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ABSTRACT: I n thi s paper , a n analytica l metho d i s proposed t o transfor m th e
results o f Osterberg-Cell pil e testing (OPT) t o conventional load-settlement curv e
of pile, whic h i s loaded downwar d a t the pil e top. First , a  tri-linear load transfe r
function representing pil e side resistance wa s used to analyze the OPT of the pile
segment abov e th e Osterberg Cell . Parameters neede d fo r th e transfe r functio n
were obtained b y fittin g the OP T data. The self-weight o f the upper pil e segment
was taken int o account. As the frictio n between soi l and pile in OPT has opposite
direction compared to that of the conventional test, the downward transfer functio n
has bee n transforme d into the upwar d function . The OP T data o f the lowe r pil e
segment wa s considere d a s boundar y condition s o f th e uppe r segmen t o f th e
equivalent top-loaded pil e to transform the OPT data into conventional results with
the upwar d frictio n obtained above . Cas e historie s wer e used to validat e tha t the
conventional pil e load-settlemen t curv e obtaine d usin g thi s analytica l metho d
compared well with the measured data .

1 INTRODUCTION

Self-Balanced testing method is an up-to-date stati c pile testing approach. In this
method, specially designed loading equipment, viz. Osterberg Cel l is placed a t the
specified locatio n alon g piles , wit h hydrauli c pipes an d displacemen t transduce r
wires extended t o the groun d surface. Hydrauli c jack provide s hydrauli c pressure
into the loading cell, whic h applies loads to the test piles. In this approach, actua l
loading i s in equilibriu m with friction s between upper-segment o f the pil e and the
soil, self-weight o f pile, friction s o f lower-segment o f pile and pile tip resistance .
The capacity o f the pile can be obtained from th e two load-displacement curves of
the uppe r and the lower segment o f pile. Thi s approach wa s firs t introduced int o
practices by Osterberg (1989 ) and is referred as Osterberg-Cell loa d test o r O-cell
load test . Thi s metho d ha s bee n widel y used fo r it s simpl e instrumentatio n an d
lower expense, especially with no needs of reaction piles or massive mass.

Since the mechanis m of load transfer and soil-pil e interactions in an O-cell load
test is  simila r to  tha t in  a  conventiona l stati c pil e test , allowin g thi s metho d
considered a s a reliabl e testing approach. However, the mode of load transfe r in a
self-balanced loa d test i s differen t fro m tha t i n a  stati c loa d test consequentl y a
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certain transfor m approac h i s require d t o conver t tes t dat a int o a  pil e to p
load-settlement relationship. Empirica l method and displacement harmony method
are two kind s of such converting methods (GONG e t al., 2002, and JIANG et al.,
2006). However, the empirical method lacks sufficien t theoretica l explanation , and
the displacement harmony method requires transmission function s for each layer of
soil fro m fiel d measurements . Th e loa d transfe r metho d described herei n divide s
the pil e into several elastic element s with nonlinea r springs connected in-betwee n
to simulat e the load transfer mechanis m between pile s an d soil (See d an d Reese,
1957, an d CHE N e t al. , 1995) . Wit h stati c equilibriu m an d elasti c theory , th e
analytical description abou t th e behavio r o f pile s ca n be derived , whic h require s
the assumptions about loading transfer functions.

There hav e been quite number o f research works confirmed that the hyperbolic
function i s suitable to simulate the loading transform. However, i t was realized that
the hyperbolic functio n i s difficul t t o b e solved an d therefore wa s simplifie d int o
multi-linear function s (CHEN e t al., 1994). This paper adopts a  tri-linear model to
simulate the load transfe r o f piles . I n this method, th e analytica l expression o f a
load-displacement relationshi p fo r th e upper-segmen t o f pile s i s obtaine d wit h
consideration o f the pil e self-weight. With comparisons wit h actual measurement ,
the parameter s o f load transfe r functio n ca n b e obtained. The n conver t th e loa d
transfer functio n alon g the downwards directio n i n the self-balanced metho d int o
upwards direction . Fro m that , th e overal l load-settlement curv e o f pile s ca n b e
obtained wit h th e actua l measurement s o f th e lowe r segment s o f pile s a s th e
boundary condition for the upper-segments o f piles.

2 ANALYTICA L PREDICTIO N O F TH E LOAD-DISPLACEMENT
BEHAVIOR OF THE UPPER SEGMENT OF SELF-BALANCED PILE S

2.1 Assumptions

Assuming th e pil e actin g a s a  unifor m cross-sectio n linea r elasti c bea m
surrounded b y singl e laye r homogeneou s soil , th e equilibriu m condition o f th e
micro segment o f the upper-segmen t o f pil e i s shown i n Fig . 1. Th e relationshi p
between axia l forc e Q,  self-weigh t G u, perimeter w  an d sid e frictio n stres s q s is
provided in the following equation.

in which, qs is function o f the relative displacement  between pile s and soil (W),

A is sectional area of pile, y  is the density of pile. Also with the assumption of pile
acting a s elasti c bar , th e followin g equatio n ca n b e derive d fro m th e elasti c
stress-strain relationshi p of the pile.

From Equation s (1) and (2), the basic relationshi p for the upper-segment of the
pile is shown as the follows.

In the above analytical descriptions, due to the differen t direction s between th e
side friction s o f piles in a self balanced pile test and in a static load test, the effect s
from self-weigh t of piles has been incorporated into the differentia l equations . The
friction stres s q s along th e pil e ca n b e describe d int o loa d transfe r function , a
tri-linea r mode l a s show n i n Fig . 2 , whic h consist s o f a n elasti c stat e an d tw o
plastic hardenin g states. I n thi s tri-linea r model , k i s th e shea r modulu s of the
surrounding soil, Smi is elastic displacement limi t of the surrounding soil and 5̂  is
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the displacement limit at the first plastic hardening .

Fig. 1 . Loading Diagram for the
Micro Segment of Pile

2.2 Analytica l Descriptio n fo r th e Load-displacemen t Relationshi p o f th e
Upper-segment o f Pile

For the upper-segment of the pile, the surrounding soil is in elastic initially. With
the loa d increased , plasticizatio n happen s i n th e soi l nea r th e loadin g cel l an d
gradually develop s upwards . Afte r a  certai n loa d level , al l surroundin g soi l
becomes plastic in the second plastic hardening state. As shown in Fig.3, R\, #2, 3̂
represent the height of regions of the three states, respectively. Substitut e the load
transfer functio n q s into Equation (3), with consideration o f the boundary condition
at the top o f pile (zero axia l force ) and the continuous condition s of surrounding
soil in differen t states, the analytical description o f load-displacement curve for the
upper-segment of pile can be derived as follows.

With th e loa d increased , displacement s of th e surroundin g soil hav e differen t
behavior when

Fig. 2. Load Transfer Function between
Pile and Surrounding Soil

Fig. 3. Different Loading Stages for the Upper-Segment of Pile

a

(i) All the soil surrounding the upper segment of pile keeps elastic. Ri=Lu.

(ii) Part of the soil surrounding becomes plastic as the first plastic hardening state.
RI+ R2=LU.
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The soil reaches S m2 at the loadin g cell firstly , whic h means the beginnin g of the
second plastic state. Otherwise, th e soil reaches S mi at the top of pile firstly, whic h
means the end of the elastic state. I f the surroundin g soil a t loading cell reaches the
second hardening state firstly, wit h the load increased, th e soil behaves as follow ,
(iii) The three states exist simultaneousl y in the soil surroundin g the upper segment

of pile. #1+^2+^3=.̂

(iv) If the elastic region vanishes firstly , al l the soil surrounding becomes plasti c as
the firs t plasti c hardenin g state . R2=L U. An d th e equation s i n (iii ) should b e
replaced b y equation (9).

With the load increased, the soil behaves as mentioned.
(v) Part o f the soil becomes plasti c as the first plastic hardenin g state whil e others
as the second plastic hardenin g state. R2+R3=LU.

(vi) All the soil surrounding becomes plastic as the second hardenin g state. Ri=Lu.

If 13=0, th e secon d plasti c hardenin g stat e become s perfec t plastic , an d th e
equations relevan t ca n be obtained usin g L Hospital rule . I f ^3<0, the firs t plastic
hardening stat e become s a  softenin g state , an d Euler' s formul a ca n b e use d t o
obtain relevant equations. As mentioned above, this tri-linear load transfer functio n
can simulate differen t type of pile side resistance.

Through th e analytica l prediction s of load-displacement fo r the uppe r segmen t
of pile, th e tri-linear load transfe r functio n ca n be derived usin g the experimenta l
measurements. A s described i n Fig. 1, the acting direction o f the frictio n forc e fo r
self-balanced pile s i s downwards. Ther e i s a need to verif y certai n parameter s t o
convert th e loa d transfe r functio n t o b e suitabl e fo r th e top-loadin g condition .
According to Gong's pape r i n 2002, i t can be achieved by dividin g the parameter s
by coefficien t rj.  Fo r multi-laye r soil , th e coefficien t r\  i s calculate d usin g th e
following equation.

where L\ is the thickness o f the 1 th layer, r\\  i s the correction coefficien t o f the I th

layer. For clay and silt, ?/=0.8. For sand, 7/=0.7 and for rock, 77=!.0.

3 ANALYTICA L METHO D T O CONVER T PREDICTIO N O F
SELF-BALANCED PILE S INT O LOAD-DISPLACEMENT CURVE S FO R
STATIC LOAD TEST PILES

As the continuous displacemen t at the boundary, equation (8) must be met.
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3.1 Transforming Mechanism

The self-balanced pile is divided to upper and lower segments a t the loading cell.
Pile top loa d o f the lower segment o f pile i s in equilibriu m with the sid e frictio n
resistance an d the ti p resistance o f pile . Th e reactio n forc e a t the bottom o f the
upper segmen t o f th e pil e i s equa l t o th e negativ e sid e frictio n resistanc e an d
self-weight of the pile. Therefore, the converting mechanism can be simplifie d into
transformin g th e negative frictio n forc e alon g th e uppe r segmen t o f pil e int o the
positive frictio n force  of the static load pile. As shown in Fig.4, the loaded pile can
be divided into two segments a s shown in Fig.4 (b), in which the lower segment of
the pil e ha s th e sam e transfe r mechanis m a s th e self-balance d piles . Th e Q U-SU

curves of the self-balanced pile can be assumed a s in accordance wit h that the axial
loaded piles  withi n th e sam e region . Wit h thi s assumption , th e axia l forc e an d
settlement cause d b y the to p pressure an d the positive sid e frictio n resistanc e o f
pile at the upper segment of pile can be calculated. As the boundary conditions, the
top pressure and settlement o f pile can be derived by solving the above differentia l
equations with friction load transfer functio n being substituted i n it.

(a) (b )
Fig. 4. Loading Scheme of the Fig . 5. Different Loading Stages for the

Axial Loaded Pile th e Upper-Segment o f Axial Loaded Pile

3.2 Analytical Derivation of the Transforming Function

As show n i n Fig.5 , simila r wit h sectio n 2.1 , assumin g th e pil e actin g a s a
uniform cross-section linea r elastic bar with single-layer homogeneous soil around,
the differentia l equatio n i s shown a s follows, without consideration o f self-weight
of piles (CHEN et al., 1994).

According t o Equatio n (12) , the transformin g coefficien t i s re-evaluated , wit h
corresponding update d value s o f parameter s a\,  $, m.  With substitutio n o f each
measurement o f (Q&  So)  a s boundar y conditions, th e state o f the surroundin g soil
can b e determine d accordin g t o th e relationshi p between S&  an d S m\ o r Sm2. The
following section describe s differen t situations , fro m whic h the (Q,  S)  relationshi p
at the top of pile can be calculated accordin g to each (Q&  S&)  and finall y obtain the
load-settlement curves at the top of pile.

It means that the soi l surroundin g upper segment of pile is elastic at the location
of th e loadin g cell . Three condition s ca n b e furthe r considere d accordin g to th e
possible states of soil.
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(i) Al l th e soi l surroundin g th e uppe r segmen t o f pil e keeps i n elastic . Ri
=
Lu,

requires S<S m\

(ii) Part of the soil surrounding the upper segment o f pile becomes plastic as the
first plastic hardenin g state.

(iii) Th e thre e state s exis t simultaneousl y i n th e soil . R\+R2+R3=L U, require s

R\ can be determined fromS

and R2 can be determined from

It means that the soil surrounding the upper segment o f pile becomes plastic as
first plastic hardenin g state at the location of loading cell, which can be categorized
into the following two conditions.

(i) All the soil surroundin g the upper segment o f pile becomes plastic as the first
plastic hardening state. RT= Lu, requires

(ii) Part of the soil surroundin g the upper segment o f pile becomes plasti c as the
first plasti c hardenin g stat e whil e other s a s th e secon d plasti c hardenin g state .
R2+Ri=Lu, requires S>Sm2

R2 can be determined from (S

It means that all the soil surroundin g the uppe r segment o f pile becomes plastic

AS

U, requires 

fROM TO DETERMINE
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as the second plastic hardening state and requires S>Smz

4 ENGINEERING CASE STUDY

Red Mountain Manor Project
Detailed experimental dat a fo r this project ha s been provided i n the study b y

LIU e t al . (1999). Cast-in-place bore d pile s hav e bee n used , wit h experimenta l
measurements fro m bot h self-balance d metho d an d heape d loadin g method .
Detailed description of soil i s listed in Table 1 . The diameter of pile is 0.6 m with
concrete grad e o f C25 . Length o f self-balance d pil e i s 2 5 m  wit h loadin g cel l
located 9  m fro m th e bottom o f the pile. The self-weigh t of the upper segment o f
pile is lOOk N with elastic modulus of pile 2.8*104MPa. For the heaped loaded pile,
the lengt h o f pil e i s 28m. According t o th e approac h a s describe d above , th e
parameters can be calculated as Ai=11837 kPa/m, yl2

=3037 kPa/m, i 3=1081 kPa/m,
Smi=0.98 mm, ,S m2=5.54 mm. The load-displacement curves for the upper segment
of pil e ar e presented i n Fig . 6. With transformin g coefficien t o f frictio n forc e a s
0.65, 0.7 and 0.8, the measurements fro m self-balance d piles have been converted
into load-displacemen t curve s fo r axia l loade d piles , whic h ar e compared wit h
experimental measurements as shown in Fig.7.

Table 1. List of Parameters for Different Layer of Soil

Layer

(D-2

<D-2

(5)-3

<D

<D

Item

Plain Fill

Clay

Silty Cla y

Silty Cla y

Silty Clay

Pebble soil with

coarse sand

Depth

(m)

0-3.7

2.2-15.0

16.0-27.0

20.2-31.0

Density

(kN/nr )

19.7

17.2

18.7

19.5

19.8

Porosity

E

0.76

1.38

0.97

0.79

0.74

Liquidit y

Limit /L

0.37

0.75

1.09

0.91

0.37

Shear Parameters

c(kPa)

32.3

20.4

14.4

16.4

51.0

<P(° )

16.3

11.0

21.0

26.2

19.7

Fig. 6 . QU-SU Curves from
Self-Balance d Piles

Fig. 7 . Comparisons between
Transforming Results with Experimental
Measurements fo r Axia l Loade d Pile s

<D-1
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5 CONCLUSIONS

A load transfer method has been described i n this paper wit h the assumption o f
the tri-linea r loa d transfe r function . Th e analytica l expressio n o f th e
load-displacement relationshi p for the upper segment of pile can be derived firstl y
with consideration o f the deadweigh t o f pile. Then, us e the measure d data o f the
lower segment o f pile as the boundar y condition, th e result s o f self-balanced pil e
tests ca n b e successfull y converted int o conventiona l load-settlemen t curv e fo r
static pile tests. The case study validated that the conventiona l pile load-settlement
curve obtaine d b y usin g thi s analytica l metho d fi t th e measure d dat a well . Th e
tri-linear loa d transfe r functio n i s properl y use d t o simulat e variou s kind s o f
pile-soil interaction such as softening and perfect plasticity.
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ABSTRACT: Th e axia l load-displacement-capacity respons e o f drille d shaf t an d
bored pile foundations can be evaluated during the analysis and design stage using an
elastic continuum framework and results fro m in-sit u testing methods , in particular,
the seismic piezocone test (SCPTu). The SCPTu is an optimal and economical means
for collectio n o f geotechnical dat a because th e sam e sounding provides u p t o fiv e
separate measurement s wit h depth : con e ti p resistanc e (q t), sleev e frictio n (f s),

porewater pressure (^2), time rate of consolidation (/so) , and shear wave velocity (V s).
Moreover, th e SCPT u provide s informatio n o n soi l behavio r a t bot h end s o f th e
stress-strain-strength curves , namely the peak strength an d geostatic stress stat e fo r

evaluating axia l pil e capacity an d th e small-strai n stiffnes s (G max =  pfV^) fo r th e
initial soil-pile deformations. Using a Randolph-type analytical elastic pile model, the
approach can handle either traditional top down compression loading by dead-weight
or reaction beam systems, or the more recent Osterberg cell that juxtaposes base and
side resistances in opposite directions. A case study involving O-cell tests on a drilled
shaft in Piedmont residuum and partially-weathered rock in Atlanta are presented.

INTRODUCTION

The axial load-displacement response and load-transfer distribution of piles can be

evaluated rationally within an elastic continuum solution (Poulos & Davis, 1980). Of
particular convenience , th e closed-for m analytica l solution o f Randolph &  Wrot h
(1978, 1979) can handle rigid piles, compressible piles, and very long piles, as well as
presence o f a  lower stiffe r soi l or rock layer , homogeneous or Gibson soil modulus
variations with depth, and straight or belled shafts (Fleming et al. 1992).

The Osterber g loa d cel l (O-cell ) i s a n innovativ e an d convenien t mean s fo r
mobilizing bot h th e axia l sid e an d bas e resistanc e component s o f drille d shaf t
foundations, als o termed bore d piles (Felleniu s 2001). Th e O-cell i s placed i n th e
drilled shaf t foundatio n durin g the installation o f the rebar cage and then concreted

200

https://www.civilenghub.com/ASCE/137785547/Deep-Foundations-and-Geotechnical-in-Situ-Testing?src=spdf


GEOTECHNICAL SPECIA L PUBLICATION NO . 205 20 1

in-place. Durin g loa d testing , th e hydrauli c jac k i s inflate d usin g a  high-pressur e
pump, thereby liftin g th e on e upper shaf t sectio n whil e simultaneousl y pushin g th e
lower segmen t sectio n downwar d (Osterber g 2000) . Th e result s ar e evaluate d t o
obtain the mobilized side and base resistances, as well as derivation o f an equivalent
top-down curve for the axial load-displacement-capacity respons e o f the bored pile.

In the original setup, the O-cell was positioned a t the base o f the bored pile , ye t
can be installed a t any convenient elevatio n withi n th e shaft . Multipl e level s o f O-
cells can be installed to stage-load th e bored pile in sections, thereby achieving hug e
capacities during load testing. The analysis o f individual segments fro m O-cel l tests,
as wel l a s top-down loading , i s convenientl y handle d usin g th e Randolph-Wrot h
analytical model , as depicted i n Figure 1 . For clarity, the solution her e i s presented
for rigid pile segments, yet can be easily upgraded to account for pile compressibility
effects and stiffer geomaterials under the base, if desired.

Figure 1. Osterber g cell evaluation using elastic continuum solution.

DRILLED SHAFT CASE STUDY IN PIEDMONT RESIDUUM

A case stud y involvin g O-cell load testin g o f a  drilled shaf t fo r a  Georgia DO T
viaduct next to CNN in downtown Atlanta is used to illustrate the approach. The soil
borings indicated residual silts and sands grading to saprolite and partially-weathered
rock o f the Piedmon t geology, as shown i n Figure 2. Ver y high blow-counts were
recorded belo w depth s o f 1 1 m. Th e sit e wa s als o explore d b y a  G T cre w using
seismic piezocone penetration tests (SCPTu), as presented in Figure 3. Equivalent TV-
values from the CPT tip resistance (q t) a t the site were obtained from the CPT - SPT

https://www.civilenghub.com/ASCE/137785547/Deep-Foundations-and-Geotechnical-in-Situ-Testing?src=spdf

	Cover
	Contents
	Keynote Paper
	Bearing Capacity and Deformation Characteristics of Uplift Piles in Soft Ground


