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Reliability Assessment of Pile Groups in Sands
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Abstract: A probability-based reliability assessment methodology for single flexible piles and pile groups under stochastic later
is developed. The methodology was based on state-of-the-art techniques for the analysis of single piles and pile groups a
reliability assessment methods. Critical strength and serviceability modes of failure for flexible piles in sandy soil under lateral loa
defined. The reliability of a pile-group system was assessed by accounting for system redundancy with the occurrence of parti
of the system components. Reliability indices and failure probabilities were used as relative measures for the performance of pil
study was presented to illustrate the proposed methodology.
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Introduction

According to the U.S. Army Corps of Engineers’ statistics, ov
40% of the inland navigation structures are more than 50 ye
old, and the demand for rehabilitation must be selectively
vested to maximize navigation benefits. Evaluation and ass
ment of existing structures can play a significant role in reduc
the likelihood of unexpected failures. However, current eval
tion and assessment methods of pile foundation components
pile groups, that are required to maintain system integrity dur
normal and sever operational conditions, are based on the u
factors of safety or safety margins. For single piles, lateral load
is a problem of soil-structure interaction, in which pile deflecti
depends on the soil response and soil response depends o
deflection. For closely spaced pile groups, this behavior is m
complicated than single piles due to the following two consid
ations:~1! the decrease of group efficiency due to close pile sp
ing; and~2! the distribution of the load from the superstructure
each of the supporting piles in the group. The second of th
problems can be solved rationally, if the three nonlinear stiffn
coefficients at pile heads for axial loads, lateral loads, and
ments can be defined. However, the distribution of the loads f
the superstructure to different piles in the group is as accurat
the pile-head stiffness coefficients are determined. Despite
significance of closely spaced pile interaction, there is a lack
knowledge concerning pile-group effect. Full-scale lateral lo
group tests are few due to their complexity and associated c

1Bechtel Corporation, Facility Staff Design, 5275 Westview Dr., F
derick, MD 21703. E-mail: khelosei@bechtel.com

2Professor and Director, Center of Technology and System Man
ment, Dept. of Civil Engineering, Univ. of Maryland, College Park, M
20742. E-mail: ayyub@umail.umd.edu

3Information Technology Lab, Waterways Experiment Station, U
Army Corps of Engineers, Vicksburg, MS 39183.

Note. Associate Editor: Jamshid Mohammadi. Discussion open u
March 1, 2003. Separate discussions must be submitted for indivi
papers. To extend the closing date by one month, a written request
be filed with the ASCE Managing Editor. The manuscript for this pa
was submitted for review and possible publication on November
2000; approved on June 8, 2001. This paper is part of theJournal of
Structural Engineering, Vol. 128, No. 10, October 1, 2002. ©ASCE
ISSN 0733-9445/2002/10-1346–1353/$8.001$.50 per page.
1346 / JOURNAL OF STRUCTURAL ENGINEERING / OCTOBER 2002
-

d

f

ile

s

.

Most lateral load investigations were conducted on isolated sin
piles, even though piles are most frequently used in gro
~Eloseily 1998!.

A reliability-based assessment procedure starts with defin
performance functions that correspond to limit states for criti
modes of failure. Commonly used reliability methods utilize t
mean and variance~first and second moments! of basic random
variables in calculating reliability measures according to speci
performance functions. This reliability study is based on the fi
order second-moment~FOSM! methods ~Ayyub and McCuen
1997! for assessing failure probabilities according to critical fa
ure modes of piles. FOSM can be used to calculate the fai
probabilities for the performance functions.

The proposed reliability assessment methodology for p
groups is applicable to~1! long flexible piles in sandy soil;~2!
piles with constantEI, where E5modulus of elasticity and
I5moment of inertia of pile material;~3! boundary conditions at
the pile top that consists of a static shear forceQg , a moment
Mg , and a constant axial loadQx ; ~4! pile groups with three and
four rows of piles with all the piles having the sameEI and head
constraints;~5! pile spacing of 3D, 5D, and 7D; whereD5the
pile diameter;~6! piles fully embedded in soil; and~7! noncorre-
lated random variables. These assumptions were set to focu
effort on reliability assessment of pile groups subjected to late
loads, and to keep related effects and computations tractable

Appropriate performance functions were identified in th
paper for serviceability and strength failure modes for single p
and pile groups. The deterministic limit state models that form
basis for reliability assessment are based on the nondimens
analysis of Matlock and Reese~1960! for single piles and the
modified unit load method for pile groups of others.

The development of a probability-based reliability assessm
methodology for single flexible piles and pile groups under late
loads is provided in this paper. Also, the pile-group system r
ability is assessed by accounting for system redundancy du
the partial failure of individual piles. The paper shows how
determine pile group probability of failure as a system that c
account for partial failure of system components.

Analytical Models

The deterministic models that are used in the limit states for
liability assessment are based on the widely accepted solutio
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piles subjected to lateral loads known as the Winkler appro
~1867! or subgrade reaction approach. The subgrade reaction
proach utilizes a beam column on an elastic foundation with n
linear springs to transfer the load from piles to the soil. Th
springs represent the total soil resistance~P! at a particular depth
to the lateral displacement~Y! of a horizontally loaded pile~P-Y
curve!. The Winkler theory utilizes Hetenyi’s beam-colum
theory that accounts for axial loads. However, the axial loads
act on a pile subjected to lateral loads have a small effect on
bending moment produced by the lateral loads. In almost
cases, the reduction in axial loads from the ground line to
point of maximum moment is negligible. The soil near grou
surface principally determines the lateral response, and the s
depth determines the axial response. The relationship betw
axial loads and displacements are not affected by the presen
lateral deflection and vice versa~Townsend et al. 1997!. The
problem of vertical piles subjected to lateral loads cannot
solved by static equilibrium, but can be represented by a fou
order differential equation for the elastic deflection of a beam
follows:

EI
d4Y

dx4
1Qx

d2Y

dx2
1EsY50 (1)

whereY5lateral deflection;Qx5axial load at the pile head; an
Es5soil modulus. The principle of dimensional analysis is co
monly applied to physical models; however, Reese~1956! applied
the dimensional analysis to mathematical models. They used
principle of dimensional analysis to produce a set of nondim
sional coefficients that can be used to solve the governing di
ential equation. The development of the nondimensional ana
was a result of solving Eq.~1! a few times for each boundar
condition using a range of values for each variable. It was fo
that these solutions could then be applied to many similar pr
lems. The primary advantage of this method is that the nonlin
soil response can be taken into account through successive
tions of solving the differential equation. This paper presents
nondimensional analysis that is based on the simple model o
soil modulusEs recommended by Terzaghi~1955! as follows:

Es 5 nh x (2)

Eq. ~1! was solved using nondimensional analysis and finite
ference method for a rotation-free pile head to produce the
lowing equations~Reese 1956!:

Yx5YA1YB5Ay

QgT3

EI
1By

MgT2

EI
(3)

Mx5MA1MB5AMQgT1BMMg (4)

Sx5SA1SB5As

QgT2

EI
1Bs

MgT

EI
(5)

Vx5VA1VB5AvQg1Bv

Mg

T
(6)

Px5PA1PB5Ap

Qg

T
1Bp

Mg

T
(7)

whereYx5deflection along the pile;Mx5moment along the pile;
Sx5slope along the pile;Vx5shear along the pile;Px5soil resis-
tance along the pile;Qg5lateral applied load at pile head
Mg5applied moment at pile head;T5 characteristic length5~EI/
nh)0.2; E5pile modulus of elasticity;I5pile moment of inertia;
andAy , As , AM , Av , Ap , By , Bs , BM , Bv, andBp are constants
that varies withZ, where Z5x/T, and x5depth from ground
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level. Reese~1956! reported that forZmax<2, piles behave as
rigid body ~short piles!; while for Zmax>5, piles behave as a flex
ible body ~long piles!.

Modified Unit Load Transfer Method

The lateral capacity of an individual pile in a pile group is
function of its position in the group and center-to-center pile sp
ing. Morrison and Reese~1988! proposed ap-multiplier, Pm , to
be used to modify aP-Y curve for a single pile to obtain aP-Y
curve of an individual pile in the group as shown in Fig. 1. It w
suggested that for piles in a given row, thePm value could be
applied to allP-Y curves along the length of the pile. They pe
formed lateral load test on a pile group of 333 piles in a very
dense sand. Morrison reported that thePm is 0.8, 0.4, and 0.3 for
the leading, middle, and trailing rows, respectively.

McVay et al. ~1995! performed centrifuge model tests on
333 pile group having center-to-center pile spacing of 3D and
5D, whereD5pile width. Dense and loose sand conditions we
simulated in the centrifuge model tests. The centrifuge model
results were similar to Morrison’s field results. However, McV
reported that thePm is affected by position of the pile in the
group, pile spacing in the group, and soil density.

Reliability Analysis

The performance functionZ in reliability assessment of a struc
ture can be defined as resistance minus the loading~Thoft-
Christensen and Baker 1982!. WhenZ is greater than zero, a saf
state exits and failure is defined otherwise. Numerous fail
functions exist for pile foundations because they may fail in ma
different ways and because of different effects. A variety of loa
such as dead, live, wind, snow, or a combination of each m
cause structure failure. Failure does not imply structure colla
in reliability assessment, but it can be defined as exceeding o
limits, such as specified deflection values.

Several techniques exist to perform reliability assessm
These techniques include first-order, second moment meth
~FOSM!, and Monte Carlo simulation methods. A FOSM meth
can be easily programmed and has been well documented~Ayyub
et al. 1996, 1997!.

System Reliability

Systems that are connected in parallel are called ‘‘parallel sys-
tems.’’ The failure of such systems requires the failure of all th

Fig. 1. P-Y curve
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systems’ components. Systems that are connected in a serie
called ‘‘series systems.’’ The failures of one or more of the sys
tems’ components constitute to a systems failure; such sys
have no redundancy and are defined by ‘‘weakest-link’’ systems.

Engineering systems are usually a mixture of parallel and
ries systems, the failure and survival of such systems can be
resented as a combination of failure or survival events in a se
~union! and/or in parallel~intersection!. The calculation of the
failure probabilities of combined systems using the exact solu
is generally difficult due to correlation and load distributio
Therefore, approximations are necessary. Lower and up
bounds of the corresponding failure probabilities could be us
and form approximate solutions. The failure probabilities bou
for N performance modes connected in a series are

max
i 51

N

Pfi<Pf<(
i 51

N

Pfi (8)

wherePfi5the failure probability of theith mode, and the lowe
and upper limits correspond to fully correlated and noncorrela
modes, respectively. Similarly, the failure probabilities bounds
N performance modes connected in parallel are

)
i 51

N

Pfi<Pf<min
i 51

N

Pfi (9)

Reliability Assessment Methodology for Single Piles

Three performance functions influence the response of sin
piles subjected lateral loads that must be considered for reliab
assessment:~1! lateral deflection performance function;~2! flex-
ure strength performance function for the pile material; and~3!
soil strength performance function.

Lateral Deflection Performance Function

The lateral deflection performance function at the pile head
be defined as follows:

ZY5Yu2S Ay

QgT3

EI
1By

MgT2

EI D (10)

whereYu5maximum deflection at pile head defined by the ty
of structure or a serviceability limit;Ay and By are constants;
Qg5applied lateral loads at pile head;Mg5applied moment at
pile head; T5(EI/nh)0.25characteristic length;E5pile section
modulus of elasticity;I5pile moment of inertia; andnh5constant
of horizontal subgrade reaction.

Moment Strength Performance Function

The moment strength performance function for pile material
be defined as follows:

ZM5Mu2~AMQgT1BMMg! (11)

whereAM andBM5constants;Mu5ultimate moment.

Soil Resistance Performance Function

The soil strength performance function can be defined as follo

Zp5Pu2Px (12)

wherePu5ultimate soil resistance andPx5soil resistance along
the pile length~e.g., lb/in.!.
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Reliability Assessment Methodology for Pile Groups
Using Modified Nondimensional Method

The concept of using theP multiplier ~Pm! for modifying theP-Y
curve of a single pile to obtain aP-Ycurve for a pile in a group is
shown in Fig. 1. This approach is based on ‘‘squashing’’ theP-Y
curve to account for the ‘‘shadowing effect.’’ The overlapping
shear zones for the piles in the front row can be described by
simple wedge-type failure that might reduce the soil resistance
closely spaced pile groups. At greater depth, the flow-type fail
might not result in a reduction for the soil resistance because
near-surface soil clearly dominates pile behavior under lat
loads. Overlapping shear zones for trailing row piles occur du
the ‘‘shadowing effect’’ as the piles in the leading rows push t
soil away from active areas in providing soil resistance. Dens
cation during pile driving may reduce the ‘‘shadowing effect
However, the soil within the upper five-to-ten pile diamete
clearly dominates lateral-load response. Therefore, it is less lik
for the soil near ground surface to be densified enough by vib
tion from pile driving to reduce the ‘‘shadowing effect.’’

The concept ofPm shown in Fig. 1 is based on reducing th
ultimate soil resistance or the soil resistance at any point
singleP-Ycurve by a factor, at the same deflection, to produce
P-Y curve for any pile in the group. ThePm methodology can be
modified for the purpose of obtaining the performance functio
to represent the failure modes of each pile in the group as follo

PG5PsPm (13)

where

Ps52YsEss (14)

and

PG52YGEsG (15)

wherePs and PG5soil resistance for a single pile and a pile
the group expressed as force per unit length of the pile, res
tively; Ess andEsG5soil modulus for the single pile and the pil
in the group, respectively; andYs and YG5lateral deflection for
the single pile and the pile in the group, respectively. The ne
tive sign indicates that the direction of the soil resistance is
posite to the direction of the pile deflection. A typical relationsh
between P and Y is nonlinear as shown in Fig. 1. The linear
modulusEs presented by Eqs.~14! and~15! is the slope of secan
modules drawn from the origin to any point along theP-Y curve.
From Fig. 1, the following condition can be stated:

YG5Ys (16)

Therefore, from Eqs.~14! and ~15!

PG

Ps
5

EsG

Ess
5

nhGx

nhsx
(17)

Thus

Pm5
PG

Ps
5

nhG

nhs
(18)

The Pm5ratio of the soil resistance of any pile in the group~PG!
to the soil resistance of the single pile~Ps!. The Pm5also the
ratio of the constant of horizontal subgrade reaction of any pile
the group~nhG! to the constant of horizontal subgrade reaction
the single pile~nhs!. In the proposed methodology for reliabilit
assessment, it is recommended to reduce the value ofnhs using
Pm to obtainnhG to account for the group effect. The advantage
usingnhG over PG is thatnhG represents the soil characteristic
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all the performance functions. Eq.~18! shows that reducingnhs by
Pm has the same affect on the performance functions as redu
Ps by the samePm .

In the proposed methodology for reliability assessment of p
groups, the total lateral loads applied on pile groups are assu
to be equally distributed among the piles within an individu
row, but each row carries a different portion of the loads. Th
curves are needed for the average pile of respective rows in
group to perform reliability assessment. These curves are~1! the
load-deflection curves;~2! the maximum moment-load curves
and ~3! the P-Y curves. If test results for a full-scale pile grou
subjected to lateral loads is available. The following proced
can be used:
1. Average the pile head load for each row at the given defl

tion for each load increment.
2. Obtain the constant of horizontal subgrade reactionnh for

each row in the group using the average pile head load a
given deflection as follows:

nh5

CnSQg

Yg
D1.67

1DnS Mg

Yg
D 1.67

~EI!0.67
(19)

3. Determine the lateral deflection using the average load
step~1!, nh in step~2!, and Eq.~3!.

4. Compare the measured and predicted deflections for
load increment, using values from step~1! and step~3!, re-
spectively. Plot the measured and predicted load-deflec
curves for each row in the group.

Fig. 2. Load deflection curve
g

d

e

h

5. Obtain the average measured maximum moment along
piles in each row for each load increment.

6. Calculate the moment on each row using the average loa
step~1!, nh in step~2!, and Eq.~4!.

7. Compare the measured and predicted moments for each
increment, using values in step~5! and step~6!, respectively.
Plot the measured and predicted maximum moment-l
curves for each row in the group.

8. Determine the soil resistance~P! and the lateral deflection
~Y! at any specified depth usingnh in step~2!, and Eqs.~3!
and ~7!, respectively. Then, plot theP-Y curve.

The pile-group analysis proposed for reliability assessmen
based on the average pile representing respective rows in
group. Therefore, the performance functions for the average
of respective rows in the group are the same as the perform
functions considered for the single pile. The three performa
functions for reliability assessment for the average pile of resp
tive rows are:~1! lateral deflection performance function;~2! mo-
ment strength performance function for pile material; and~3! soil
resistance performance function. The performance functions
the average pile of respective rows in the group consider
reduction of the soil stiffness to account for group effect.

The reliability assessment for the single pile and the aver
piles in the group is performed using the performance functi
for the failure modes and the first-order reliability method in
form of a computer program~Ayyub et al. 1996!.

Case Study

A load test result was used to provide a better understanding
the proposed reliability assessment methodology presented in
paper. Morrison and Reese~1988! performed the load test on
large-scale, well- instrumented group of piles in sand, and a s
lar single pile. A 333 group of piles and a single pile, installed
Houston. The native clay soil was removed from the upper p
tion of the piles and replaced with clean sand. The sand
placed in a dry state and compacted in six sections to hav
relative density of 50% using a Dyna-pac EY 15 vibrating-pla
compactor. The average dry density after compaction was 1
kN/m3 ~98 lb/ ft3!. The sand had a uniform gradation, of mediu
density, and classified SP by the unified soil classification syst
The majority of particle sizes fell between the No. 30 and No.
Fig. 3. Load-deflection curve for pile group
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The sand had an angle of internal friction of 38.5° using the dir
shear test. After compaction was completed, the sand was sl
saturated from below using perforated pipes that had been pl
at the surface of the clay. The site was flooded until the test
over.

The piles were instrumented for the measurement of load,
flection, slopes at the top of the piles, and bending moments a
the piles. Lateral loading was applied to the piles, and
response of the instrumentation was recorded. The result
the load tests were used for both the single pile and piles wi
the group to generate load-deflection curves at the top of the p
the maximum moment-load curves, and theP-Y curves along the
piles.

Load Deflection Curves

The measured load-deflection curve, nonlinear predic
load-deflection curve, and linear predicted load-deflection cu
for the single pile are shown in Fig. 2. The predicted nonlin
load-deflection curve is developed by changingnh with the load
and deflection values to obtain the secant modulus at each
increment using Eq.~19!. The linear load-deflection curve is de
veloped by usingnh50.0054 kN/cm3 ~0.02 kip/in.3!. The pre-
dicted nonlinear load-deflection curve shows good agreem
with the measured load-deflection test data. The linear lo
deflection curve can be considered as the lower boundary fo
deflection because it underestimates the deflection at higher l
as shown in Fig. 2. The lower deflection at higher load in
linear analysis is because of using higher soil stiffness.

Fig. 4. Maximum moment-load curves

Fig. 5. Measured moment-load curves for pile group
1350 / JOURNAL OF STRUCTURAL ENGINEERING / OCTOBER 2002
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The average pile-head load versus deflection for the ave
pile of respective rows in the pile group is shown in Fig.
Comparison between the measured and predicted data for lea
middle, and trailing rows is also shown in Fig. 3, respectively
is believed that the model prediction for load-deflection curv
provides good agreement for reliability assessment.

Maximum Moment-Load Curve

The maximum measured moment-load curve, maximum non
ear predicted moment-load curve, and maximum linear predic
moment-load curve are shown in Fig. 4. The model predicat
shows good agreement at lower-load levels or up to 44.48
~100 kips! of the pile-head load. At higher-load level, the mod
prediction underestimates the maximum moment occurred in
pile material.

Maximum bending moment as a function of the average p
head load is shown in Fig. 5 for the group by row. Fig. 5 a
indicates that for a given pile head load, piles in the middle a
back rows sustained larger bending moment. This trend refl
the softening of soil resistance due to ‘‘shadowing effect.’’A go
curve fitting between the measured and the predicted data is
shown in Fig. 5 for the middle row.

The P-Y Curve

Using a Winkler soil model, polynomial curves were fitted to t
bending moment-depth data using the same approach desc
by Morrison and Reese~1988!. The measuredP-Y curve for lev-
els 0.6, 0.91, 1.21, 1.52, and 1.82 m~24, 36, 48, 60, and 72 in.!
are shown in Fig. 6. It can be observed from Fig. 6 that the dee
the P-Y curve the higher the soil response up to 1.21 m~48 in.!
then the soil response starts to decrease. The principle reason
this behavior are~Matlock and Reese 1962!: ~1! sandy soils fre-
quently increases in strength characteristics with depth as a re
of overburden pressure and of natural deposition; and~2! pile
deflection decreases with depth for a given loading. Thus, for l
flexible piles, piles behave as a beam on an elastic founda
fixed at some point under the ground level. Therefore, at so
depth below the ground surface, the soil response to the la
loads at the pile head is negligible. The ultimate lateral resista
of the pile group subjected to lateral loads is determined eithe
the excessive lateral deflection of the pile cap or the yield
moment of the piles’ material in the group. The yielding mome
of the piles’ material will be reached before the full mobilizatio
of the ultimate soil resistance along the length of the piles.

Reliability Assessment for Case Study

Reliability assessment for single piles as well as pile groups
quire the probabilistic characteristics of the basic random v

Fig. 6. MeasuredP-Y curves for single piles
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ables used in the performance functions. A summary for
probabilistic characteristics of the basic random variables is p
vided in Table 1. The summary is based on different studies
sources such as:~1! a series of tests in October 1978 on El
Island, near Alton, Ill.; and~2! the analysis of the pile-supporte
fixed-crest dam at locks and dam No. 2 on Monongahela Riv

Lateral Deflection Performance Function

Four cases for reliability assessment of the single pile were c
sidered in the case study:~1! reliability indices~b1! and~b2! for
nonlinear analysis by considering nonlinear spring constant~nh!
with constant and variable ultimate deflection, respectively;
~2! reliability indices~b3! and~b4! for linear analysis by consid
ering linear spring constantnh50.0054 kN/cm3 ~0.02 kip/in.3!
with constant and variable ultimate deflection, respectively.

The reliability indices for the four cases as well as the m
sured and predicted load and deflection results are present
Table 2. The reliability indices versus lateral deflection for t
four cases are shown in Fig. 7. The observations that can
drawn from Fig. 7 are:~1! at the same applied lateral loads, t
linear analysis obtains higher-reliability indices than the nonlin
analysis; and~2! the constant ultimate deflection produces high
reliability indices than the variable ultimate deflection for bo
linear and nonlinear cases. The ultimate deflection was take
0.0508 m~2.0 in.!, which is the upper limit for lateral deflectio
allowed by AASHTO.

The reliability assessment for the lateral deflection perf
mance function for the pile group is based on the assumption
all the piles within the group do not move relative to each ot
and the piles have the same head constraints. Therefore, relia
assessment for lateral deflection performance function of
group can be based on any row results. The reliability indices
the lateral deflection performance function of the pile group
presented in Fig. 8. It can be observed from Fig. 8 that the lea
row carries more loads than the middle and trailing rows at

Table 1. Probabilistic Characteristics of Random Variables Used
Limit States

Random variables

Coefficient
of

variation
Distribution

type

Yu 5 Ultimate lateral deflection 0.10 Normal
Qg 5 Applied lateral loads 0.10 Normal
Mu 5 Ultimate moment 0.12 Lognormal
nh 5 Constant of subgrade reaction 0.20 Normal

E 5 Modulus of elasticity 0.02 Normal

I 5 Moment of inertia of pile material 0.05 Normal
-

in

e

s

t

y

same reliability index. As an example, at reliability index54.5,
the leading, middle, and trailing rows carry loads590.72, 70.90,
and 52.39 kN~20.25, 15.94, and 11.78 kips!, respectively.

Moment Strength Performance Function

The reliability assessment for the moment strength performa
function ~MSPF! for the single pile under lateral loads are co
sidered for:~1! nonlinear analysis by considering variable spri
constantnh ; and ~2! linear analysis by considering linear sprin
constantnh50.0054 kN/cm3 ~0.02 kip/in.3!. The reliability index
curve is shown in Fig. 9. The reliability assessment results
shown in Fig. 9, indicate that there is no significant differen
between the linear and nonlinear analysis.

Reliability assessment for the moment strength performa
function for the pile group is determined for the average pile
respective rows. Measured and predicted moment, as well as
reliability indices for the average pile of respective rows are p
sented in Fig. 10. Fig. 10 shows the maximum moment-deflec
curves, where at a certain deflection for the pile group, the lead
row carries more loads and in turn has more bending mom
than the middle and trailing rows. Therefore, the reliability of t
leading row is less than the reliability of the middle and trailin
rows because it is related to the bending capacity of the
material. As an example, at a deflection50.0254 m~1 in.! the
reliability indices5 4.7, 5.8, and 7.23 for leading, middle, an
trailing rows, respectively.

Reliability Assessment of Pile Groups

The reliability assessment for the pile groups composed of l
flexible piles as a system depends on the reliability of the late
deflection performance function of the pile cap, and the mom
strength performance function of the average pile of respec

Fig. 7. Reliability assessment for lateral deflection performan
function
Table 2. Reliability Assessment for Lateral Deflection Performance Function for Single Piles

Reliability Indices

Measured
deflection
m ~in.!

Measured
load

kN ~kips!

b1

~Nonlinear analysis with
constant deflection!

b2

~Nonlinear analysis with
variable deflection!

b3

~Linear analysis with
constant deflection!

b4

~Linear analysis with
variable deflection!

0.0086~0.34!
0.0182~0.72!
0.0246~0.97!
0.0320~1.29!
0.0381~1.50!

35.13~7.90!
74.41~16.7!
83.40~18.7!
108.0~24.2!
115.3~25.9!

9.53
7.83
6.30
4.50
2.80

8.279
5.86
4.66
2.92
1.60

9.53
7.83
7.31
5.67
5.22

9.53
5.86
5.35
4.03
3.53
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Fig. 8. Reliability assessment for lateral deflection performan
function

Fig. 9. Reliability assessment for moment strength performa
function

Fig. 10. Reliability assessment for moment strength performa
function of pile group
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rows in the group as shown in Fig. 11. A summary of the failu
probabilities for the pile group is presented in Table 3. Colum
of Table 3 is the failure probability for the lateral deflection pe
formance function~LDPF! at each load increment. Columns 3
5 of Table 3 are failure probabilities for the moment streng
performance function~MSPF! at each load increment for the lead
ing, middle, and trailing rows, respectively. Columns 6 and 7
Table 3 are the lower and upper bounds for the failure probab
ties for the MSPF for the group using Eq.~9! for the unibound
complex system in parallel. The failure probabilities for the who
system are the failure probabilities for the LDPF and MSPF c
nected in series as shown in Fig. 11. It can be obtained by u
Eq. ~8! for the unibound complex system in series. The failu
probabilities range for the pile group as a system is presente
Columns 8 and 9 of Table 3, respectively.

Conclusions

A probability-based reliability assessment methodology for sin
piles and pile groups subjected to lateral loads in sandy so
proposed in this paper. Based on the proposed methodology
following conclusions can be drawn:
1. The nondimensional method is a reasonable approach

modeling single piles with appropriate single-pile test resu
or P-Y curves for reliability assessment.

2. The modes of failure for flexible piles in sandy soil subject
to lateral loads are the excessive lateral deflection at the
head and the yielding moment of the pile material. T
yielding moment of the pile material is most likely to b
reached before the full mobilization of the ultimate soil r
sistance along the pile length.

3. Applying P multipliers on aP-Ycurve for a single pile is an
accurate and easy approach to account for the pile gr
effect. However, for the proposed methodology, theP mul-
tipliers should be applied to the soil modulus instead of
soil resistance.

Fig. 11. System reliability model for pile group
Table 3. Failure Probabilities for Pile Group Using Modified Nondimensional Method

Measured
deflection
m ~in.!

Moment Strength Performance Function

Lateral deflection
performance function

Leading
row

Middle
row

Trailing
row

Lower
bound

Upper
bound

Lower
bound

Upper
bound

0.025~0.99!
0.040~1.58!

3.3E215
1.2E202

1.0E206
5.0E203

3.2E208
7.4E204

2.3E212
8.0E207

7.66E226
2.78E211

2.3E212
7.4E207

2.3E212
1.2E202

2.3E212
1.2E202
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4. The modes of failure for pile groups composed of flexib
piles in sandy soil subjected to lateral loads are the exces
lateral deflection of the pile cap and the yielding moment
the average pile of respective rows in the group.

5. The proposed reliability-based assessment methodolog
practical for evaluating pile foundations. The methodolo
considers uncertainties involved in loads, strength variab
and prediction models. The proposed methodology can b
alternate replacement to the currently used safety ma
method.
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Notation

The following symbols are used in the paper:
A 5 cross-sectional area of pile;
D 5 pile diameter;
E 5 modulus of elasticity of pile material;

Ej 5 individual failure event in system reliability;
Es 5 soil modulus;

I 5 moment of inertia of pile section;
L 5 pile length;

Mg 5 applied bending moment at ground surface;
Mu 5 ultimate moment capacity;
Mx 5 bending moment along pile length;
nh 5 constant of horizontal subgrade reaction;
P 5 lateral soil resistance;

Pf 5 probability of failure as estimated from
analysis;

Pfi 5 probability of failureith mode;
Pu 5 ultimate lateral soil resistance;
Px 5 lateral soil resistance along pile;
Qg 5 applied lateral load at ground level;
Qx 5 axial load at pile head;

T 5 characteristic pile length;
Vx 5 shear along pile;
e

s

,

Y 5 lateral deflection of pile head;
Yu 5 ultimate lateral deflection;
Yx 5 lateral deflection along pile;
Z 5 performance function of interest;
Z 5 x/T;

ZP 5 performance function for soil strength;
Zy 5 performance function for lateral deflection;
b 5 reliability index; and
g 5 soil unit weight.
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