aligned and
positioned on the pad. With the central rod inside the pile

segment and after applying the CN adhesive to the back of the rosette,
the pile segﬁent was slid into place and clamped down on to the rosette,

A suitable pressure was applied by the sliding clamp to keep the
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rosette in contact with the pre-determined position of the inner
shaft surface. The assembly was left two hours to cure before
another rosette was mounted. To release the residual stresses which
were generated during and after the rosette placement, each load-
cell was subjected to many cycles of 1oading—unloading in a hydraulic
testing machine. Through these cycles, the load response of the

cell was checked. The stability of the load cell over a period of
two wecks was also checked before the calibration test was carried
out on that cell.

4.6.5. Calibration

The calibration of each load-cell was conducted by using dead
weights as shown in Fig. 4.12. A typical result of a calibration
is presented in Fig. 4.13. from which it can be seen that the response
6f the load cell was linear. Unloadiﬁg readings w;re within 0,5% of
those of the loading which was in full agreement with that quoted
by Chan (1976). A repeated calibration test after the pile had been
acted upon by a large numbe¥ of 1oadihg cycles indicated that the

célibration factor was not affected appreclably.

4.7 The pata Ilogger

The wires of the load cells were connected to the data logger
through terminal boxes. These boxes were provided with an excitation
voltage from a King Shill constant voltage power supply. Therefore
all the output of the 1oad-ce11§ of the four piles can be recorded.
directly by the data logger.  This Solartron Compact 33 data logger
comprises four elements:-

(i)v The-analogue scanner.

(ii) The cqntrol unit. Through'tﬁis unit

the various mode of operation can be
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(1ii)

(iv)

selected.

' The digital Voltmeter with the display

screen, and
An auto~mode switching out-put unit
which prints on paper and/or punches

on tape.
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CHAPTER 5

EXPERIMENTAL PROCEDURES AND TESTING PROGRAMME

5.1 Properties And Sand Placement

The sand used in this investigatién was the same as that
used by Chan (1976) and Modhloom (1978). In order to clean the
sand it was washed with running water and dried in an oven. P#ior
to testing, the sand was sieved between No. 10 and 100 éieves
to remove the coarser and finer materials respectively. According
to the particle size distribution curve shown in Fig. 5.1l. the
sand is a medium, uniformly graded sand. The sand was in an air-
dry state with a moisture content of 0.2%. The specific gravity
of the sand grains was 2.64 and the maximum and minimum densities,

obtained following the method of Kolbuszewski (1948) were 1.84 and
1.34 Mg/m3. These denshﬁes'corresPénded to void ratios of 0.434
and 0.971 which were slightly different from those reported by
Chan.

Prelim?nary tests indicated that the relative density of the
sand was a function of both £he intensity of raining and the height
of fall, Walker and Whitaker (1967), Vesic (1967). For a 40cm
height of féll with 3.3 x 3.3mm mesh and 50mm hose diameter, the
density was 1.557 Mg/m3 which corresponded to a void ratio of 0.696
;;a a relative density of 51.2%.

" Before starting a test the sand container wall was coated with a
thin layer of silicone grease, The hopper, which was f£illed with
sand, was lifted by a crane to be at a suitable height and suspended
directly above the container., This height was determined so that

the mesh was 40cm above the container bottom. To cbtain a uniform
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embedment the sand was distributed uniformly over the surface of
placement while the hose was continuously tapped gently by hand.
The height of fall was controlled by a small steel washer
suspended from the mesh, which was kept always a few millimetres
above the sand surface.

5.2 Assenmbly of Apparatus And Application Of Surcharge pressure.

when the container was filled, the sand surface was levelled
with a hand rotating scoop which also provided_a suitable space
for the pressure plate. After the pressure plate had been positioned
and its bushing coated with a layer of silicone grease, the cover
plate which was lifted by a crane, was gently lowered, positioned
and bolted to the container. The lever was placed, levelled and
supported on the stopper. With great care the upper loading
frame was mounted and firmly bolted tblthe lower steel frame,

In order to set the pile vertical and to adjust the Jack so
that its centre line became vertical and coincided with fhe centre
1ine of the pile, two plumbs were uséd. By means of these plumnbs the
vérticality in two perpendicular planes could be checked.
Initially tﬁe pile was set randomly ané was supported laterally by
two special guides located at two different elevations. The first
guide was at the lever arm while the other was at the top of the
‘pushing of the pressure plate. Both guides rested in a piston-fit
fashion in their holes which allowed only vertical movement of the
pile during the driving process. When the lever arm moved in a
horizontal plane, the pile which was supported by the lever-guide,
rotates in a given vertical plane about its base. Therefore,
the verticality of the pile in this vertical plane was adjusted by

adjusting the horizontal alignment of the lever.
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After the pile was set vertical in this plane the lever was clamped
to the roller supports. Since the container axis was originally
set vertical and the pile base was located on this axis, hence
‘ the vertical axis of the pile coincided with that of the container.
To align the a#is of the loading jack with that of the sand container
the jack was driven ‘down until its lower end became close to the
pressure plate bushing. After the verticality of the jack was
checked and adjusted the centre lines of the jack, the pile and the
container were made coincident. After holding firmly, the jack was
redriven up and the pile then repositioned before the jack was
brought into contact with the ballbearing located at the top of the
plle. Water at a pressure not greater than 10 kN/m2 was introduced
into the space belween the pressure plate and the container cover.,
To flush out any air bubbles which miéﬁt be trapped underneath the
container cover a large amoﬁnt of water was allowed to run through.
The bleed valve was then closed and the chamber pressure increased
to the required level. This level wa; monitored by a regulator
mdﬁnted on a pressure cylinder. Thg surcharge pressure was maintained
constant atvloo kN/m2 in most of the penetration tests except for
a few tests in which the pressure was either O or 200 kN/m2 as
shown in the test programme, table 5.1.

‘5.3 Depth Of Embedment

Three different depths of embedment have been examined in this
investigation. They were 570, 380 and 285mm which are equivalent to 30,
20 and 15 times the pile diameter.

5.4 Pile Driving

The driving process was carried out by a jack of 1000mm length
and 25mm diameter driven by an electrical motor of 2BP capacity

with a constant rate of penetration-of 36mm per minute. Both the
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motor and the jack were carried by a rigid steei frame, Fig. 5.2.
Because of the large resistance encountered during driving additional
lateral supports were provided specially in those tests where the
longer pile was tested and/or a high surcharge pressure was applied
to the sand surface.

Since the length of the longer pile was greater than the space
between the lever arm and the cross beam of the upper loading
frame, the cross beam was designed in such a manner that it could
be rotated through 90° as shown in Fig. 5.3.

5.5 Static Loading Tests

These tests were carried out to study the load-displacement
response of the pile before and after the pile was‘tested under
repeated loaéing. The method of testing was by incremental
loading, Whitaker and Cooke (1961), in which each load increment
was maintained until settlement had ceased before adding the next
Joad increment. The top and base displacement of the pile were
measured by dial gauges. After the plle movement had substantially
ceased, scannning of load-cell readings was carried out for each
{ncrement of load.

5.6 Repeated Ioading Tests

The arrangement of such loading, whi¢h was discussed in
section 4.4 is shown in Fig. 4.4. The repeated load was generally
taken as a percentage of ultimate capacity of theApile and applied
in the form of dead weights.carried by the load hanger. The lower
repeated loading was placed on the upper part of the hanger while
the lower part of the hanger carried the amplitude of the repeated
1oad.ﬂ Thus; in a complete loading cycle the reciprocating machine
carried the lower hanger up, then down to the original position in

a 60 seconds period. The measurements made during each test were
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the reading of the load-cells and the pile movement which were taken
at the end of the following cycles, 1, 2, 5, 10, 20, 50, 100, 200.
In each of these cycles measurements were taken when the repeated
loading was on the high load level and when it was on low load
level. When the pile moved a large amount (generally moré than

0.7 of the pile diameter) or when the rate of movement of the
compression pile changes.from unstable to another stable stage,

the repeated load test was terminated.

5.7 Re-levelling Of The Lever Arm

With increase in the number of cycles the pile movement
increased and the lever arm was no longer horizontal. The re-
levelling of the lever wasvaéhieved by the aid of the thrust
bearing screw Figf 5.4 and was done slowly and smoothly during
fhe lower loading phase. The horizonfélity of the lever was
checked frequently by a water level mounted on the top edge of

the lever.

5.8 Collecting Of Data And Its Analysis

From the data logger output and the dial gauge readings
together wiéh a computer programme the following were calculated :-
(i) =~ Variation of the rate of movement with |
the number of load cycles.
. (ii) Variation of the axial pile loading with
the number of load cycles,
(ii1) Distribution of the average skin
.friction along the‘pile depth and
the variation of this friction with
the number of load cycles during the
high and during the low repeated

loading.
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5.9 Test programme

The test programme was concerned with the.behaviour of both
compression and tension piles when subjected to different types
_of repeated loading. Variation in the state of the effective
stresses arouﬁd the pile was also considered in this programme.
The test programme was divided into the following main parts :-

Part A,vvhﬁh deals with thé general behaviour.

of piles under the condition of static
surcharge pressure, table 5.1.

Part B, which deals with the §ene¥a1 behaviour

of the pile when the sand surface is

subjected to cyclic surcharge, table 5.2.
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TEST 5.1

STATIC SURCHARGE TEST PROGRAMME
Test Type Range of |{Past Surcharge
of Repeated |Load Presaure 2
Series| No| Name Loading |Loading |History|kN/m d | Remarks
1 - |Compression - - 100 15
2 - " - - o) 20 | Preliminary
3 - n - - 100 "
4 - " - - 200 " |Tests for
l 5 - " el - 100 30
6 - Tension - - 100 15 [static~
7 - " - - o 20
8 - " - - 100 " | capacity
9 - n - - 200 "
10 - " - - 100 30 | determination
* % +
11 |3015 |Compression|0.3Qc/0.C| V, 100 30
12 3013 (1] n A " "
13 2005 " ] * V " 20
14 2202 " a A ” [1]
11 15 {1507 " " v " 15
16 1505 " " . A " [1]
17 {3023 " 0.5Qc/0.0{ V " 30
18 | 3017 " 0.7Qc/0.0| V " "
19 2003 " 0.59c/ A " 20
0.2Qc
20 {2015 " 0.50c/0.0{ V " "
. Cdekdk .
21 | 3020 Tension [0.3Qt/0.0| V 100 30
22 3016 " " A ” "
23 2210 " " v " 20
111 24 2205 n " A " L]
25 1508 " " A [ 15
26 | 2016 " 0.50t/0.,0} V " 20
27 2209 " 0.5Qt/ v " "
0.20t
28 | 2009 |Compression|0.3Qc/0.0| A 0 20
29 2008 L] L] A 200 N
1V 30 | 2207 Tension 0.3Qt/0.0] A 0 "
31 | 2010 " " A 200 "

50




TABLE 5.1 (cont'q)

Test Type Range of Past Surcha‘rge
es of Repeated Load Presiure 2
Series| No| Name Loading Loading History| kN/m d | Remarks
; 0.79c/0.0
321 3017 Compression | 0.5Qc/0.0 \'4 100 30
: 0.30c/0.0
0.3Qc/0.0
33| 3018 " 0.5Q¢c/0.0 v " 30
0.79c/0.0
v 0.30c/0.0
) 34 | 2007 " 0.50c¢/0.0 v " 20
0.99Qc/0.0 :
0.3Qc/0.0
0.30¢/0.0 -
0.350c/0.0
0.3Q0c/0.0
35 { 2008A " 0.40c¢c/0.0 A 200 20
0.39¢/0.0
0.5Q0¢/0.0
0.30c¢/0.0
36 | 2011 Alter 0.159Qc/0. 150t \' 100 20
‘vl 37 {2012 " .150¢/.30t v " "
. 38 {2013 " .50c/.150t \Y " "
39 {2015 ' | Compression | 0.5Qc/0.0 v 100 20
V1l Alter .50c/.3 0t
40 {3025 |Compression O.7Qc A 100 30| Creep
Test
% 2 denotes ratio of the embedment depth to the diameter of the pile.
d ’ .
*k Qc denotes static ultimate load in compression.
*RK Ot denotes static ultimate load in tension.
4 V denotes test carried out after installation.
++ A denotes test carried out after ultimate loading test,
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TEST 5.2

CYCLIC SURCHARGE TEST PROGRAMME

Test Type Past Surcharge kN/mZ [
of . Range of Load _
Series| No | Name Loading | Repeated Loading History | Max - Min | Frequency {4 Remarks
.0 M,
41 | 3014 | Compression | 0.7Qc A loo/50 S ! 30 | 2=depth of
42 3019 1] " v " . 1 " embedment
V11l | 43 {2205 " " v " 1. 20 | d=diameter of pile

44 1 3021 Tension 0.79t \'4 " 1 30

45 | 2204 | Coxpression { 0.30c/0.0 RN ¥/ 100/50 1 20 | High surcharge

46 | 2208 " 0.50c/0.0 v " 1 * | préssure coincides

1xX - with high load level.

47 | 2004 " 0.3Qc/0.0 \'4 100/50 1 * | High surcharge

’ pressure coincides
with low load level.

48 | 2005 | Coxrpression | 0.3Qc/0.0 v 100/50 1.5 201)

49 2014 " “ v [ ] 3 1] , iuICharge

X 50 { 3022 Tension | 0.30t/0.0 A " 3 30 | ) trequency
S1 { 3024 | Corpression | 0.3Qc/0.0 v " 1 30 { Loading frequency.
: (3 c.pzx.) :

52 | 22082 Coxpression | 0.5Qc/0.0 v 100/50 1l 20 { Different
0.30c/0.0 conmbinations
0.30¢/0.0
0.50c/0.0 -

53 | 20143 Coxpression | 0.7Qc/0.0 v 100/50 3 20
0.7Qc
0.9¢¢c

x1 : 0.30t/0.0

54 { 3022 Tension { 0.5Qt/0.0 A 100/50 3 30
0.5Qt
0.5¢t/0.0
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TABLE 5.2 (cont'd)

Test Type Past Surcharge kN/m2
of Range of Loa 2 .
Serxies| No {Name Loading Repeated Loading | History| Max - Min | Freguency{ 4 Remarks
0.5Qc/0.0 100
X1 55 {13023A Compression | 0.5Qc v 100/50 1l 30
0.5Qc/0.0 100
_ 0.50t/0.0 . | 100
56 |2016A Tension 0.5Qt V. 100/50 1 20
0.50t/0.0 100 -




CHAPTER 6

PRESENTATION AND DISCUSSION OF STATIC-SURCHARGE TEST RESULTS

6.1 General

This chapter is mainly concerned with the results of tests
carried out on piles subjected to repeated loadings and embeddéd
in a sand on which a constant surcharge pressure acted. Out of
forty tests in this part of the investigation ten tests, series 1,
were performed to study the static load-displacement characteristic
of both compression and tension piles.at different depths of
enbedment. Through the second and the th;rd test series, the
influence of depth and load level on the behaviour of piles
subjected to repeated loads was examined. The effect of

surcharge pressure was examined in the fourth series. Differcnt

" combinations of repeated loadings were studied in the other three

test serles., In the following discussion standard terms used are
defined as follows:=~
(1) . Qc and Qt are the ultimate bearing capacity
v'and the ultimate - pulling resistance of the
plle respectively.
(11) The load amplitude is the difference between
the upper and the lower repeated load levels,
(111) The pile movement is the irreversible
accumulated . displacement of the pile which
is produced from repcated loading. It was
measured in that half cycle at which the
magnitude of the repeated load was at the

lower level.
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(iv) The pile life-span is the number of
c¢ycles beyond which the pile movement
exceed a certain allowable limit. For
comparison, this limit was taken l1Omm
in this investigation.

(v) The rate of movement is‘the pile
movement per load cycle,

(vi) The depth ratio is the ratio of the
enbedment depth to the pile diameter.

(vii) The base load is the load that is
applied on the pile base when the
repeated load is at its upper level,

(viil) The residual base-load is the load that
is applied on the pile Saée when the
repeated load is at its lower level.

(ix) Virgin pile is a pile that has not
been subjected to any loading after
installation,

" 6.2 Series l: Preliminary tests,

These tests were performed to determine the magnitude of
the ultimate capacity of the pile from which the repeated load
levels were established. They were also used to check the
performance of the test equipment and the repeatability of the
results. The influence of depth of penetration as well as the
surcharge pressure on the driving resistance were also
examined in this test series.

6.2.1 Driving resistance

The variations in driving resistance of the pile base with



depth are presented in Fig. 6.1. These tests were conducted with

100 kN/m2 surcharge pressure. It is clear that the resistance was
independent of the lﬁngthof pile employed in the test, that is at
100mm penetration, for example, the driving resistance of the

longer pile and that of‘the shorter pile were approximately the same.
Initially the pile base resistance increased rapidly with depth
until it reached a maximum limiting value after a penetration which
varied between 5 to 10 times the pille diameter. Beyond that it
decreased slightly and reached an almost constant final value,

Tests carried out with 200 kN/m2 surcharge pressure, Fig. 6.2,'
revealed the same trend but the maximum driving resistance was
attained witﬁin a penetration of 4 to 7 fimes the pile diameter.

At 0.0 kN/m2 surcharge pressure the resistance steadily increased

at a rate thch decreased as the peneﬁrat;on increased. A comparison
between the three curves of Fig. 6.2, indicated that the depth at which
the pile base resistance reached a maximum value (critical depth)
decreased as the surcharge ﬁressure iﬁcreased. The present
observations at 100 kN/m2 surcharge préssure'are supported by

Chan (1976) and Madhloom (1978). They attributed the high initial
driving resistance to the presence of the rigid pressure plate which
restricted the upward movement of the soil during the shearing
stages. The driving resistance, therefore, increased due to the
change in the pattern of the slip failure surface, Hanna (1963),
Regarding the decrease in the penetration resistance after the peak,
chan stated that this decrease was mainly related to the reduction

in the magnitude of the effective vertical pressure which was

caused by the container wall friction. The base penetration resistance

of the pile has been investigated by Biarez and Foray (1977). They
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found that, with zero surcharge pressure, the resistance always
increased with penetration but, when a surcharge prssure was applied
on the sand surface, the resistance reached a maximum at a certain é
critical depth and then decreased as the penetration was increased. '
Moreover, the critical depth was found to decrease as the
surcharge pressure increased. To explain the phenomenon of limiting
value of penetration resistance, Bilarez and Foray postulated that,
for a homogeneous sand medium the limiting value was related to the
critical confining pressure, (Lee and Seed, 1967). At shallow
depths of penetration, the mean applied stress under the pile point
was smaller than the critical confining pressure and therefore the
sand dilates. As the. penetration increases the mean stress
1ncréases too and hence, after a certain depth, this stress becones
equal to or higher than the critical confining pressure and thus
the sand compresses. Beyond the critical depth the point resistance,
therefore, becomes constant. The phcnomenon of limiting resistance
attracted the attention of ﬁany reseaichers. Vesic (1967) attributed
this phenomenon to some kind of arching assumed to take place along
the pile depth and hence affecting the state of stresses around the
‘pile shaft. Meyerhof (1976) indicated that the soll compressibility
crushing and stress history may also contribute to such a limiting
value. Based on field observations Meyerhof (1977) reported that
the critical depth, which ranged from 5-15 times the pile diameter
depended on the sand density.

The values of the skin friction during identical driving tests
were much less repeatable than the base resistance as shown in Fig.
6.3. At the beginning of penetration, the average skin friction

was relatively high but after a short penetration, generally not
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more than two pile diameters, it decreased to a value between 20 to
80 kN/mz. It is believed that the early high skin friction was

due to the presence of the pressure plate as concluded by Chan (1976)
‘and Madhloom (1978). The scattering in skin friction during the
subsequent penetration stages is thought to be attributed to the
random change in properties and state of motion that took place in
the sand during the process of pile penetration. The local skin
friction at any glven depth, therefore, depends on the void ratio

as well as the magnitude and direction of the relative movement
‘between the soil and the pile shaft at that depth. Results of similar
tests carried out by Madhloom (1978) revealed that the value of the
skin friction did not repeat at any given depth when the penetration
test was repeated. Furthermore, the scattering in many times

" was greater than that quoted in this investigation. The estimation
of the pile shaft capacity by means of the Cone Penetration Test is
generally based on the cone resistance rather than the local sleeve
friction, Thorburn and Buchénan (19795. This is because the local
sleceve friction is not repeatable such as the cone resistance
(Beringen et al (1979).

6.2.2. Bechaviour of piles under static loadings

Results of typical static compression load tests carried on
piles embedded at various depth ratios under the influence of
100 kN/m2 surcharge pressure are presented in Fig., 6.4. It can be
seen that the load-displacement relationship of the pile became stiffer
and the ultimate capacity was increased as the depth increased.
piles testedat a depth corresponding to 30 times the pile diameter
failed at 3.13 kN at which the recorded ultimate base resistance and

shaft friction were 1,60 and 1,53 kN respectively. At 20 diameters
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depth the ultimate total, base ana shaft friction were 2,75,

1.75 and 1.00 kN respectively, while they were. 2.45, 1.72 and

0.73 kN respectively when the pile was tested at 15 diameters,

The variation of these capacities with depth is shvwn.in Fig;

6.5. The curve of the total ultimate capacity iﬁdicated that this
capacity increased with depth but at a decreasing rate, which is

in agreement with Vesic (1967). Although the state of équilibrium
involved in static tests is different than that of driving tests,
Yong (1970), the variation of the ultimate base resistance with

depth had a similar trend in both modes of testing. The maximum
limiting value was smaller and was attained at a greater depth in

the case of the static test. The results of driving and static tests
éonducted by Chan (1976) revealed that the final penetration resistance
' 6f the pile base was approximately 2350 newtons.. This value

dropped to 2100 newtons when the pile was subjected to a subsequent
static load test. The reduction in thg ultimate base resistance
after the pile was placed iﬁ dense sagd was also reported by Yong (1970).
He'related £his phenomenon to the relaxation of the pile. Since dense
sand tends fb dilate during shearing and the static load test is
generally performed many days after the placement of the pile therefore,
due to stress relaxation, under subsequent static loading the pile
will experiepce a smaller base resistance. The ultimate shaft

| friction was found to increase approximately linearly with depth as
shown in Fig. 6.5. This variation implies that the average unit

skin friction did not change with depth. In an attempt to expléin
this phenomenon the following 1s suggested. After the dense sand |

is sheared dﬁring the process of penetratibn by the pile base it

receives high monotonic shear strains (36mm/min) from the pile shaft.
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These strains decrease in magnitude as the radial distance from

the pile increases, Cook (1974). The sand grains along this

distance will, therefore, be set-up in different packings. Close

to the pile shaf; and due to the high shear strains the grains are
arranged into a loose packing, Thoxburn and Buchanan (1979) or

more precisely into a state of critical void ratio (Youd (1970). This
state covers a distance of approximately ten grains and beyond that
the void ratio decreases as the distance from the failure surface
increase, Roscoe (1970). Since the sand was initially homogeneous
and subjected.to a relatively high surcharge pressure, the critical
void ratio will not change with depth. Because the behaviour of the
pile at failureis governed by the strength and deformation properties
of the smalllvolume of soil close to the pile shaft, Gallagher and

- St John (1980L therefore the variation of the ultimate skin

friction with depth under these conditions of testing will be
constant.

Fig. 6.6 shows the load—displaceﬁent curves of pull-out tests
conducted on piles at different depth ratios and tested under the
influence of 100 kN/m2 surcharge pressure, At each depth thé test was
repeated to assess the effect of the residual stresses on the behaviour
of the pilé. This family of curves revealed that the ultimate pulling
resistance of the pile increased as the depth of embedment was
increased.. They were 1.20, 0.55 and 0.40 kN when the pile was
first tested at 30, 20 and 15 depth ratios respectively. The residual
base load after penetration at £he depth ratios mentioned above were
‘compression of 318, 182 and 93 newtons respectively, and in tension
of -42, =33 éhd-—Zo newtons respectively after the first tests had

been performed, In fact, the residual base load after testing the
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.pile in tension must be zero. IHowever, because the base load cell was actually
one pile diameter.above_the base, the recorded load represents the
friction of the last one pile diameter segment of the pile. When the
test at each depth ratio was repeated, the resulting load-displacement
relationship became stiffer and the ultimate pulling resistance

" was increased. This increase in the pile capacity may be related
directly to the change in state of the residual stresses. At the
beginning of the first test the pile was entirely subjected to
compressive residual stresses. These stresses became entirely
tensile at the beginning of the repeated test. To compare the
failure shaft friction during the compression loading with that
during tension loading, the results of the corresponding tests are
drawn together in Fig. 6.7. From these'curves it may be concluded
that the shaft friction in compressiéﬁ was always greater than that
in tension by a magnitude dependent on the depth of embedment énd the
state of the residual stresses. The influence of surcharge préssure
on»the load-displacement response of compression piles tested at

20 diameteré‘depth is shown in Fig. 6.8. It can be seen that the
increase in surcharge pressure produced a stiffer load-displacement
relationship. The ultimate load capacity of the pile incressed as
the surcharge pressure increased. When the’results of these

éésts were plotted together with those of tension tests conducted

on the same pile as shown in Fig. 6.9 it was noticed that the
ultimate shaft friction in compression tended to reach a limiting
value beyond which it became independent of the surcharge pressure.
In contrast, the £ension shgft.friction, which was initially of
smaller value as compared with that of fhe compression test, was

continued to increase when the surcharge pressure increased. The
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difference between the trend of the compression and that of the
tension friction may be attributed to the residual stresses as
‘indicated above., The effect of surcharge pressure seems to
increase the ultimate base resistance.at an increasing rate as
shown in Fig. 6.9.

In Fig. é.lo the residual base load as a percéntage of the
ultimate base resistance is plotted against the surcharge pressure
and agaihst the pile depth ratio. It is clear that the residual
base load increased at a decreasing rate when the surcharge pressure
was increased, and rapidly reached a limiting value, In contrast,
with increase of the depth ratio the residual base load increased
at an increasing rate up to a depth ratio of 20. Beyond that it
. began to decrease gradually which indicated that the residual base
load was also tending to reach a limiting value,

6.3 Series ll: Compressive repeated loads with a constant
surcharge pressure equal to 100 kN/m<

As mentioned earlier, the present investigation 1s part of a
cogtinuing iesearch programme to study the behaviour of piles under
repeated lo%ds. The first part which was conducted by Chan (1976)
was concerned with the behaviour of piles embedded at 30 diameters
depth in sand upon which a constant surcharge pressure of 100 kN/m2
was acting. The behaviour of compression as well as tension piles was
examined under a wide range of load amplitudes, Therefore, in
this section, as well as in the subsequent sections of this chapter
the investigation was concentrated on the influence of both the depth
of embedment and fhe surcharge pressure on the performance of piles
subjected to repeated loads. The repeated loads chosen for this
purpose were 0.3 Qc/0.0 or 0.3Qt/0.0 which means that the pile load
was cycled between zero and 0.3 of the ultimate compression and

the ultimate pulling resistance of the pile respectively. The
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reason behind the choice of such repeated loads is that the design
load of a foundation pile is, in general, limited within this range.
Piles were also éubjected to a range of loading conditions in this
 part of the investigation,

6.3.1. Effect of embedment depth

The movement of piles examined in Tests 11, 13 and 15 at
30, 20 and 15 depth fatio respectively and subjected to 0.3Qc/0.0
repeated loads are shown in Fig. 6.11. Those of Tests 17 and 20
which were at 30 and 20 depth ratios respectively under a repeated
loading of 0.5Qc/0.0 are presented in Fig. 6.12, It is concluded
that thé life-span of the pile decreased when the embedment depth
increased. The variations of the rate of movement and the pile base
load against the logarithm of number of load cycles of Tests 11,
13 and 15 are shown in Fig. 6.13. At/aﬁy depth, the pile was stable
,. during the initial stage of repeated loading. After a certain>number
of load cycles the rate begqn to incrgase until it reached a méximum
value then decreased as the numbef of cycles was increased. The
vaiue of thé maxlmum rate appeared to increase as the depth of the
pile increaséd. It was 0,0115, 0.0062 and 0.0043mm/cycle for 30,
20 and 15 diameters depth respectively at approximately the same
number of cycles (around the 1300th cycle). During the intial few
é&cles an upwards mo&ements were cbserved before the pile began to
penetrate into the sand. These novements may be attributed to the
change in state of the residual stresses from those generated after
penetration (failure loading) to those corresponding to a loading
of 0.3Qc. Bgcausé the upper repeated load level was always 0.3Qc
the difference between this load and the bése load was equal to the
embedded shaft friction. Similarly and because the lower repeated
load level was zero in each cycle the residual base load was equal
to the residual'shaft friction but with negative sign., As shown in Fig.
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6.13,at any depth, when the number of load cycles increased the shaft
friction increased up to a peak value after which it decreased
progressively and reached a limiting value. This limiting value
increased as the embedment depth of the pile was increased. The
number of cycles through which the shaft friction dropped from the peak
to the limiting value appeared td increase when the pile was placed

at a greater embedment. If the rates of movement of each test are
related to the shaft frictions it will be seen that the rate began

to increase at the cycle in which the shaft friction started to
decrease from its peak value and continued to increase so long as

the value of the shaft friction was decreasing.

The distribution of axiél loads and residual axial loads

with the corresponding skin friction during three selected cycles

vAof Test 11 are presented in Fig. 6.14;, The selected cycles we?e the
». first cycle, the cycle at which the shaft friction reached its éeak
value, and the last cycle in the test. As can be seen in Figq. 6.143,
initially and up to the cycle number 50, the skin friction of all points
aléng the pile shaft increased. Beyond that cycle it decreased
progressively as the numbef of cycles was increased ﬁntil it reached
almost a constant value along the upper half of the pile. Along the lower
half the.skin!friction increased as the depth of the point was

increased, and became equal to that of the first cycle for points
.1ocated within the last three diameters of the pile. The
distribution of the residual skin friction, unloading phase, revealed
a continuous decrease from the first cycle until the end of the
test. In contrasf to the loading phase the repeated loading

reduced the residual skin friction of the lower half of the pile

significantly.
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6.3.2.Effect of static failureloading on the subsequent behaviour
- of piles subjected to repeated'loads.

The results of Test 12 which was performed on a pile of 30
diameters depth and subjected to a static failure load test before
being tested under repeated load of 0.3Qc/0.0 are presented in
Fig. 6.15. When the movements and the rates of movement of this
test ére compared with that of Test 11 as shown in Fig. 6.16, it
will be seen that the pile life-span was reduced when it was
previously subjected to a static failure 1oadin§.. The load transfer
characteristic was also affected by the previous fallure lbading.
Fig. 6.17 shows the load transfer of this pile together with that of
a virgin pile, Test 11. At ;he beginning of the test, the shaft

load of the previously loaded pile was a maximum while it was a

_minimum in the case of the virgin pile. After about 600 cycles the

shaft load of both piles reached a limiting value which appeared

to be independent of the pile loading history. The residual shaft

load of the previously loadéd pile was always smaller than that of
the virgin pile. The difference was a maximum at the first cycle
and a minimum at the end of the test. Similar conclusions were
drawn when the results of Test 14 and Test 16 in which the pile had
20 and 15 diameters depth respectively, are compared with those of

Test 13 and Test 15 respectively.

" 6.3.3. Various load levels and amplitudes

Fig. 6.18 shows the pile movements for Testsll, 17 and 18
against the logarithm of the number of load cycles for various
repeated load levels applied to a pile ef 30 diameters depth, It is
cléar that the life-span of the pile reduced when the load level
was increased. The number of cycles required to develop the state

of maximum rate of movement decreased from 1300 to 400 when the
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load level increased f?om 0.30c to 0.5Qc. At 0.7Qc the rate of movement
1ncr§ased continuously and the pile did not last more than 80 cycles.
A similar behaviour was observed when the load level on a pile of
20 dismeters depth was increased from 0.3 Qc to 0.5Qc as shown in
Fig. 6.19.

The movements and the rates of movement of Test 19 together
with those of Test 14 are shown in Fig, 6.20. Although the load
amplitude was the same for both tests the pile tested under 0.5Qc/
o.?Qc repeated loads experienced a longer life-span than that subjected
to 0.3Qc/0.0 repeated load. The reason behind this behaviour may
be related to the state of residual stresses. In test 14 the skin
friction altg;nating in sigﬁ from positive (upward) during the
application of the upper repeated load to negative during the lower
" yepeated load, 0.0, whereas it was alWéYs positive in Test 19. Since .
alternating stresses severely affected the life—span of the pile,
chan (1976), then the movements which resulted from 0.5Qc/0.20c
loading should be smaller tﬁan those éf 0.3Qc/0,0 repeated loads,
A similar conclusion was reported by Al-Ashou (1981) when the
results of 0;7Qt/0.2Qt loading were compared with those of O.th/0.0
repeated load.

The influence of 0.5Qc/0.2Qc repeated loading on the static
load displacément response and on the load transfer characteristics
. of the pile are clearly demonstrated in Fig. 6.21., The results of
this test confirmed the conclusion stated in section 6.3.2. that both
the ultimate shaft friction and the ultimate base resistance |
decreased after the pile was testedvunder repeated loads. The load;

displacement relationship became stiffer as compared with that of

a virgin pile.
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6.4 Series IIl: Tensile repeated loadings

This sectlion deals with results of test carried out on piles
embedded at varlous depths and subjected to repeated tensile loads.
‘The influence of previous static failure loading on the subsequent
behaviour of piles under repeated loads is also examined.

‘The results of Test 21 which were performed oﬁ a pile of 30
diameters depth and subjected to 0.3Qt/0.0 loading are presented in Fig.
6.22. The curve of the movement shows that initially the movement
increased at a decreasing rate. After a stable s£age, which was
between the cycle number 200 and 40,000, a drastic change in the
pile behaviour took place. The movement began to increase at a
rate which increased very répidly as the number of load cycles was
increased. It was found that in none of the tensile repeated loading
tests the pile was entirely pulled—out. However, even at large
movements the rate of movement still had a finite'value.

The changes in the pile base loads with' the number of load
cycles are also shown in Fig. 6.22, ﬁuring the initial stage of the
xebeated 1cad, and because the pile base was subjected to a
compressivevload (due to penetration) the shaft load was greater than
the applied repeated load. As the pile load was repeating the
compressive base load decreased gradually and became tensile after
1900 cycles. This tensile load then increased and reached a peak
value of 80 newtons around the 40,000th cycle. Beyond that it
decreased as the pile progressively pulled-out. BAs stated earlier
although the true base load cannot have negative values in a dry sand
the tensile load recorded was due to the fact that the base load
cell was one pile diameter above the base. The trend of the

residual base load was similar to that of the base load as shown

in the same figure.
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The distribution of axial pile loads and the corresponding
skin friction durind the loading and unloading phases of selected ..
éycles of Test 21 are shown in Fig. 6.23. These cycles were the
Afirst, a cycle during the stable sﬁage, and the last cycle in the
test. Before testing, the pile was subjected to compressive
residuai loads which developed after the process of penetration,
Fig. 6.23A. These loads increased as the depth of embedment was
increased. During the first cycle the compressive residual load
along the upper portion of the.pile became tensilewhlle that of
the ,lower portion remained compressive but decreased from 450 to
194 newtons. The corresponding skin friction revealed an increase
at all points located along the pile shaft, Fig. 6.23B. Due to
repeated tensile loading and up to cycle number 835 the compressive
load of the lower portion was decreagéd progressively. The skin
A- friction of the upper half of the pile decreased whereas it
{increased along the lower hélf during this périod. The correséonding
residual skin friction, Fig. 6.23D showed a continuous decrease.
This decrea§¢ was'greatef along the upper half and.it became even
of positive sign. puring the loading phase of the last cycle,
number 50275, the skin friction along the upper part of the pile was
not altered while it decreased progressively along the lower part.

' éﬁé residual skin friction during this cycle experienced the same
trend.

The results of Test 23, in which the pile was at 20 diameters
depth and subjected to 0.3Qt/0.0 repeated load, are illustrated in
Fig. 6.24. When éhese results are compared with those of Test 21,
Fig. 6.22, it will be seen that the general feature of the pile

behaviour did not alter when the depth of embedment decreased from
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30 to 20 diameters. It may also be concluded that the pile life-
span increased when the depth of embedment increased. Moreocever,
the number of'cycles at which the pile base experienced zero
load was increased from 500 to 1800 when the pile depth increased
from 20 to 30 diameters.

As concluded in section 6.3;2. for compressive piles, the
life-spans of tension piles were also reduced when the piles weré
previously subjected to failure static 1oadings'before being tested
under repeated loads. For piles of 30 diameters depth it was
reduced from about 50000 cycles, Test 21, Fig. 6.22, to.about gooo
cycles in Test 22, Fig. 6.25, 'A similar behaviour was observed at
20 diameters depth and the pile life-span was reduced from about
30000 cycles, Test 23, Fig. 6.24, to about €000 cycles, Test 24,

P

 Fig. 6.25.

"Fig. 6.26 shows the results of Test 26 in which the pile was
subjected to 0.5Qt/0.0 repeated load and embedded at 20 diameters
depth. When these results are compar;d with those of Test 23,

Fié. 6.24, in which the pile was subjected to 0.3Qt/0.0 loading,
it will be found that the pile life-span was réduced more than 16 fold
due to this increase in the repeated load level. The pile base
load, Test 26, reached a peak tensile value of 80 newtons before
dropping to 20 newtons at the end of the test. It was also
cbserved that the decrease in the base tensile load from its peak
value coincided with an increase in the rate of movement.
In contrast to- that cbserved in compression tests, when the
repeated tensile load levels were increased from 0,3Qt/0.0 to 0.5Qt/0.2Qt
Test 27, the pile life-span decreased from about 30000 cycles, Fig,

6.23 to about 18000 cycles as shown in Fig. 6.27. This change in
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behaviour may be related to the state of the résidual stresses.
After penetration the direction of the residual stresses was
downward and remained so during the repeated loading. Therefore
the pile life-span will be controlled by the load level, Chan
(1976) . Measurements of the rates of movement during the failure
stage, that is from the cycle number 4000 to the end of Test 27,
are presented in Fig. 6.28, It is clear that the rate did not
increase regularly hut fluc£uated in value as the number of cycles
was increased.

The influence of repeated tensile loads on the static load-
displacement behaviou; of the pile is shown in Fig. 6.29. It can
be concluded that repeated loading decreased the ultimate pulling
resistance of the pile. The reduction is greater in the case of
tension piles than in the case of combression plles., It was
- greater than 50% for the former piles whereas it seldom reached
~ 30% for the latter piles. |

6.5 Series 1V: Effect of surcharge pressure

From the results of two identical tests performed on piles
subjected to repeated compression loads of 0.3Qc/0.0 and placed in
a sand acted upon by a constant surcharge pressure of either 0.0 or
100 kN/m2 Chan (1976) concluded that the effect of increasing the
, éﬁfcharge pressure was to delay the onset of the critical stage of
maximum rate of movements, but the main features of pile behaviour
were not significan%ly altered. Based on repeated tension load tests
conducted on rein?orcement barg enbedded in a sand upon which a surcharge
pressure not more than 100 kN/m2 acted, AlfAshou indicated that the
surcharge pressure caused an increase in.the life-span of the

reinforcement but, otherwise it had little or no influence on the
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behaviour of the reinforcement. In view of these studies it was
decided to examine the behaviour of both compression and tension

piles embedded at shallower depth, with a surcharge pressure which

2 .
* ranged from 0.0 to 200 kN/m",

Fig. 6.30 shows the movements and the rates of movement of
Tests 14, 28 and 29 versus logarithm of the number of load cycles
for piles subjected to repeated loads of 0.3Qc/0.0 at 0.0, 100 and
200 kN/m2 surcharge pressure respectively. The number of cycies
at which the rate of movement reached its maximum value increased
from 600 to 850 cycles when the pressuré was increased from 100 to
200 kN/m2 and it was only 200 cycles at 0.0 kN/m2 pressure,

The nunber pf cycles at whiéh thé pile moved 6;Omm also increased

when the surcharged pressure increased. It was 300, 900 and 1800

2] 2 g
"ecycles at 0.0, 100 and 200 kN/m~ pressure respectively. A similar

" conclu.sion can be drawn from Fig. 6.31 which shows the results of

Tests24, 30 and 31 where the pile was subjected to tension repeated
loads of 0.3Qt/0.0 Qith 0.0,.lOO andv260 kN/m2 surcharge pressure
reépeciively- The pile life-span increased from 5800 to 36000
cycles when the surcharge pressure was increased from 100 to 200
kn/mz. At 0.0 kN/m2 pressure the pile did not last more than

50 cycles.

~- Pig. 6.32 shows that the ultimate bearing capacity of the

'pile also decrcased after having been tested under repeated loads

with both 0.0 and 200 kN/m2 surcharge pressure.

6.6 Series V: Varying load amplitudes

A foundation pile is not always subjected to a repeated load
cycle between two fixed limits. 1In many cases these limits vary

with time. In order to assess the influence of such kinds of
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loading on the behaviour of piles four main tests were conducted.
within this series of tests. The influence of load amplitude,
subsequently decreased or increased on the behaviour of piles
placed at 30 pile diameters has been investigated in Test 32
(3017) and Test 33 (3018) respectively. The sequence employed

in the first test was as follows:-

(32 ~ a) 0.7Qc¢c/0.0
(32 - b) 0.50c/0.0
(32 - @ 0.3Qc/o.o

In the second test the reverse sequence was applied

to the pile, that is :-

(33 - a), 0.3Qc/0.0
(33 - b) 0.5Qc/0.0
(33 - ¢) 0.70c/0.0 7

'. puring each of these tests the surcharge pressure was malntained

at 100 kN/m2. Each individual test was stopped when the rate of
movement began to decrease after haviAg reached a maximum value
or'when it decreased progressively as the number of load cycles
increased. |

To appreciate the effect of previous repeated loads on the
subsequent behaviour of the pile subjected to repeated load, the
results of Test 33-a together with those of Test 32-c are plotted
in Fig. 6.33. It is clear that the pile which was being tested
under higher repeated load levels experienced a smaller rate of
movement ¢nd therefore had a longer life when compared with the‘
virgin pile. The amount of the maximum rate of movement decreased
from 0.0115mm/cycle for the virgin pile to 0.0021mm/cycle for
the previously loaded pile. After 2000 cycles the displacement of

the virgin pile was four times thatobtained from the other pile.
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This change in behaviour is probably due to the stiffening and
densification of the sand beneath the pile base caused by the previous
repeated lodding. When the movements and the rates of movement of
Test 32-a and Test 33-c in which the repeated load level was 0.7Qc
are compared as shown in Fig. 6.34 the reverse trend will be seen, The
Pﬂgviougly~ loaded pile had a shorter life-span. This behaviour

is nttributed to the initial movement and to the trend of the rate

of movement. Because repeated loads decrease the ultimate capacilty
of the pile therefore the initial movement of the previously loaded
pile was larger than that of the virgin pile. On the other hand,

the rate of moveﬁent of the previously loaded pilec being a

maximum at the beginning of the test and decreased as the number of
load cycles increased while it was a minimum for the virgin pile

’

and then increased during the advancement of the test. Therefore

.. the virgin pile experienced the smaller movement. Based on the

results presented in Figs. 6.33 and 6134 it may be concluded tﬂat
the life-span of a pile previously loaded dependé 65 the load level
in’the succéeding test. If it was low, 0.3Qc;the previous load
resulted in é pile of longer life, whereas a shorter life was

caused by a higher load level such as 0.7Qc.

A similar behaviour can be seen in Fig. 6.35 in which the movements

and the rates of movement of tests 32-b and 33-b together with those
of Test 20 are plotted. It may also be concluded that, the higher
the previous load level the smaller will be the rate of mévement of
the succeeding test. The influence of the previous loading on the
pile shaft load and its residual values is shown in Fig. 6.36., Both
of these loads decreased due to the previoﬁs loading. The higher

the previous load level the greater was the reduction.
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The magnitude of the shaft load and its' residual load tended to
reach a limiting value which seemed to be independent of the previous
loading history of the pile. The same conclusion may be drawn
from Fig. 6.37 and 6.38 in which the succeeding loads were 0.3Qc/0.0
and 0.7Qc/0.0 respectively. |

Fig. 6.39 shows the variation of skin friction along the pile
shaft during the two phases of Tests 20, 33-b and 32~b in which
the repeated loads were 0,5Q¢/0.0 and Test$32-b and 33-c where the
loading Qas 0.7Qc/0.0. Three load cycles were chosen for comparison.
The first cycle, an intermediate cycle and the last cycle of each
test. The results shown supported the conclusion stated earlier that
repeated loading brought about a redistribution of loads along the
pile length which resulted fromla deterioration of the frictional

., '

resistance.

In Test 34 the depth ratio and the surcharge pressure were 20

and 100 kN/m2 respectively. - The pile was subjected to the following

sequence of loadings:-

(34 ~ a) 0.30c¢/0.0
(34 - b)  0.50¢/0.0
(34 - ¢) Static compreésion load test
(34 - 4a) . 0.9920¢/0.0
e (34 - €) 0.3Qc/0.0

The results of this test, Figs. 6.40 and 6.41 confirmed the
conclusions drawn from Test 33, that is the rate of movement
decreased as the load level of the previous loading increased
and that the pile life-span of a previously loaded pile depended'

on the load level in the succeeding loading.
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The results. of Test 35 in which the surcharge pressure was
200 kN/m2 and the pile of 20 diameters depth, revealed that the
main features of the pile behaviour did not change when the
surchargevpressure increased from 100 kN/m2 to 200 kN/mz. It is
of interest_to note in this test‘that the residual base load
reached a limiting value which appeared to be independent of the
repeated load level as shown in Fig. 6.42,

6.7 Series Vl: Compressive-to-tensile repeated loads

This sectiog deals with the results of Tests 36, 37 and
38 in which the repeated loadings were 0.15Qc/0.15Qt, 0.15Qc¢/
0.30t and 0.5Qc/0.15Qt respectively. The piles were testedat 20
diameters depth with a surcharge pressure of 100 kN/mz.

The movements and the rates of movement versus the number of
load cycles of these tests together ﬁ;th those of Tests 23 and
39 are presented in Fig. 6.43. 1In Test 36 the initial stage of the
pilé life was characterised by a very‘small or even Zzexro downwérd
movement. Affer a certain load‘cycle, and as th; nurber of cycles
was increaséd the rate of movement increased and reached a maximum
value of 0.0l4mm/cycle around the 1700th cycle. The behaviour of
the pile during this period was similar to that of test Series II..
Howevef, after the pile had moved more than 12mm the direction of
the pile movement was reversed with a rate which increased Very
rapidly as the repeated loading progressed. When the test was

terminated after 200 cycles of upward movements the pile head

had risen more than double the downward movement.

When the reéeated load level of the tension phase was increased
to 0.3Qt, Test 37 (2012) the downward movement ceased. The
behaviour of the pile in this test was similar to that of Series

IITr. If a comparison is made between the life-span of this pile

"and that of Test 23, in which the load was repeated between zero and
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0.30t it will be seen that the latter pile had longer life. The
small component of compressive repeated load, 0.15Qc, caused

a reduction in the life-span of the pile from 30000 cycles to 800
cycles. The upward movement ceased and the pile penetrated
continuously into the sand when ‘the compression phase of the repeated
loads was increased from 0.15Qc to 0.5Qc in Test 38. The behaviour
of the pile in this test was similar to that of Series II. The
life-span of this pile also decreased, as compared with that of

Test 39 (2015) due to the presence of the small component of tensile
repeated load, 0.150t.

Fig. 6.44 shows the variation of the skin friction during the
first, two intermediate and the last cycle of Test 36. The redistribution
. caused by repeated loading is well demonstrated in this'figure.
aAlong the upper third of the pile and after a few cycles, the
' direction of skin friction during both phases was upward while along
the lower third it was alternating as the load was repeated. Over
the middle third the skin friction was always downward and
fluctuated in value with the progress of the repeeated loading.

6.8 Series V1l: Miscellancous

In this section the results of Tests 39,and 40 are discussed.
During Test 3§ the pile, which was of 20 depth ratio was first
tested under repeated loads of 0.5Qc/0.0 and after the rate of
movement began to decrease from 1ts maximum value and became
relatively small the pile was immediately subjected to a repeated
ljoad fluctuated between 0.5Qc/0.3Qt. This test was aimed at
séudying the influence of the previous compression-to-zero repeated

loads on the succeeding compression/tension repeated loads.
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In Test 40 the creep charactéristic of the pile under 0.7Qc was
examined. This test was.cohducted to evaluate the influence of
creep on a éile subjected to a sustained 1oad'of.the same ,
magnitude while the sand surface was acted upon by a surcharge
pressure cycled between 50 and 100 kN/m2 such as those of Series I
Tablev 5.2,

The‘variations of loads, movements and rates of movement with
the logarithm of the number of load cycles of Teét 39 are
presented in F;g.6.45. It can be seen that the behaviour of the
pile during the first part of the test, in which the repeated
loads were 0.50c/0.0 was similar to those of Series Il., Once the
pile was subjected to the second part of the test, in which the
repeated loads were O,SQC/O.SQt, a change in its bchaviour took

place. 1In spite of the compression repeated load being the same,

0.5Qc, the rate of movement which was decreasing during the

.

previous part began to increase rapidly as the number of cycles of
the succeeding repeated loads was increased. After a maximum value
was reached the rate of movement again decreased with increase of
load cycles. The maximum rate of movement of the previous repeated
loads, which was 0.0366mm/cycle'and attained after 281 cycles,
became 0,052mm/cycle and was attained after 100 cycles., At the
beginning of the second part of the test the base load, during the
compression phase of the repeated loads, increased as the rate of
movement was increased. After a maximum value the base load

gradually decreased and returned back to the value that had been

reached at the end of the first part of the repeated loading, as shown ..

in the figure. When the movement of the pile in the second part
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is compared with that of Test 38, despite the tensile repeated loading
being higher in Test 39, it will be seen, Fig. 6.46. that a longer
life was obtained from Test 39. fhe'reason for this behaviour

is probably due to the stiffening effect which resulted from the
previous repeated loads of Test 39,

Fig. 6.47 shows the movement versus logarithm of the time in
hours of a pile subjected to a sustained load of 0.7Qc; Initially
the movement increased at a rate which decreased rapidly. After a
few minutes, the fate of movement with respect ot the logarithm
of the time in hours reached more or:less constant value, At
the time of writing the thesis, and after about 4510 hours, the
pile had not settled more than 1l.45mm,

6.9 Conclusion

;o

From this part of the investigaiion the following conclusions

may be drawn:-

‘(1) Preliminary tests carried out on piles
atbvarious depths of embedment with a
constant surcharge pressure of different
values indicated that:-

(a) The driving resistance of the pile
base increased rapidly with the depth
of penetrafion, reached a maximum

then decreased slightly to a limiting
value. The maximum value increased
and was attalned earlier when the
surcharge pressure was increased,

(b) During each :.identical driving

test, the value of skin friction at
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(2)

any given depth below the sand surface
was much less repeatable than the pile
base resistance.

(c) The ultimate static load capacity
of the pile increased and the load-

displacement became stiffer when the

depth of embedment and/or the surcharge
pressure was increased.

(d) The variation of the ultimate

base resistance with depth had the same
trend as that during penetration. The
peak value was smaller and was attained
at a greater depth in the caée of the
static loading. |

(e) The ultimate capacity and the load
displacement behaviour of #he plle were
affected by the state of the residual
étresses before testing.,

(f) The shaft friction in compression
was generally greater than that in
tension loading by a magnitude dependent
on the depth of embedment, the surcharge
pressure and the magnitude and direction
of the residual stresses before testing.
The results of repeated comoression loading tests
perfor&ed on piles placed at various depths revealed
that:~

(a) Initially the pile was stable, but
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after a certain load cycle, it began to
move at a rate which increased rapidly to
a maximum then decreased as the number
of cycles increased.

(b) For a given percentage of loading;
0.3Q¢c, the pile life-span decreased when
the embedment depth increased .

(c) The number of cycles at which the
rate of movement reached a maximum value
appeared to be independent of the pile
depth. It was around cycle number 1300,
(d) At any depth, as the number of
cycles was lncreased, the shaft load
increased up to a peak valﬁe then
decreased gradually to a limiting valué.

This limiting value increased when the

depth of embedment was increased.

(e) The reduction in shaft load from its
péak value was associated with an increase
in the rate of pile movement. This
increase reached a maximum value at the
cycle during which the shaft load

reached its limiting value.

(£f) The rate of movement increased and
the life-span was reduced when the pile
was subjected to a staticfailure loading

before being tested under repeated loadings.
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(3)

(4)

(5)

(6)

Tests performed on tension piles at different
depths of embedment showed that :-

(a) The pile moved initially at a decreasing
rate. After a stable stage the movement began
to increase at a rate which increased very
rapidly until failure occurred.

(b) For a given percentage of loading,
0.30t, the pile life-span increased when

the depth of embedment increased.

(c) " At a given pile depth and a given
loading the pile life-span reduced when

it was previously'<xubjected to static
failure loading.

, -

For both compression and tension piles and at any

~given depth of embedment the life span increased when

the load amplitude and/or the load level was

decreased.

for both compression and tension piies tests.at any
éepth the life span increased when the surcharge
pressure was increased.

Previous repeated loading did affect the behaviour
of the pile under the succeeding loading. Smaller
rates of movement and longer life-spans generally
resulted. Both the pile shaft load and its residual
value decreased due to the previous repeated loading,
the higher the previous load level the greater the
reduction. Ati:.the last stage 6f the repeated

loading, both the shaft friction and its residual
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(7)

(8)

value reached a limiting value which appeared to
be independent of the loading history of the
pile..

Compressive~to-tensile repeated loading greatly
reduced the pile life~span as compared with that
of the unidirectional repeated loading.

The repeated loading was found to decrease the
bearing capécity and the pulling resistance of
the pile for all depths of embedment and all
surcharge pressures examined in this part of

the investigation., The highest reduction was
ocbserved in the case of tension piles, being
more thaﬁ 50% sometimes, whereas in compression

piles this rxeduction seldom exceeded 30%.



CHAPTER 7

PRESENTATION AND DISCUSSION OF CYCLIC SURCHARGE TEST RESULTS

7.1 ‘General
In the tests presented in chapter 6 the sand surface was
subjected to a constant pressure while the effect of repeated loading
on the pile performance was investigated. At some locations the
soil surface may be acted upéh by a cyclic surcharge varying in
magnitude regularly or randomly. An example of such a condition
of loading may be encountered with offshore piles. The frequencies
of the cyclic surcharge pressure .on the sand and the repeated
loadings on the pile may ndt necessary be the same, Thus a phase
difference might be expected. The influence of such complex
conditions of stress on the behaviour of a pile was examined and
the test results are presented in this chapter., Madhloom (1978)
carried out a series of tests on compression and tension piles of
30 diameters depth embedded.in a sand.upon which a cyélic surcharge
va}ying between 50 and 100 kN/m2 acted, He found that:-
(L) ’ The application of the cyclic surcharge
caused compaction of the sand over a
limited number of cycles beyond which
e there was little or no further
compaction. The ultimate bearing
capacity and the pulling resistance
of the pile were, therefore, increased.
(i1) Under a static compréssive loading test
’ two trends‘of the pile movement were

ocbserved, At 0.6Qc or less, the
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pile moved at a decreasing rate as the
number of surcharge éycles was increased.

In contrast, at 0.8Qc load the rate was
continuously increasing. In the case

of static tensile loading, even at 0.55Qt
loading, after a stable stage the pile
movement increased by a rate which increased
rapidly until failure occurred., .

(1i1) The behaviour of the pile subjected to
repeated loading and with cyclic
surcharge was similar to an identical
pile but withva(constant surcharge.

(iv) Schematic diagrams indicated that the
most severe situation‘océurs when the
load on the pile is at a maximum while
‘the cyclic surcharge is at its minimum,
value.

7.2 Series V11l: Piles subjected to static loading.

In order to continue the research programme on the behaviour
of piles under repeated loading the two limits of the cyclic

surcharge pressure adopted by Madhloom (1978) have been used in

“this investigation.

The variation of the loads, the movements, and the rates of
movement against logarithm of the number of surcharxge cycles for
Test 42 are shown in Fig. 7.1. The pile examined in this test, had
a.depth ratio of 30 and was subjected to a static compression load
of 0.7Qc where Qc is the ultimate bearing capacity at 100 kN/m2
surcharge.pressure. The pile loading was applied in four increments

while the surcharge pressure was kept constant at 100 kN/mz.
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To minimise the effect of creep on the observed movements,

the test did not start until at least 10 hours éfter the load had
been fully applied to the pile. At the initial stage of the cyclic
surcharge and during the lower phase, 50 kN/mz'the pile moved at a
rapidly decreasing rate. The reason behind this movement is
prbbably that at the lower pressure the pile loading,which was 0.7
of the.ultimate capacity at 100 kN/m2 surcharge pressure, became
close to or even higher than that at 50 kN/m2 pfessure. Regarding

the decrease in the rate of movement, this may be explained as

]

Ve

follows. Initially in each surcharge cycle and under the influence of
the higher pressure the sand mass was compressed. This compression
consisted of two components, reversible elastic and irreversible
plastic movements. The first component resglted from the elastic
deformation of both the sand grains and the arrays of grain, while

the plastic movements were caused by rearraﬂgement of the potentially
unstable grains which slip into more stable locations and/or

crushing, Ko and Scott (1967), Lambe and Whitman (1969). When the
pressure was decreased to its lower value only the eléstic movement
was recovered. With therepetitlon of surcharge cycles the number

of unstable grains decreased rapidly, Ko and Scott, This implies that

the sand grains were arranged in such a way that they became

' approximately stable during the two phases of the cyclic surcharge.

The rate of movement, therefore, would consequently decrease as
the nunber of cycles increased.

The distribution of the axial pile loading during the two
ph;ses of the first, thé 100th and the last cycle (32643) in

this test are shown in Fig. 7.2. The axial load at any given point
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along the embedded shaft increased as the number of surcharge cycles
increased. This load was greater at 100 kN/m2 than that at 50 kN/m2
preséure. At the end of the test, the axial load at points located

within the upper third of the pile incréased and became even

larger than the applied pile loading. Therefore a negative skin
friction developed along the pile at these points as shown in Fig. 7.3.
The skin friction along the upper half of the pile decreased and

along the lower half it increased when the number of cycles

increased, At the end of the test, a load test was carried out

on the pile at 100 kN/m2 surcharge pressure and then repeated at

50 and 0.0 kN/m2 pressure. Some interesting results were obtained

as shown in Fig. 7.4. The ultimate capacity of the pile at 100 kN/m2
pressure increased and it was approximately the same for both 100

and 50 kN/m2 surcharge pressure, Eveh at zero surcharge préssure

.. the pile load capacity increased and became close to that of the
virgin pile at 100 kN/m2 pressure. This phenomenon may be att?ibuted
to the structure of the sand grains, As stated above, after each

préssure cyéle the sand grains moved into more stable locations.

With increase in the number of cycles, the structure of the sand
grains, which supported the pile became more stable. Therefore at

the end of the test the static load capacity of the pile at 50 kN/m2 A
Qiil be close to that at 100 kN/m2 surchargse pressure.

‘v, From the results of Test 41, in which the pile was load tested

before the beginning of the cyclic sufcha:ge test, similar conclusions

may be drawn as shown in Figs.7.5, 7.6 and 7.7. When the results

of this test are éompared with those of Test 42 it will be seen,

Fig. 7.8,that the rate of movement decreased smoothly to zero during

the virgin pile test whereas it fluctuated and reached a state of
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zero value rapidly in the case of the previously loaded pile. The
number of surcharge cycles at which the rate of movement of Test 42
attained zero value was approximately ten fold of that of Test 41.

The figure shows also that greater load was transferred to the pile
base during Test 42, virgin pile, a; compared with that of Test 41.

Fig. 7.9 illustrated the variation of loads, movements and
rates of movement of Test 43, in which the pile was also subjected
to 0.7 of the ultimate capacity at 100 kN/m2 surcharge pressure but
buried at 20 diameters'depth. When the results in this figure are
compared with those of Test 42, Fig. 7.1, in which the pile was
embedded at 30 diameters depth, it may be concluded that both the
pile movement and the rate of movement decreased as the depth of
embedmnent was decreased. Concerning tbe pile base load it can be
seen that the difference in this load as registered during the
higher and the lower surcharge pressure of any given cycles was
more pronounced as compared with those of the longer pile. This is
because the relative movements between the sand and the pile, due to
the change.in surcharge pressure was a maximum at the sand surface
and decreased as the depth of the sand was increased.

The influence of cyclic surcharge on the behaviour of a tension
plle subjected to a static load of 0.7Qt, where Qt is the ultimate
.éﬁlling resistance of the pile at 100 kN/m2 surcharge pressure, and
. embedded at 30 diameters depth was investigated in Test 44. The
results of this test presented in Fig. 7.10 revealed that the
general feature of the pile behaviour was similar to that observed

in section 6.4 where the tension piles subjected to repeated loadings
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with static surcharge pressure..
The distributions of skin friction during each phase of

the cyclic surcharge of the first, the 10th, the 1070th and the

last cycle, cycle number 18300 are illustrated in Fig. 7.11l. It

can be seen that the residual compression skin friction mobilised
after penetration decreased and became entirely tensile when the
loading 0.70t was fully applied to the pile, During the first

cycle, therefore, the skin frictioﬁ was entirely in tension with

a value which increased és the depth of the pile increased until

it reached a maximum value at a point located 3.5 diameters above

the base. Beyond this it decreased rapidly and became zero at the
lower end of the pile. Except for the initial few cycles of the lower

surcharge pressure, where the pile was progressively pulled out,

) in each cycle of the surcharge pressufe‘the negative skin friction

along the upper half of the pile increased whilst along the lower
half it decreased. The xesults of a static pulling load test
carried out on the pile aftér the end.of the cyclic surcharge test
at 100 kN/m2 and then repeated at 50 kN/m2 surcharge pressure are
‘shown in Fiél 7.12. For comparison typical load-displacement

curves at 100 kN/m2 pressure are also presented in this graph.

It may be concluded that the pulling resistance of the pile
‘increased after it had been tested under cyclic surcharge. Although
the resistance at 50 kN/m2 pressure was relatively high it was

smaller than that at 100 kN/m2 pressure.,

7.3 Series 1X: Repeated loads in-phase with the cyclic surcharge.

Through this test series the pile which embedded at 20
diameters depth, was subjected to repeated compressive loads. These
loads acted upon the pile in-phase with the cyclic surchargePrcssure.

Two modes of testing were therefore employed within this series.
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In Tests 45 and 46 the upper repeated load was in-phase with the
higher surcharge pressure, 0.3Qc/100 whereas in Test 47 the upper‘
repeated load was in-phase with the lower surcharge pressure 0.3Qc/50.
The results of these three tests are presented in Figs. 7.13, 7.14
and 7.15 respectively. These resulfs indicated that the pile
experienced the same behaviour as that under static surcharge
pressure. During the‘initiél stage of the repe;ted loading the

pile moved slowly into the sand but after a certain number of

" load cycles the rate of movement began to increase until it

reached a maximum value beyond which it decreased as the number

of load cycles was increased. The pile shaft load first

increased and reached a peak-value before decreasing to a limiting
value.

To assess the effect of such a csﬁdition of loading on
the performace of the pile, the movements of Test 45 ;nd 47
together with those of Tes; 13 in which the surcharge pressure
was static¢ and equal to 100 kN/m2 are drawn in Fig. 7.16. It is
ciear thatvthe éile life-span increased when the surcharge was
cycled and it was longest when the upper repeated load acted in-
phase with the high cyclic surcharge pressure, 0.3Qc/100. This

latter conclusion is in line with that reported by Al-Ashou (1981)

"and also with the analysis suggested by Madhloom (1978)., The

magnitudes of both‘the maximum rate of movement and the maximum shaft
load were also affected by the state of the surcharge pressure as
shown in Fig. 7.17. The value of the maximum rate decreased when

the sand was subjected to cyclic surxcharge and it was the smalles£

in the case of 100/0.3Qc. As demonstrated in this figure, the value

of the maximum shaft load was largest in the case of 100/0.3Qc.
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During the last stage of the répeated loading, the shaft load
reached a value which appeared to be independent of the state of
the surcharge pressure,

Fig. 7.18 confirmed the previously stated concluéions which
indicated that the ultimate capacity of the piie increased after
being tested with cyclic surcharge.and that the capacity at
SOkN/m2 static surchargerressure was very close to that at 100

kN/m2 pressure,

7.4 Series X: Influence of surcharge and pile loading frequencies

on pile behaviour,

' Based on the results of tests carried on sand samples tested

in a simple shear apparatus and subjected to cyclic shear-strain,
vyoud (1972) reported that there was little or no effect on the amount
of compaction when the frequency increased up to 115 c.p.m. Similar
tests conducted by Lee and Focht (1975) revealed that the c¢yclic
loading shear strength of sand was slightly affected when the
frequency increased up to 10 H,. Because the stress-paths and the
strain-path. involved in the case of a plle subjected to repcated
loadings or tested with cyclic surcharge are different from that of

a simple shear condition it was decided to check whether the frequency
had any effect on the performance of the pile. In this respect,
three tests were conducted, namely Tests 48, 49 and 50. 1In the

first two tests the influence of the cyclic surcharge frequency on
the behaviour of a pile at a depth ratio of 20 and subjected to
0.30c/0.0 repeated loads was examined. In the latter test the
surcharge pressure was maintained constant and equal to 100 kN/m2
whlle the éffect of the repeated loading frequency on the behaviour

of a pile had 30 diameters depth was investigated,

%0

T T S g



The variations of movement and rate of movement with logarithm
of the number of surcharge cycles of Test 48 and 49 are shown in
Fig. 7.19., In spite of the frequency in Test 49 being two times
that in Test 48 but the difference between the movement and the
rate of movement of the two tests was relatively small. However,
these minor differences indicated that after any number of
surcharge cycles a smaller amount of movement resulted from the
low frequency test. The measurements of base loads of the two
piles during the two phases of the cyclic surcharge, Fig. 7.20
also revealed minor differences. More improvement in the pile
shaft resistance was observed during the.test of the low frequency.
The difference in pile behaviou; of these two tests may be
- attributed toAthe fact that with low frequency the sand grains had .-
 a'longexr time to arrange into a more cbﬁpacted and stable strucfure.

“1In contrast, when the frequency of the repeated lbading was
- increased from 1.0 c.p.m. in Test 11 to 3 c.p.m. in Test 50 the
pile movement was slightly iarger during the test of low frequency
as-shown'in Fig. 7.21. The plle base load did not alter significantly
when the freéuency iﬁcreased three times., However, it may be
concluded that from the practical péint of view and within the
tested limits, the frequency of both the cyclic surcharge and the
repeated loading did not affect significantly neither the movement
' nor the load transfer characteristics of the pile.

7.5 - Series X1: Variocus combinations of loading and different
* states of surcharge pressure,

This section deals with the results of Test Series X1 which
consists of five main tests. In these tests the performance of
the pile was examined under various load histories and with cyclic

and/or static surcharge pressure. During the first test in this
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series, Test 52 the pile, which was embedded at 20 diameters
depth, was subjected to O.SQc/O;O repeated loading and after the
rate of movement had reached a maximum value and began to
decrease, repeated loads of 0.3Qc/0.0 were then applied. During
testing the surcharge pressure was cycled between 50 and lOOkN/m2
so that the high pressure was applied in-phase with the upper
repeated load. When the results of the latter part of the test
are compared with éhose of Test 45 it will be seen, Fig. 7.22 that
the life-span of the previously loaded pile is much longer thanthat of
the virgin pile, Test 45. The value of the maximum shaft load was
larger in the test of the vi;gin pile while the limiting value
appeared to be the same for both piles. These two conclusions are
in line with those observed under cons}ant surcharge pressure in

section 6.6. .

In Test 53 the pile was subjected to the following sequence of

loading:
53 - a 0.3Qc/0.0
53 - b 0.5Qc/0.0
53 - ¢ 0.79c/0.0

53 - d 0.7Qc

53 - e 0.9Qc

The surcharge pressuie in all these parts of the test was
cycled every 20 seconds. The results of part 53-b together with
those of Test 46 are plotted in Fig. 7.23 as a function of the
logarithm of the number of load cycles. As in the case of static
surchargelFig. 6.35, when the repeated load became as high as
0.5Qc the virgin pile exhibited a longer life-span. During the

initial stages of repeated loading the shaft load of the virgin

92




No. of cycles (Log)

1 \ 2. 3 L.
0 LY -——-—-._.._..140____________1_0___ LU
T~ MoV~ Tests?
\
2L \é 1200
\s
~ 3
\>
L ,\ =400
| Test 42 /\\ \‘i‘;
or _—— Bfi_loff ————— "’\ Test 52\ \\m 4600
g E=——— \
g 0-3Qc = 809 \
= 8F = . +——=800
£ ~ \
v 03Qc 00 \
2 10 Surcharge pressure = 50/100 kN/m \‘\“1000
. 100/0-3Qc In-phase
12} Y4 =20 . - 11200
TAS = : | | 1400
16 » — 1600

FIG. 7-22 INFLUENCE OF PREVIOUS LOADING ON THE BEHAVIOUR OF PILES

Load , Newtons



’

o No.of cycles (Log)

1 3 4
100 10 1 1
0 0 0 %%
Ly =20
2 q =50/100 kN /m2 720
p =0-50c /00

L 05Qc/100 100
£ 0
€6 4600 S
- =
I Z
£ -
28 Z 1800 _
= | Base load Test No53 \% o
e ——— e o -

——————— 5 T =T - — J
10/ gase lood Test Mo R 1000
‘2,
12| \ {1200
05 Qc/00 \,
uk \ 1200
\
\
16 A 1600

FIG.7-23 INFLUENCE OF PREVIOUS LOADING ON THE BEHAVIOUR OF PILES



pile, Test 46, was smaller than that of the previously loaded
pile, but during the last stage the shaft load of both piles
reached approximately the same value,

Fig. 7.24 compares the movements of part 53-d with that of Test
43 in which the virgin pile was fifst loaded with 0.7Qc. It will
be seen that the virgin pile experienced smaller settlement at the
beginning of the test. During the cyclic surcharge the movements
of the virgin pile were always smaller than those of part 53-4.

The results of part 53-e shown in Fig. 7.25 indicate that even
under a high static load level, the pile moved at a decreasing rate,
Initially, the pile settled l.5mm and after 7043 cycles the

settlement did not exceed 2,7mm.

Test 54 was directed to a study of the influence of cyclic surcharge

’

on the performance of a pile subjected to repeated tensile loads.

_ puring testing the following sequences of loading were applied:

(54 - a) 0.3Qt/0.0
(54 - D) 0.5Qt/0.0
(54 - ¢) 0.50t

(54 - d; 0.5Qt/0.0

The surchargepressure was cycled between 50 and 100 kN/m2
during all these parts. 1In pért (54~a) the pile was only subjected
to 8700 load cycles., At the end of this part the pile was in
a stable state. For comparison the movement and its rate of this
part together with those of Test 22, in which the surcharge pressure
was constant and equal to 100 kN/m2 are presented in Fig. 7.26.
It . can be seen that when the pile in Test 22 had failed, the pile in
part (54-a) was still in a sfable condition. This result confirmed

the previously stated conclusion that cyclic surcharge increased the

pile life-span.
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When the pile was subjected.to,o.SQt/0.0 repeated load,
part (54-b),the'movement increased at a decreasing rate. After
cycle number 60 the rate of movement increased rapidly with
‘increase in the number of load cycles. At cycle nﬁmber 430, the
last cycle in this part, the pile had pulled out a distance
of 10.74mm at a rate of 0,043mm per cycle, as represented 5y
points By and B in Fig. 7.27. The pile loading was then held
constant- and equal to 0.5Qt whereas the cyclic surcharge was
continued, part (54~c). After 1900 surchargé cycles the pile
loading was then repeated, part (54-d). It was found that the
rate of movement reversed its trend and began to decrease as the
number of load cycles was increased, When the test was terminated

after 100 load cycles, the rate of movement had decreased from

’

0.043 to 0.017mm per cycle as shown b& point C,
The distribution of skin friction along the pile shaft during

the first and the last cycle of each part of.Test 54 is shown in

Fig. 7.28. 1In part (54-a) the skin friction along the upper

half increaged whereas along the lower half it decreased which is

similar to that observed in section 7.2. During part (54-b) where

the loading was 0.5Qt/0.0 the reverse trend was observed. The 1900

cycle; of surcharge pressures, part (54-c)caused an improvement in

‘ f;iction along the upper half of the pile. This improvement again

deteriorated when the pile was subjected to repeated loading of

6.5Qt/0.0, part (54-d).

| Fig. 7.29 shows the results of Test 55 in which the

1nfluehce of cyclic surcharge on the behaviour of a pile

subjected to compressive repeated loads and embedded in a .sand

upon which a static surcharge pressure of 100 kN/m2 acted.
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The pile was first subjected to 0.5Qc/0.0 loading and after the
rate of movement had reached its maximum value and began to decrease
the load was held constant and equal to 0.5Qc., After 2300 cycles
with the surcharge cycled between 50 and 100 kN/m2 the pile
loading was then xepeated while the'surcharge pressure was held
constant and equal to 100 kN/mz. As illustrated in Fig. 7.29,
when the surcharge was cycled the shaft load and its residual value
increased as represented by the path C-qlgnd D—Dlrespectively.
During the last part of the test, when the pile loading was repeated
these values decreased from C)-Cy and from D;-D2 respectively.
on the other hand, a sudden change in trend of the pile movement
resulted afteg the cyclic surcharge as represented by the path
A-A}. The corresponding rate decreased from 0,065 to 0.007mm per
cycle, B—Bl,then began to increase during the last par% of the test
" until it reached 0.020, point Bp,at the end of the test, |
Cyclic surcﬁarge loading also improved the performance of
a pile subjected to a tensile repcated load of 0.5Qt/0.0 and with
a constant surcharge pressure of 100 kN/mz,Test 56, as shown in
Fig. 7.30. bﬁring the first part, after the pile had pulled out
18.71lmm at a rate of 0.083mm per cycle the lad was then held
constant and equal to 0.5Qt. After 1300 cycles of cyclic
surcharge was appllied to the sand surface the pile loading was
fhen repeated., It was found that the rate of movement decreased
from 0.083 to =m=ro mm/cycle as shown by the path B-Bj. The pile
behaviour, therefore, entered another stable stage which lasted
more than 2700 cycles before the rate began to increase. When
this number of cycles compared with that of'the first part, 1300

cycles, it will be found that the pile life-span had increased by
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more than -two fold.
7.6 " Conclusion

The followhg conclusions may be drawn from the results of the
- tests performed with cyclic surcharge pressure;-

- (1) . When the pile is subjected to static loading
and a cyclic surcharge acted upon the sand
surface the following were cbserved:

(a) For compression piles, the movement
increased at a decreasing rate until it
reached an approximately constant value,
For a given percentage of loading, the
pile movement increased when the depth
of embedment increased. Due to cyclic
surcharge the axial load'aﬁ'any given
point along the pile depth increased.
This increase was greater along the
upper part of thé pile. After a certain
‘number of surcharge cycles, the axial
loads of points located along the upper
part of the pile became larger than the
applied pile loading and thus a negative
- skin friction develcped along the pile
at these points.
(b) For tension piles, the pile movement
first increased at a decreasing rate
then, after a stable‘stage, the rate of
movement increased very rapidly until

failure occurred, Cyclic surcharge loading

96



- caused an increase in the negative skin friction
along the upper elements of the pile and a decrease
in that of the lower elements.

(2) Frém repeated loading tests, the following
conclusions were reachea':-
(a) The behaviour of piles subjected to
repeated loadings with cyclic surcharge
was similar to that of .identical piles
but tested with a static surcharge pressure.
For compression piles, the rate of movement
after having reached a maximum value decreased
when the nurber of load cycles was increased.
For tension piles, the rate of movement, after
a étable stage, increased';apidly until
failure occurred.
(b) The cyclic ;urcﬁarge resulted in a pile
of longer life. This life was longest when
the upper repcated-load. acted:in-phase with
£he higher surcharge pressure,
(c) For compression piles, the value of
the maximum rate of movement decreased when the
surcharge pressure was cycled. The smallest
value was observed when the upper rcpeated load
was in-phase with the‘higher surcharge pressure
(d) During repeated loading, the pile shaft
load increased to a peak value then decreased
until it reached a limiting vaiue. The value

of the peak was largest in the case of the
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upper repeated load being in-phase with the higher
surcharge pressure. The limiting value appeared to
be independent of the state of the surcharge, i.e.
whether it was in or out of phase, static at 100
kN/xh2 or cycled between 50 and 100 kN/m2.

(e) From a practical point of yiew and within
the tested limits, the frequency of the cyclic
surcharge or the repeated loading did not alter
significantly the movement nor the load transferx
characteristics of the pile.

(f) 'The previous pile loading caused a reduction
in the rate of movement of the pile during the
succeeding loading.

(g) The peak shaft load oé.the virgin pile was
generally greater than that of the previously
loaded pile but,.at the latter stages of the
test, the shaft load of both piles attained
épproximately the same limiting value.

(3) The cyclic surcharge was found to increase the
bearing capacity and the pulling resistance of
the pile. Moreover, the pile load capacity,
after a large number of surcharge cycles was
not changed significantly when the pile load
tested at 100 kN/m2 or at 50 kN/m2 surcharge

pressure (the two limits of the cyclic surcharge).
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The purpose of this investigation was to study in detail the
influence of repeated loading on the behaviour of isolated piles.
The tests were performed on laboratory scale instrumented pilles
driven. in a dry medium dense sand.
enbedment, the surcharge pressure and the loading history on

pile behaviour were examined in this investigation.

CHAPTER 8

MAIN CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

‘Main Conclusions

conclusions can be drawn from these tests:-

(1)

(2)

The results of tests carried on a pile
element embedded in a triaxial specimen,
chapter 3, have shown thaf:-

(a) The skin friction increased linearly
with increase of pile displacement up to
failure.

kb) The value of the ultimate skin

friction decreased and the load-
displacement became more brittle when " « [ -
the loading was repeated.

(c) Alterhating loading greatly affected
the behaviour of the pile shaft. The
ultimate skin fricﬁion decreased and the
load-displacement became more ductile with
this t&pe of loading.

The results of preliminary teéts carried out
with static surcharge pressure revealed that:-
(a) The driving resistance of the pile

base increased rapidly with the depth of

929

The influence of the depth of
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(3)

penetration, reached a peak value and
then decreased slightly to a limiting

value. The peak value increased and

was recached earlier when the surxcharge

pressure was increased.

(b) The shaft friction in compression
was generally greater than that in
tension loading by a magnitude
dependent on the depth of embedment,
the surcharge pressure angd the
magnitude and direction of the
residual stresses before testing.
Repeated loading tests performed on
compression plles with static
surcharge pressure have shown that:-
(a) Initially, the pile was stable
but after a certéin number of cycles
‘1t began to move at a rate which
increased rapldly to a maximum value
and then decreased as the number of
cycles increased.

(b) The pile life-span increased when
the embedment depth decreased or the
surcharge pressure increased.

(c) At any depth of embedment or
surcharge pressure, as the number of
load cycles was increased the shaft

load increased up to a peak value and
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(4)

(5)

then decreased gradﬁally:to a limiting

. value.

(d) The rate of movement increased and

the life-span reduced when the pile was

subjected to failure loading before

being tested under repeated loading.

Repeated tension loading on piles with

static surcharge pressure has indicated

that:~

(a) Initially, the pile moved at a decfeasing
rate, After a stable stage the movement began

to increase at a rate which increased very

rapidly until failure occurred.

(b) The pile life-span increased when the

depth of embedment and/or the surcharge

pressure was increased.

For both compreséion and ténsion piles and at any
depth of embedment or surcharge pressure, the pille
life-span was reduced when the load aﬁplitude and/
or the load level were increased,

(b) Previous loading affected the behaviour of
the pile during the succeeding loading and a smaller
rate of movement generally resulted., Both the
shaft load and its residual value decreased when
the pile was subjected to previous loading, the

higher the previous repeated load level, the

_greater the reduction.
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(7)

(8)

(9)

(10)

Compressive-to-tensile repeated loads greatly
reduced the pile life-span.

Repeated loading was found to decrease the ultimate
bearing capacity and the pulling resistance of the
pile for all depths of embedment and at all
surcharge pressures examined. The largest reduction
was observed in the case of tension piles.

When the pile was subjected to static loading

and a cyclic surcharge pressure acted upon the
sand surface the following trends were'

observed:-

(a) For compression piles initially the

movement inéreased as the number of

surcharge cycles increased‘but at a

decreasing rate until it reached an

approximately constant value.

(b) For tension piles the pile movement

first increased at a decreasing rate then, after
a‘stable stage, the rate of movement increased
rapidly until failure occurred. cyclic

surcharge loading caused an increase in the
negative skin friction of the upper elements

of the pile and a decrease for the lower

elements.

The results of tests cérried out on piles
subjected to repeated loading with cyclic

surcharge have shown that:-
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(a) The behaviour of the pi1es was similar

to that of identical piles but tested with

a static surcharge pressure.’

(b) The cyclic surcharge loading results in

a pile of longer life. The life was largest
when the upper repeated load acted in-phase
with the higher surcharge pressure.

(c) During repeated loading the shaft load
Increased to a peak value then decreased until
it reached a limiting value. The peak value
was largest when the repeated load acted in-
phase with the higher surcharge pressure,

(d) From a practical point 6f view and within
the tested limits, the freéuency of the cyclic
surcharge or the repeated loading did not alter
signifiéantly the movement nor the load-transfer
characteristics of the pilé.

(11) 1Cyclic surcharge loading was found‘to increase the
béaring capacity and the pulling resistance of the
pile under static loading.

(12) 'The teét apparatus, the instrumentation and the
testing techniques developed and adopted during
this investigation were satisfactory and in

~general gave repeatability to within 3% with
respect to both loads and pile movements.

8.2 ~Suggestions for future work

among the most important suggestions for future investigations

are the following :-
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

The influgnce of sand density on the behaviour
of piles subjected to repeated loading.
The behaviour of a pile group under repeated
loading.

Combinations of horizontal and vertical repeated
loading,
The behaviour of piles in cohesilve soil and the
influence of pore water pressure set up during
repeated loading are also suggested.,
The behaviour of belled piles subjected to
repeated loading.
The influence of the method of installation on
the behaviour of piles subjected to repeated
loading. .

u

The carrying out of some tests at full-scale or at

. least at a much larger scale, in order to

establish the scale effect, if any, which may be
present.

Extending the study of the pile element in a triaxial
specimen to includs repeated loading. This will
help in understanding the behaviour of the pile shaft
under such a type of loading.

The influence of the surface roughness and the
slenderness ratio of a pile-on its behaviour when

subjected to repeated loading.
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APPENDIX A

MEASUREMENT OF AXIAL LOADS IN VERTICAL PILES:

A=l Stress-Strain Relationship
LQ . 1@
P P P P
— St > e
= ~+

‘FiIc. " At

For .a given load-cell embedded in sand and subjected to an
axial force, Q, and a sand pressure, P, Fig, A-1l, the axial and
tangential stralns are :-

e = € - u € cesvee A-l

e = € - u € eovee A—2

respectively
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in which:

€ = axial strain due to subjecting the load~cell to axial
force only.
€ = tangential strain due to subjecting the load-cell to
lateral sand pressure only.
U = Poisson's ratio
From equation A-2
€, = e+ U € A-3

t t a

Therefore, equation A-1 becomes

e, = €, — WM (et + u ea) A-4
or,
e = (1 - uz) €. - He ceves A-5
a a t
But the load, Q@ = stress x area .
Q0 = €.EJ (r12 - r22) eseeoA-6
. ET @ - )
e T = 2 (e, + e A-7

Where E ig Young's modulus of the cell material.
When thestiainsare monitored at 2 points, equation

A-7 becomes

2 2
0 = ETT (r;” - xr,) ( e + €, . u(étl + et2l_}
1 -2 2 2
""" ev 000 A’B
or
2 2
E.T (r - r,))
0 - 1 . 2 (e 1 + eaz) + u(etl + et2)
(l-u ) sese e A'g

Therefore the axial plle loading can be obtained by measuring the

axial strain and the tangential strainyseparately. Such a measurement
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can be done by using rosette orthogonal strain gauges.

Equation A-9 1is related to voltage output as follows:-

!

/N

R v
5

4<——— AV
“ o 3

2
D v

Vo

aM

Fig. A-2

The bridge shown in Fig. A-2 consists of four identical
strain gauges, two of them are active which are located on the
plle surface and the other two are dummy and are located outside
the pile and are supplied by an excitation voltage, Vo, under
the influence of straining the resistance of the active strain
gauge, R, will be changed by AR which corresponds to a drop in
voltage AV between points 2 and 4. If the electrical current, i,
which is equal to Vo/ (R + D), is assumed constant, then
Av

AR = i 0.000. A"lo

" but

AR/R = Koe evs e A'll

where

X is the gauge factor of the strain gauge which 1s constant

e is the measured strain
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. Av
e =, 7T

R.Koi. LI I ) A"'12

*ve

équation A-9 then becomes

_ EJ (x 2 2 .
e = 1 2 (A Ava,)
T = u2) F.K.L. va, + Va2) + (Avtl + Avtz)
se s e A“13
orx
0 = ¢ x(4va + pAv ) ..... A-14

Where C is the calibration factor,
Ava is the drop in voltage of the axial strain bridge due
to straining of the load-cell, which is also evaluated
and recorded by the data logger,
In the case of the top load-cell, where the sand pressure is equal
to zero, equation A-14 becomes,

Q = C., Ava

".'."Va

Fig. A-3
To increase the sensitivy of the top load~cell bridge and
to eliminate the need for dummy strain gauges the strain gauges
are connected as‘shown in Fig. A-2 in which the two bridges are

combined in to one.
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