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ABSTRACT: This paper aims to present a new theoretical freanierelating the global elastic strain measurenoéuliscrete pile segments
with strain-dependent pile stiffness modulus to giie-soil load transfer profiles. With the measiipile elastic deformation of each pile
segment from global strain gauges, there are alg@ysn possible scenarios of shaft friction praofiin either upward or downward directions
varying with depth of either increasing or decregdrend or maintaining constant along the pilexemg that can permissibly yield the same
elastic shortening as measured. Hence the resdtipof pile elastic deformation with respect te thterpreted pile shaft resistance profile is
not unique. Because of uncertainties in the assyitedhaft profile during the planning of the tpge instrumented segments, remarkable
flaws in back inference of the pile load transfezamanism from global strain measurement is possiflee larger the instrumented pile
segment length, the more uncertainties and potdlaties there will be. lllustration of these sevarenarios will be presented to reveal these
potential impacts. Two methods of interpretingpiie axial load profile will be discussed in tipigper. The first method is mid-segment pile
axial load method as conventionally adopted by misttesting specialists due to its simplicity antbustness of calculation and second
method is pile segment end-point reactions mettvbith is more sensitive to numerical instabilityowever, the numerical instability can
conveniently prompt the possible wrong assumpticadopting one out of the seven scenarios as nmaatio

Another important aspect of pile lock-in strainukéisg from pile installation process or unloadilogd cycle during load testing can have
effect to the subsequent measured global straineirpile segment. Despite being practically diffico account for such disturbing factor,
knowing the effect may help to improve the underdiiag of certain pile behavioural trends, likefstiing pile load-settlement in reloading
cycles and inter-transfer of reducing downward ghiaft friction to incremental pile test load. Fipaper will present and discuss this effect.
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1 INTRODUCTION

Pile instrumentation is a very popular topic atirag many
geotechnical engineers in debating about the testirethods,
procedures and interpretation as it provides théopeance data
determining the success or failure of a pile fodiogain terms of
capacity and deformation. There is a relation$ihigng these two
engineering behaviours with the load transfer meigmabetween the
pile body and the embedding soils. In most fouiedaapplications,
action is imposed onto the pile body with resistiegction derived
from supporting soils. Occasionally there can biation where the
pile element behaves as a resisting element taléh@ming soil
media against the foundation pile, for instanceymtirag action onto
the pile embedded in a compressing or consolidasioid) body
embedding a pile.

With the structural stress-strain behaviour of pile body, one
can measure the change of axial strain of pilé@®cthen interpret
the philosophical stress within the pile sectiondemluce the axial
forces at both ends of pile segment to understaowl the load
transfer mechanism behaves with the pile segmem®. pile
instrumentation scheme can be implemented by miegseither
localised strain and global strain within the piledy to provide
useful insights of load transfer performance o pilhere are several
pile instrumentation schemes which include weldaiiieating wire
strain gauges (Dunnicliff, 1988), removal extenstarge(Bustamante
et at., 1991, Faisaét al., 2008 and Krishnast al., 2006) and fibre
optic strain sensors (Glisét al., 2002).

2. THEORETICAL FRAMEWORK

2.1 Non-Linearity of Concrete Elasticity

It is well-known that the elasticity of concrete ter@al does not
remain constant over the range of stressing historyng loading and
unloading cycles, but rather exhibiting a straiftesing behaviour
with increasing stress level. From many strain sneaments at the
calibrating segment with strain gauges immediabaipw the load
imposition at pile top with no external forces ifiéging the pile axial
load within the calibrating segment, the back-dalimd secant
Young Modulus can be approximately represented bimear

regression function as shown in Figure 1, wherg:[Becant Young

Average Global Compressive Strain; m: Negative Carisfar
Reduction Rate of Secant Young Modulus; Hitial Tangential
Young Modulus at Zero Concrete Strain; z: Locatioh the
Infinitesimal Pile Segment. The accuracy of the ptiffness modulus
is very sensitive to the pile elastic shorteningy Wwhich
underprediction can yield excessive pile shortenitiyis giving
unrealistically high pile axial load at the adjwigipile segment, vice
versa. The hysteresis between the loading and dinipacycles
presents different stiffness response over the samssing/straining
range of piles. However, it is necessary to hawe dbnventional
regressed line of the pile stiffness modulus asainralues to derive
the pile axial stress. The regressed pile stiffmesdulus used in the
case study of this paper is presented in Figure 1.
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Figure 1 Strain-Dependant Pile Secant Stiffness Wadwith Axial
Strain

2.2 Load Transfer and Elasticity Models of Pile Segment

For simplicity, Figure 2 illustrates a simple sclaim model with
three external loads exerting to the pile segmrmentely R: Top axial
load of pile segment; F: Pile shaft resistance itef pegment; B.
Bottom axial load of pile segment, whereas L: Lengthpile
segment;d: Elastic shortening of pile segment; z: Locatioh o
interested physical quantity from top of pile segime

The middle schematic diagram of Figure 2 presdmdinearly
distributed profile of mobilised shearing stressnal the pile shaft

Modulus of Concreteg(z): Measured Local Compressive Strain Olsurface wheresfr is shearing stress at top of pile segment gpdsf
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shearing stress at bottom of pile segment. Themight schematic
diagram of Figure 2 shows the pile axial load peadilong the entire
pile segment, in which C is pile circumference.

Mobilised Pile Friction Profile Pile Axial Load Profile
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As one of the root yields extremely high elasticaist with
corresponding very low secant Young modulus of, pilas the only
valid root with negative constant, m, to yield sbtespositive value
of ¢(z) shall be as follow:
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The elastic shortening), of the pile segment length of L can be
determined by integrating Eq. (2) to yield Eq. (&),and (5) with the
corresponding trend of pile shaft friction profiles
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equivalent to the area of the strain profile ovee pile segment
length. As such, when the pile shaft friction piefs constant across
the pile segment, the pile strain profile shall d&re approximately
linearly increasing relationship if the non-linggrof the pile secant
modulus is negligible and also the pile segmengtleis short. The
average strain equivalent to the integrated arethefinear strain
profile will be the mean value lying very closeti@ mid-point of the
linearly increasing strain profile. However, if thde shaft friction
profile is not constant, but rather is either lilgancreasing or
decreasing, then the average value of pile axialrstvill not be at
the mid-point of the actual non-linear strain pefiepending of the
shape of the strain profile of either concave onwex curve
respectively. If the non-linearity of the pile aat modulus is
collectively considered, higher degree of non-liitgacan be
expected in the pile axial strain profile resultfiugther deviation of
the location of average strain value from the miiip This is
because of higher degree of non-linearity as edeerin Eq. (1).
When the pile axial load is higher with correspogdiower pile
secant modulus, the pile axial strain will compagly increase,
whereas lower pile axial load with correspondinghieir pile secant
modulus, the pile axial strain will be lower, thircreasing the
curvature of the pile axial strain profile and soita degree of non-
linearity. It will be interesting to note that tigeneral cases of the
shearing stress distribution profile with the boamydvalues of §1
and § g at both ends of pile segment, which can be eitber (without
side shearing stress), constant with either upwgmaisitive friction)
or downwards (negative friction) stresses, andalilyeincreasing or
decreasing side shearing stress with either upwpadstive friction)
or downwards (negative friction) direction as shoimnFigure 3.
There are possibly seven different conditions oéasimg stress
distribution for a given measured global strainrabe pile segment,
thus the inference of shearing stress profile frglobal strain
measurement is not necessarily unique. Therefmsymption of
shearing profile and their shearing direction altimgypile shaft shall
be carefully assessed from the available subsuiifagestigation
information and then decided for the appropriaterpretation of the
global strain instrumentation results. This papiérfurther focus on
pile load test cases with only compressive testl land positive
mobilized side friction (upward direction) of eitheonstant, linearly
increasing or decreasing trends.
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(a) Upward Pile Side Shearing Stress
Figure 3 Mobilised Pile Shaft Friction Profiles lvitorresponding
Pile Axial Load Profile along Pile Shaft

(b) Downward Pile Side Shearing Stress

24 Present Interpretation Approaches of Global Strain
M easurement and The Problems

Presently the widely accepted mid-segment pilel dged method
has been the most popular approach due to its trdessand good
numerical stability of the interpreted results.isTimethod derives the
pile axial load from the measured global strainnstrumented pile
segment between the global strain extensometeroanghpoints
with correction to non-linearity concrete secanug modulus and
the interpreted axial compressive load is assumebeamiddle of
each instrumented pile segment. With the pile lakiad profile
established from the average compressive stramgugibbal strain
measurement, the mobilised pile shaft friction éived from the
incremental change of interpreted pile axial load their averaged
movement at the mid-point of each pile segmenttferload transfer
relationship. However, this method has inhereatijumed constant
pile shaft friction between the mid-points of eqdle segment. As a
result, this method has inherent problems if theahgoints of
instrumented pile segments do not coincide welhwiite expected
interface of subsoil strata and the significanttrst in material
strength and stiffness. In addition, the effect oferly averaging in
the global strain with huge contrast within exceslsi long
instrumented pile segment, where there are notieembportant
subdivisions of engineering soil stratification fomecessary
demarcation of separate pile shaft friction profilean yield
significantly erroneous and unrepresentative imeggtive outcomes.
On the other hands, the averaging effect in thighatehas made the
results very robust and numerically stable in pssoe the global
strain measurement data even with some unavoidajgeal
instrumentation error in the global strain measwenbetween the
extensometer anchoring points.

This paper explores another interpretation appreacisidering
the elastic shortening measured between the amgh@ints of
global strain extensometer at both ends of thesgitgnent, in which

the node points of the interpreted pile axial lcathcide exactly at
the extensometer anchoring points. The data psoggprocedures
are summarized as follows:

a. The pile axial load imposition at top of test lall be taken
as a starting axial load with expected attenuatfqaile axial
load along the back-calculated pile shaft frictiaf
corresponding pile segments from the measurement of
global strain extensometer as mentioned in Itenbé)w.

b.  With the appropriately assumed profile of pile sitiearing
stress @r and £s at both ends of pile segment), pile
circumference (C) and the pile segment length (i thre
top segment load {, iteration of the assumed gradient
profile of fst and £ values can be performed to obtain
approximate elastic shortening from the integragéabal
strain as from Eq. (3), (4) or (5), whichever sHaifttion
profile is appropriate, and match the measuredtshiog of
pile segment.

c. Theinterpreted mobilized pile shaft friction alathg whole
pile segment can be deduced from deduction of ¢t
load (RB) of pile segment from the top segment load) (P
over the pile shaft surface area of the pile segmen

d. Take the computed bottom load from upper pile segras
the top load for the next pile segment and reptgisya) to
(c) for the bottom load of each pile segment.

e. With the absolute nodal movement by cumulating e
top movement measurement and the measured shagrtahin
global strain measurement for each pile segmeat]aad
transfer relationship of pile shaft friction witbrcesponding
mobilized pile nodal movement (at mid-point of pile
segment) can then be established.

The only drawback of this end-point method is &kl of
robustness in numerical stability if there is neéible measurement
error in the global strain measurement and any errihe parameters
used in deriving the global strain of pile segmastdiscussed in
Section 3. Figure 4 shows the comparison of theapjroaches in
deriving the pile axial load and its assigned lmrat
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Figure 4 Comparison of Interpretation Methods ofliall Strain
Measurement in Pile Load Test
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The major differences are that the new end-poaattien method
derives all the pile axial forces at the pile nogaihts, which is also
the physical boundary of the individual instrumehfale segment.
The derived pile shaft friction is distributed adptihe individual pile
segments, in which the trend of shaft friction idlittion profile can
be assigned with the end valuesofdnd £ at both end of the pile
segment depending on the actual subsurface comslitin fact, the
mid-segment method is a special case of the end-p@thod under
the scenario of constant shaft friction profile.
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3. DISCUSSIONS ON COM PARISON OF APPROACHES

In this section, comparison of two idealistic sa@®gmbetween the
new computation framework and the conventional @pgh will be
discussed. Both cases presented here have consitteresame
behavior of strain dependent secant modulus ofspifaess.

The first scenario (Case A) is based on the compatastic
shortening (taken as measured global strain oft@gh segments
with total pile segment length of 39.5m) deriveahfra given profile
of pile axial load with a fictitious profile of @l shaft friction, thus
ideally having no measurement error whereas thenskescenario
(Case B) is based on the actual measured data setirepthe same
data processing procedures of the two approachdsnonstrate the
difference of outcome due to the probable measunesreor in pile
shortening and also accuracy of pile stiffness rhaglun addition, it
is believed that the difference is also dependenthe degree of
discretization of the instrumentation pile segmength with respect
to the sensitivity in variation of actual pile shfafction profile within
the pile shaft segment.

In Case A, the interpreted pile axial load profigtvizeen the two
approaches are identical and perfectly match thialishaft friction
profile used to generate the elastic shorteninthefcorresponding
pile segments. The mid-segment method producgslthaxial load
at mid-point of each pile segment, which is derifredn the average
strain of the global strain shortening betweentihe ends of each
pile segment in the end-point method. Howeves ihathematically
curtained that if the pile friction profile is nobnstant along the pile
segment, then the pile axial load in the mid-segnmeethod still
deviates from the end-point method as the lineadyying pile
friction profile will have the pile axial load piiéd in quadratic curve,
not a linear line, especially for the condition ®try long
instrumented pile segment and also severely varyingile shaft
friction profile. Another observation is that thige axial load profile
in the end-point method has all the axial loadthatend points of
each pile segment matched continuously withoutdisgrete values
at the adjoining pile segments. Figure 5 showsotltieome of the
interpretation of the two fictitious data set ofpogite trends in pile
shaft friction profiles, in which the increasingetid produces a
concave profile pile axial load (upper diagram) vetzes the reducing
trend produces a convex profile (lower diagramhe Tnterpreted
profile of pile axial load using the mid-segmentthoel and end-point
method shows good match between the two. Thediffgrence is
that the pile axial load from the mid-segment mdtliolue circular
dots) lies approximately at the average value efgite axial loads
(red rhomboid dots) at both ends of the correspangile segment.
If combining the second to seventh pile segment®res longer
instrumented pile segment of 37.5m, the interpreitsl axial load
located at the mid-point of the long pile segmentiénoted as the
green triangular symbol in Figure 5. It is evidedi¢that the pile axial
loads in both shaft friction profiles interpretedrh the mid-segment
method do not coincide with the corresponding aitl profiles as
elaborated in earlier section in this paper.

In Case B with assuming constant shaft friction ifeofit is
obvious that the measurement error in the end-poiethod has
resulted in overprediction of the bottom axial lof@m the
uppermost pile segment probably due to slightlyenastimated pile
secant modulus in Figure 1. Once the deviatiopilefaxial load is
derived for the top load of the next lower pile megt, the next
bottom load will swing to opposite direction for trling the
computed pile segment shortening. In particuler Jowest short pile
segment yielding nearly local strain for good eation of pile end
bearing load, whereas the end-point reaction mefitoduces very
unrealistic profile and end bearing load. The mmeenon indicates
an oscillation of alternatingly over and under jcgdn with larger
variation as the propagating error keeps compouitie magnitude
of error as in Figure 6. Itis believed that tlssiamed constant shaft
friction pile in this assessment might not be arprapriate
assumption. Conversely, the mid-segment method tighureduces
a relatively smooth and apparently logical pileadtbad profile.
However, there exists doubt on the accurate reptatsen of the pile

axial load profile and the appropriateness of the ghaft friction
profile assumed as evidenced earlier. From the caisistency
profile in borehole information, it is also antiaed that the friction
profile at seventh and eighth pile segments stelelsame friction,
thus the pile axial profiles at the two pile segiseshall have the same
gradient. Butthere are obviously two differentdjeats in these two
pile segments, it is certainly valid to suspectittierpreted pile axial
profiles might need further refinement for sensitlécome.

If iteration by adjusting the measured global straif pile
segments from top down can be performed to attagmaothen
profile of interpreted pile axial load, then theaserement error can
be back inferred and quantified with some confidenél.
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In planning of pile instrumentation scheme, itithto identify
the subsoil stratification, which provides the imfation on
appropriate trend of shaft resistance profile. ¢d¢eraving the pile
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nodal points for interpreted pile axial load locht the interfaces
between different soil strata will allow appropeahterpretation of
limiting pile shaft resistance of the respectiveatst The new
proposed pile segment end-point reactions metholl kave
advantage in this instance. For the conventiondtsegment method,
there exists a possibility of smearing the resistanfrom two
adjoining soil strata across the global strain mesment segment
resulting in potential unrepresentative pile aXied interpretation.
As for an accurate pile end bearing measuremeistnit difficult to
understand that the best way is to have the glstpain with very
short gauge length for determination of nearly lostain for
accurately interpreted pile axial load immediat@ipve the pile toe.

4. LOCK-IN STRESS EFFECTS, NON-LINEARITY &
HYSTERESIS OF PILE-SOIL INTERFACE ELASTO-
PLASTIC BEHAVIOUR

Pile with repeated unloading and reloading cyctasnally performs

with much stiffer load settlement performance frobserving the

load-settlement results, which can be explainedh wie probable
lock-in axial compressive stress in the pile aftefoading. The

installed pile is initially subject to compressil@ad during pile

installation operation until attaining both theimlate pile shaft and
toe resistances with pile-soil interface slippagepile penetration to
target length or capacity. However, upon unloaditigg elastic

rebound of the initially compressed pile will sutijeo downdrag load
where the pile-soil resistance will have to adtie reverse direction
at the upper portion of pile. As a result, theiatly compressed pile
cannot have a full recovery of the earlier elastmmpressive

straining, then the lock-in compressive stresstexigthin the pile as
schematically shown in Figure 7. This phenomenolodk-in stress

is equivalent to prestressing the pile before logdhe pile with

actual service load. The overall load-settlemeh@l®ur of the pile

with lock-in stress shall be much stiffer as shawRigure 8 because
the gradually imposing service load to the pilel wake over the

downdrag without further straining the pile. Liewko (2016) and

Liew (2017) have discussed some aspects of theopiemon of lock-

in stress during pile installation. The impactsladk-in stress to
strain measurement are the initial stress leviarpile existed before
the pile instrumentation with the subsequent inengtal loading

process and, also the correct pile secant modalbs used without
the strain level ascertained.

From observing most pile load settlement resulehawioural
models of bi-linear, tri-linear or even non-lindaperbolic function
have been postulated for simulating the recoveralalgtic and non-
recoverable plastic behaviour of overall pile resmunder loading
at macroscopic level. Some even put remarkabbgtefin examining
the localised load transfer of a series of dissegtipile segments with
interfaces to soils at microscopic scale. Genernadlyg-linear elastic
behaviour is sparsely observed in geotechnical naite When
stress-strain relation exhibits non-linearity, strhostly contributed
from the unrecoverable plastic deformation at tie-oil interface
or the supporting soil itself.

Elastic behaviours of pile and embedding soil sregult in all
deformations within the pile-soil interface systeim be fully
recoverable with no residual deformation after clatgby unloaded.
If there is observed unrecoverable plastic defoonat the
deformation mostly comes from either slippage a tile-soil
interface or localised yielding or particle disldoa of the
embedding soil with local shear stresses beyonddiiestrength or
both. Once the plastic deformation occurs, cregpghaviour under
sustained loading of adequate magnitude causirajised yielding
when the redistribution of the stress field to reaew equilibrium
and hysteresis phenomenon can be observed in adifatmyclic
loading process. The elasticity of the loaded neteand load path
in dispersing the load imposition from the suppatipile to
foundation soils, there will be different degreestess mobilisation
in the load dispersing process, particularly withetatively large
stress field system. Some are well under streszede at state of
yielding, and some are stressed beyond the strefiggnon-linearity

of stress-strain behaviour is a gross summatidheolifferent degree
of stress mobilisation with unrecoverable plasétodmation. In both
the forwarding and reversal of stressing processlised yielding
and slippage at pile-soil interface resulting tortiph plastic
deformation with energy loss during the loadingoioading process,
thus increasing the non-linearity. It is such nime#rity causing the
separation of the stress-strain paths in energction and energy
recovery of the system.
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Figure 7 Effect of Lock-in Stress in the LoadimglaJnloading
Cycles in a Jack-in Pile
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Figure 8 Pile Stiffening Effect in the Loading addloading
Cycles of a Jack-in Pile with Lock-in Stress

Figure 9 shows a typical load settlement curve tdtics
maintained load test results. The portion fromnPaito 2 denotes
linear elastic behaviour when there is no parthefiile-soil system
attaining either interface slippage and dislocatibsoil grains. Full
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recovery of elastic strain of pile structure andirfdation soil is
possible with this range of loading. However, wites pile loading
passes beyond Point 2, either soil yielding ornfate slippage at the
upper portion of the pile-soil system occur. Towér pile segments
may remain in elastic behaviour. When the loadénggriessed beyond
Point 3, more yielding of soil and interface sligpaccur and extend
to lower pile segments resulting more irrecoverataining. Upon
reaching the first maximum test load at Point 4ofeing with
unloading process to Point 5 and subsequently tot o partial
restoration of the stored elastic strain energthan pile-soil system
takes place.

When the restoration of elastic strain betweerptleeand the soil
becomes inconsistent due to either soil grain daglon or interface
slippage, the reaction at the upper pile segmeamsbe in a reverse
direction, hence preventing full release of thetitastrain in the piles
becoming the lock-in load in the pile. As illusedtin Figure 7, the
static equilibrium of the pile-soil system at tiigste is attained with
downward drag force at the upper pile segment apdatd
resistances from the lower pile segment and pike tdaximum
compressive load is located at the neutral plarerevthe downward
and upward resistances meet. When the test pikddaded again,
normally the initial stiffer response at the begmgnof reloading can
usually be observed when comparing to the eariadihg cycle.
This is primarily due to much lower elastic shomgn(dtop - dnp) With
relatively high pile stiffness when reloading oé thile by taking over
the downward drag load in the soil above the népteme to reach
static equilibrium. It can be logically expectedaththe pile

deformation,dne, at the neutral plane when first attained in the

loading cycle shall remain unchanged in the unlogdind reloading
cycle as the upward resistance is the same foe ttiese loading
cycles.

It will be interesting to examine the possible pdtffening
response when such lock-in load exists in thedile to installation
process and, also preloading before pile testimgack-in pile system,
such effect is more prominent than driven pile tasicsjacking can
preserve better lock-in load in pile comparing ymamic percussion
piling method. For cast-in-situ bored pile, suatktin load may only
momentarily exist during the volumetric expansiaredo thermal
hydration. After cooling down, even tensile loamh@xist in the pile
if not slight compressive load.

Due to the high creep potential when the stressrshehaviour of a
pile subject to loading with remarkable plastic atefation in
embedding soil and slippage at the pile-soil irtesf it is suggested
to observe the sustainable stabilised pile load&the test load where
the initial high rate of creeping settlement attses to attain the
static equilibrium. For instance, when the piléosded reaching the
aforementioned state, the recorded loading ontgitleewill reduce
from the last incremental test load to a slightiwér, but stable load
reaching the static equilibrium.
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Figure 9 Schematic Diagram of Pile Load Test Results

5. CONCLUSIONS AND RECOMMENDATIONS

This paper has presented a new interpretative approf global

strain measurement with varying pile secant stfffneodulus under

rigorous closed-form solution framework, namelyemegment end-
point reactions method, in pile load test instrutagon. The
following findings and conclusions can be summatise

a. The relationship between pile elastic deformatind pile
shaft resistance is not unique as there are t@wabrs
possible profiles of pile shaft friction distribati with the
same elastic shortening.

b. Comparisons between the two methods in both idesd ca
and actual instrumentation data have been perfoaned
summarised to show the errors and the associabbtepns.
The new method agrees perfectly with the ideal ecask
exhibits numerical instability when processing #wtual
instrumentation data set.

c. The conventional mid-segment method is a specs# o&
the newly proposed end-point method in this paper b
assuming constant friction within the instrumenteite
segment. However, this conventional method is smpl
robust and not subject to numerical instabilityysthcan
readily yield results with apparently logical anchaoth
profile of pile axial load.

d. Severe interpretative error in the global straimsueement
can happen if the instrumented pile segment islpl@ng
and there is drastic variation of the pile shadtion profile
due to different soil strata within the instrumehtgile
segment.

If the pile shaft friction profile is not constanthen

compounding error propagating along the pile shaft

segments will deviate the actual value in the catigaal
mid-segment method.

f.  For pile end bearing capacity, it is best to hdedlobal
strain with very short gauge length approximatindoical
strain to interpret pile axial load immediately abadhe pile
toe as the end bearing load.

g. The mechanism of lock-in stresses in pile instalfatnd
pile load test has been discussed in detail and als
highlighted its impacts on determining initial pisial
profile with lock-in stress and strain affectingethorrect
determination of pile secant modulus in the glatehin
measurement.
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