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Abstract: A probability-based reliability assessment methodology for single flexible piles and pile groups under stochastic lateral loads
is developed. The methodology was based on state-of-the-art techniques for the analysis of single piles and pile groups as well a
reliability assessment methods. Critical strength and serviceability modes of failure for flexible piles in sandy soil under lateral loads were
defined. The reliability of a pile-group system was assessed by accounting for system redundancy with the occurrence of partial failure:
of the system components. Reliability indices and failure probabilities were used as relative measures for the performance of piles. A cas
study was presented to illustrate the proposed methodology.
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Introduction Most lateral load investigations were conducted on isolated single
piles, even though piles are most frequently used in groups
According to the U.S. Army Corps of Engineers’ statistics, over (Eloseily 1998.
40% of the inland navigation structures are more than 50 years A reliability-based assessment procedure starts with defining
old, and the demand for rehabilitation must be selectively in- Performance functions that correspond to limit states for critical
Vested to maximize navigation beneﬁtsl Evaluation and assessmodes Of failure. Comm0n|y Used re|labl|lty methOdS Utilize the
ment of existing structures can play a significant role in reducing mean and variancéirst and second momentsf basic random
the likelihood of unexpected failures. However, current evalua- variables in calculating reliability measures according to specified
tion and assessment methods of pile foundation components andperformance functions. This reliability study is based on the first-
pile groups, that are required to maintain system integrity during order second-moment~OSM) methods (Ayyub and McCuen
normal and sever operational conditions, are based on the use o997 for assessing failure probabilities according to critical fr?ul-
factors of safety or safety margins. For single piles, lateral loading Ur¢ modes of piles. FOSM can be used to calculate the failure
is a problem of soil-structure interaction, in which pile deflection Probabilities for the performance functions. _
depends on the soil response and soil response depends on pile The proposed reliability assessment methodology for pile
deflection. For closely spaced pile groups, this behavior is more 9roUps is applicable t¢1) long flexible piles in sandy soil2)
complicated than single piles due to the following two consider- Pilés with constantEl, where E=modulus of elasticity and
ations:(1) the decrease of group efficiency due to close pile spac- | =moment of inertia of pile materia($3) boundary conditions at
ing; and(2) the distribution of the load from the superstructure to the Pile top that consists of a static shear fo@g, a moment
each of the supporting piles in the group. The second of theseMg, @nd & constant axial loag, ; (4) pile groups with three and
problems can be solved rationally, if the three nonlinear stiffness foUr rows of piles with all the piles having the safiéand head
coefficients at pile heads for axial loads, lateral loads, and mo- constraintsi(s) pile spacing of ®, 5D, and D; whereD=the

ments can be defined. However, the distribution of the loads from Pile diameter;(6) piles fully embedded in soil; an) noncorre-
the superstructure to different piles in the group is as accurate adated random variables. These assumptions were set to focus the

the pile-head stiffness coefficients are determined. Despite the€ffort on reliability assessment of pile groups subjected to lateral
significance of closely spaced pile interaction, there is a lack of Ioais, and .to keepfrelated eﬁ(?cts gnd computg(;loni.trdaqabli._
knowledge concerning pile-group effect. Full-scale lateral load ppropriate performance functions were identified in this

group tests are few due to their complexity and associated costs Paper for serviceability and strength failure modes for single piles
and pile groups. The deterministic limit state models that form the

basis for reliability assessment are based on the nondimensional
analysis of Matlock and Reegd960 for single piles and the
modified unit load method for pile groups of others.

The development of a probability-based reliability assessment
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piles subjected to lateral loads known as the Winkler approach
(1867 or subgrade reaction approach. The subgrade reaction ap-
proach utilizes a beam column on an elastic foundation with non-
linear springs to transfer the load from piles to the soil. These
springs represent the total soil resistafiggat a particular depth

to the lateral displacemen¥) of a horizontally loaded piléP-Y 4
curved. The Winkler theory utilizes Hetenyi's beam-column P /
theory that accounts for axial loads. However, the axial loads that /
act on a pile subjected to lateral loads have a small effect on the /7
bending moment produced by the lateral loads. In almost all 4
cases, the reduction in axial loads from the ground line to the s
point of maximum moment is negligible. The soil near ground &4
surface principally determines the lateral response, and the soil at A
depth determines the axial response. The relationship between Y

axial loads and displacements are not affected by the presence of

lateral deflection and vice vers@ownsend et al. 1997 The Fig. 1. P-Ycurve
problem of vertical piles subjected to lateral loads cannot be
solved by static equilibrium, but can be represented by a fourth-
order differential equation for the elastic deflection of a beam as
follows:

~

Yo

N\,

level. Reeseg(1956 reported that forZ,,,,<2, piles behave as
rigid body (short piles; while for Z,,,=5, piles behave as a flex-

ible body (long piles.
d*y d?

Y
EI—4+QX—2+ESY=O @
dx dx Modified Unit Load Transfer Method

whereY=lateral deflectionQ,=axial load at the pile head; and  The lateral capacity of an individual pile in a pile group is a
Es=soil modulus. The principle of dimensional analysis is com- function of its position in the group and center-to-center pile spac-
monly applied to physical models; however, Re€#56 applied ing. Morrison and Reesgl988 proposed g-multiplier, P,,, to
the dimensional analysis to mathematical models. They used thepe used to modify #-Y curve for a single pile to obtain B-Y
principle of dimensional analysis to produce a set of nondimen- curve of an individual pile in the group as shown in Fig. 1. It was
sional coefficients that can be used to solve the governing differ- syggested that for piles in a given row, tRe, value could be
ential equation. The deVE'Opment of the nondimensional analySiSapp"ed to allP-Y curves a|0ng the |ength of the p||e They per-
was a result of solving Eq(1) a few times for each boundary  formed lateral load test on a pile group 0k3 piles in a very
condition using a range of values for each variable. It was found dense sand. Morrison reported that g is 0.8, 0.4, and 0.3 for
that these solutions could then be applied to many similar prob- the leading, middle, and trailing rows, respectively.
lems. The primary advantage of this method is that the nonlinear  Mcvay et al. (1995 performed centrifuge model tests on a
soil response can be taken into account through successive iteragx 3 pile group having center-to-center pile spacing & and
tions of solving the differential equation. This paper presents the 5p, whereD=pile width. Dense and loose sand conditions were
nondimensional analysis that is based on the simple model of thesimulated in the centrifuge model tests. The centrifuge model test
soil modulusk recommended by Terzagfi959 as follows: results were similar to Morrison’s field results. However, McVay

E. = n. x ) reported that theP, is affected by position of the pile in the

s h

] . ) ) ~_ group, pile spacing in the group, and soil density.
Eq. (1) was solved using nondimensional analysis and finite dif-

ference method for a rotation-free pile head to produce the fol-

lowing equationgReese 1956 Reliability Analysis
3 2
Y =Y+ Yg=A QT +B MgT A3) The performance functiod in reliability assessment of a struc-
Y El Y El ture can be defined as resistance minus the loadirpft-
_ _ Christensen and Baker 1982VhenZ is greater than zero, a safe
My=Mp+Mpg=AyQ,T+ByM 4 ) ) . ) . ’ )
x=MatMs=AnQq M™o “) state exits and failure is defined otherwise. Numerous failure
QgT2 MgT functions exist for pile foundations because they may fail in many
Sc=SatSe=As El +Bs El ®) different ways and because of different effects. A variety of loads
such as dead, live, wind, snow, or a combination of each may
_ _ Mg cause structure failure. Failure does not imply structure collapse
Vi=VatVe=A,QetB, T ©) in reliability assessment, but it can be defined as exceeding other
M limits, such as specified deflection values.
P,=Ps+Pg=A %+B _9 @) Several techniques exist to perform reliability assessment.
X PT TPT These techniques include first-order, second moment methods
whereY, =deflection along the pileyl =moment along the pile;  (FOSM), and Monte Carlo simulation methods. A FOSM method
S, =slope along the piley, =shear along the pile?, =soil resis- can be easily programmed and has been well documéAysdib

tance along the pileQg=lateral applied load at pile head; etal. 1996, 1991
M,=applied moment at pile head= characteristic length(EI/ -
ny)%% E=pile modulus of elasticityj =pile moment of inertia; System Reliability

andAy, As, Ay, A,, Ap, By, B, Bu, B,, andB, are constants ~ Systems that are connected in parallel are callpdrallel sys-
that varies withZ, where Z=x/T, and x=depth from ground tems’ The failure of such systems requires the failure of all the
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systems’ components. Systems that are connected in a series amReliability Assessment Methodology for Pile Groups

called “series systenisThe failures of one or more of the sys-  Using Modified Nondimensional Method

tems’ components constitute to a systems failure; such systems

have no redundancy and are defined byeakest-link systems. The concept of using thie multiplier (P,,) for modifying theP-Y
Engineering systems are usually a mixture of parallel and se- curve of a single pile to obtainR-Y curve for a pile in a group is

ries systems, the failure and survival of such systems can be repshown in Fig. 1. This approach is based on “squashing”Ph¥

resented as a combination of failure or survival events in a seriescurve to account for the “shadowing effect.” The overlapping of

(union and/or in parallel(intersection. The calculation of the shear zones for the piles in the front row can be described by the

failure probabilities of combined systems using the exact solution simple wedge-type failure that might reduce the soil resistance for

is generally difficult due to correlation and load distribution. closely spaced pile groups. At greater depth, the flow-type failure

Therefore, approximations are necessary. Lower and uppermight not result in a reduction for the soil resistance because the

bounds of the corresponding failure probabilities could be useful near-surface soil clearly dominates pile behavior under lateral

and form approximate solutions. The failure probabilities bounds loads. Overlapping shear zones for trailing row piles occur due to

for N performance modes connected in a series are the “shadowing effect” as the piles in the leading rows push the
N N soil away from active areas in providing soil resistance. Densifi-

max Py<P;<, Py ®) cation during pile driving may reduce the “shadowing effect.”

i=1 i=1 However, the soil within the upper five-to-ten pile diameters

clearly dominates lateral-load response. Therefore, it is less likely
for the soil near ground surface to be densified enough by vibra-
tion from pile driving to reduce the “shadowing effect.”

The concept ofP,, shown in Fig. 1 is based on reducing the
ultimate soil resistance or the soil resistance at any point for

where Pg=the failure probability of theth mode, and the lower
and upper limits correspond to fully correlated and noncorrelated
modes, respectively. Similarly, the failure probabilities bounds for
N performance modes connected in parallel are

N

N singleP-Y curve by a factor, at the same deflection, to produce the
H Pi<P:;<=minPy, 9) P-Y curve for any pile in the group. The,,, methodology can be
=1 i=1 modified for the purpose of obtaining the performance functions
to represent the failure modes of each pile in the group as follows:
Reliability Assessment Methodology for Single Piles Pc=PsPn (13)
Three performance functions influence the response of single-Where
piles subjected lateral loads that must be considered for reliability Ps=—Y¢Ess (14)
assessmentl) lateral deflection performance functiof®) flex- and
ure strength performance function for the pile material; &)d
soil strength performance function. Pc=—YcEsc (15)
) ] where P4 and Pg=soil resistance for a single pile and a pile in
Lateral Deflection Performance Function the group expressed as force per unit length of the pile, respec-
The lateral deflection performance function at the pile head can fively; Ess andEsg=soil modulus for the single pile and the pile
be defined as follows: in the group, respectively; and; and Y =lateral deflection for

the single pile and the pile in the group, respectively. The nega-
tive sign indicates that the direction of the soil resistance is op-
posite to the direction of the pile deflection. A typical relationship
between P and Y is nonlinear as shown in Fig. 1. The linear soil
moduluskg presented by Eq$14) and(15) is the slope of secant
modules drawn from the origin to any point along #eY curve.
From Fig. 1, the following condition can be stated:

QT3 MgT?
Y El Y El
whereY ,=maximum deflection at pile head defined by the type
of structure or a serviceability limitA, and B, are constants;
Qg=applied lateral loads at pile heai =applied moment at
pile head; T=(El/n,)%?=characteristic lengthE=pile section
modulus of elasticity| =pile moment of inertia; and,,=constant Yo=Y (16)

of horizontal subgrade reaction. Therefore, from Eqs(14) and (15)

Zy=Y,~| A +B (10)

Moment Strength Performance Function % _ %5 _ MheX (17)
NphsX
The moment strength performance function for pile material can ° ° "
be defined as follows: Thus
Zy=M,— (AuQyT+BuMy) (11)

whereA,, and By, =constantsM ,=ultimate moment.

_Ps_Mhe

P =
m Ps Nps

(18)
The P,,=ratio of the soil resistance of any pile in the grotfy)
to the sail resistance of the single pil®,). The P,,=also the
ratio of the constant of horizontal subgrade reaction of any pile in
The soil strength performance function can be defined as follows: the group(nyg) to the constant of horizontal subgrade reaction of
72 _p_p (12) the single pilg(qhs). In the proposed methodology for religbility
pou X assessment, it is recommended to reduce the valuggafsing
where P,=ultimate soil resistance arfé,=soil resistance along P, to obtainngto account for the group effect. The advantage of
the pile length(e.g., Ib/in). usingn,g over Pg is thatn, represents the soil characteristic in

Soil Resistance Performance Function

1348 / JOURNAL OF STRUCTURAL ENGINEERING / OCTOBER 2002



160 - ] 5. Obtain the average measured maximum moment along the

140 X A piles in each row for each load increment.

120 4 6. Calculate the moment on each row using the average load in
5 100 )// step(1), ny, in step(2), and Eq.(4).
15 80 & Nonlinear Prediction ——] 7. Compare the measured and predicted moments for each load
3 60 ~3¢—Linear Prediction ~ ——| increment, using values in stép) and step(6), respectively.

40 —e—Measured - Plot the measured and predicted maximum moment-load

20 - curves for each row in the group.

0 8. Determine the soil resistan¢P) and the lateral deflection
0 0.01 0.02 0.03 0.04 0.05 0.06 (Y) at any specified depth using, in step(2), and Eqs(3)
Deflection (m) and(7), respectively. Then, plot thB-Y curve.

The pile-group analysis proposed for reliability assessment is
based on the average pile representing respective rows in the
group. Therefore, the performance functions for the average pile
of respective rows in the group are the same as the performance
€{unctions considered for the single pile. The three performance
unctions for reliability assessment for the average pile of respec-

tive rows are(1) lateral deflection performance functiot® mo-

dnent strength performance function for pile material; adsoil

to be equally distributed among the piles within an individual resistance performance function. The performance functions for
the average pile of respective rows in the group consider the

row, but each row carries a different portion of the loads. Three . S
reduction of the soil stiffness to account for group effect.

curves are needed for the average pile of respective rows in the h labil for the sinale il d th
group to perform reliability assessment. These curvegBrthe . T e reliability assessment for the single pile and the average
piles in the group is performed using the performance functions

load-deflection curves(2) the maximum moment-load curves; . . S :
and (3) the P-Y curves. If test results for a full-scale pile group for the failure modes and the first-order reliability method in a
form of a computer progrartyyub et al. 1996.

subjected to lateral loads is available. The following procedure

can be used:

1. Average the pile head load for each row at the given deflec- case Study
tion for each load increment.

Fig. 2. Load deflection curve

all the performance functions. E@.8) shows that reducingy,s by
P, has the same affect on the performance functions as reducin
P, by the sameP,,.

In the proposed methodology for reliability assessment of pile
groups, the total lateral loads applied on pile groups are assume

2. Obtain the constant of horizontal subgrade reactigrfor A load test result was used to provide a better understanding for
each row in the group using the average pile head load at thethe proposed reliability assessment methodology presented in this
given deflection as follows: paper. Morrison and Ree$&988 performed the load test on a
Q|67 M.\ 1.67 large-scale, well- instrumented group of piles in sand, and a simi-

Ch 7@,) +D, Y—g lar single pile. A 3<3 group of piles and a single pile, installed in
= 9 9 (19) Houston. The native clay soil was removed from the upper por-
(EI067 tion of the piles and replaced with clean sand. The sand was

3. Determine the lateral deflection using the average load in placed in a dry state and compacted in six sections to have a
step(1), ny, in step(2), and Eq.(3). relative density of 50% using a Dyna-pac EY 15 vibrating-plate

4. Compare the measured and predicted deflections for eachcompactor. The average dry density after compaction was 13.83
load increment, using values from st€p and step(3), re- kN/m? (98 Ib/ ft%). The sand had a uniform gradation, of medium
spectively. Plot the measured and predicted load-deflection density, and classified SP by the unified solil classification system.
curves for each row in the group. The majority of particle sizes fell between the No. 30 and No. 50.

140
~—&— Measured Leading
120 +— —m—Measured Middle
100 41— Measured Trailing /%2
—¢— Predicted Leading /
g 80 +— —%—Predicted Middle /,W/ "
:g 60 ~—@— Predicted Traili'ng M’”/‘ .

/P————————-_—‘

//&“’7
.
N

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Deflection (m)

Fig. 3. Load-deflection curve for pile group
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160 —+
250 ¢ ‘ [ I 140 /xA — ,7<l
—&— Measured E 120 +— /J —e—0.6m
200 +——— —— Predicted Nonlinear < 100 +— A ~®-0.91m
—¥— Predicted Linear 5 80 —A—1.21lm
g 150 / ;‘2’ 60 / / —>—1.52m
z e g 40 o L —%—1.82m
5 4& 20 4 '
£ 100 0 ,
= 0 0.005 0.01 0.015 0.02 0.025
50 / Deflection (m)
-
x—/ Fig. 6. MeasuredP-Y curves for single piles

000 2000 4000 60.00 80.00  100.00 12000 140.00
Load (kN)
The average pile-head load versus deflection for the average
pile of respective rows in the pile group is shown in Fig. 3.
Fig. 4. Maximum moment-load curves Comparison between the measured and predicted data for leading,
middle, and trailing rows is also shown in Fig. 3, respectively. It
is believed that the model prediction for load-deflection curves

provides good agreement for reliability assessment.
The sand had an angle of internal friction of 38.5° using the direct

shear test. After compaction was completed, the sand was slowly .

saturated from below using perforated pipes that had been placecfwax’mum Moment-Load Curve

at the surface of the clay. The site was flooded until the test wasThe maximum measured moment-load curve, maximum nonlin-

over. ear predicted moment-load curve, and maximum linear predicted
The piles were instrumented for the measurement of load, de-moment-load curve are shown in Fig. 4. The model predication

flection, slopes at the top of the piles, and bending moments alongshows good agreement at lower-load levels or up to 44.48 kN

the piles. Lateral loading was applied to the piles, and the (100 kip9 of the pile-head load. At higher-load level, the model

response of the instrumentation was recorded. The results ofprediction underestimates the maximum moment occurred in the

the load tests were used for both the single pile and piles within pile material.

the group to generate load-deflection curves at the top of the piles, Maximum bending moment as a function of the average pile-

the maximum moment-load curves, and #¢ curves along the  head load is shown in Fig. 5 for the group by row. Fig. 5 also

piles. indicates that for a given pile head load, piles in the middle and
back rows sustained larger bending moment. This trend reflects
Load Deflection Curves the softening of soil resistance due to “shadowing effect.” A good

curve fitting between the measured and the predicted data is also
The measured load-deflection curve, nonlinear predicted shown in Fig. 5 for the middle row.

load-deflection curve, and linear predicted load-deflection curve
for the single pile are shown in Fig. 2. The predicted nonlinear
Ioad-deflectionpcurve is developed by changillj]gwith the load The P-Y Curve
and deflection values to obtain the secant modulus at each loadJsing a Winkler soil model, polynomial curves were fitted to the
increment using Eq(19). The linear load-deflection curve is de-  bending moment-depth data using the same approach described
veloped by usingn,=0.0054 kN/cm (0.02 kip/in2). The pre- by Morrison and Reesg1988. The measure®-Y curve for lev-
dicted nonlinear load-deflection curve shows good agreementels 0.6, 0.91, 1.21, 1.52, and 1.82(84, 36, 48, 60, and 72 in.
with the measured load-deflection test data. The linear load- are shown in Fig. 6. It can be observed from Fig. 6 that the deeper
deflection curve can be considered as the lower boundary for thethe P-Y curve the higher the soil response up to 1.2148 in)
deflection because it underestimates the deflection at higher loadshen the soil response starts to decrease. The principle reasons for
as shown in Fig. 2. The lower deflection at higher load in the this behavior aréMatlock and Reese 1952(1) sandy soils fre-
linear analysis is because of using higher soil stiffness. quently increases in strength characteristics with depth as a results
of overburden pressure and of natural deposition; é)dpile
deflection decreases with depth for a given loading. Thus, for long
flexible piles, piles behave as a beam on an elastic foundation

100 fixed at some point under the ground level. Therefore, at some

140 A depth below the ground surface, the soil response to the lateral

120 loads at the pile head is negligible. The ultimate lateral resistance
2 100 P ;_/ of the pile group subjected to lateral loads is determined either by
% 80 the excessive lateral deflection of the pile cap or the yielding
5 60 / —3e-Middle — moment of the piles’ material in the group. The yielding moment

40 P —o—Twilng | of the piles’ material will be reached before the full mobilization

20 | rZ e of the ultimate soil resistance along the length of the piles.

0 | | !

0 20 40 60 80 100 120 140
Load (KN)

Reliability Assessment for Case Study

Reliability assessment for single piles as well as pile groups re-

Fig. 5. Measured moment-load curves for pile group quire the probabilistic characteristics of the basic random vari-
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Table 1. Probabilistic Characteristics of Random Variables Used in 12 | | "

Limit States —— Nonlinear Variable
10 *d —A&— Linear Variable
Coefficient 5 g L\\ —»— Nonlinear Constant
of Distribution :z ¥y _—*Linear Constant
Random variables variation type g s \\~\ ~—]
Y, = Ultimate lateral deflection 0.10 Normal g 4 §
Qg = Applied lateral loads 0.10 Normal .1 = =
M, = Ultimate moment 0.12 Lognormal
. 0
Np = Constant of SUbgrade reaction 0.20 Normal 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
E = Modulus of elasticity 0.02 Normal Deflection
(m)
| = Moment of inertia of pile material 0.05 Normal

Fig. 7. Reliability assessment for lateral deflection performance
function

ables used in the performance functions. A summary for the
probabilistic characteristics of the basic random variables is pro-
vided in Table 1. The summary is based on different studies andsame reliability index. As an example, at reliability incdex.5,
sources such agl) a series of tests in October 1978 on Ellis the leading, middle, and trailing rows carry load30.72, 70.90,
Island, near Alton, Ill.; and2) the analysis of the pile-supported and 52.39 kN(20.25, 15.94, and 11.78 kipgespectively.
fixed-crest dam at locks and dam No. 2 on Monongahela River.

Moment Strength Performance Function

Lateral Deflection Performance Function The reliability assessment for the moment strength performance

Four cases for reliability assessment of the single pile were con-function (MSPB for the single pile under lateral loads are con-
sidered in the case studft) reliability indices(B;) and(B,) for sidered for:(1) nonlinear analysis by considering variable spring
nonlinear analysis by considering nonlinear spring constant constantn,,; and (2) linear analysis by considering linear spring
with constant and variable ultimate deflection, respectively; and constanin,=0.0054 kN/cmi (0.02 kip/inZ). The reliability index

(2) reliability indices(B3) and(B,) for linear analysis by consid-  curve is shown in Fig. 9. The reliability assessment results, as
ering linear spring constart,=0.0054 kN/cmi (0.02 kip/in2) shown in Fig. 9, indicate that there is no significant difference
with constant and variable ultimate deflection, respectively. between the linear and nonlinear analysis.

The reliability indices for the four cases as well as the mea-  Reliability assessment for the moment strength performance
sured and predicted load and deflection results are presented irfunction for the pile group is determined for the average pile of
Table 2. The reliability indices versus lateral deflection for the respective rows. Measured and predicted moment, as well as the
four cases are shown in Fig. 7. The observations that can bereliability indices for the average pile of respective rows are pre-
drawn from Fig. 7 are(1) at the same applied lateral loads, the sented in Fig. 10. Fig. 10 shows the maximum moment-deflection
linear analysis obtains higher-reliability indices than the nonlinear curves, where at a certain deflection for the pile group, the leading
analysis; and2) the constant ultimate deflection produces higher- row carries more loads and in turn has more bending moment
reliability indices than the variable ultimate deflection for both than the middle and trailing rows. Therefore, the reliability of the
linear and nonlinear cases. The ultimate deflection was taken adeading row is less than the reliability of the middle and trailing
0.0508 m(2.0 in,), which is the upper limit for lateral deflection rows because it is related to the bending capacity of the pile
allowed by AASHTO. material. As an example, at a deflectiod.0254 m(1 in.) the

The reliability assessment for the lateral deflection perfor- reliability indices= 4.7, 5.8, and 7.23 for leading, middle, and
mance function for the pile group is based on the assumption thattrailing rows, respectively.
all the piles within the group do not move relative to each other
and the piles have the same hegd constraints. Therefor_e, rellabllltyRe liability Assessment of Pile Groups
assessment for lateral deflection performance function of the
group can be based on any row results. The reliability indices for The reliability assessment for the pile groups composed of long
the lateral deflection performance function of the pile group are flexible piles as a system depends on the reliability of the lateral
presented in Fig. 8. It can be observed from Fig. 8 that the leadingdeflection performance function of the pile cap, and the moment
row carries more loads than the middle and trailing rows at the strength performance function of the average pile of respective

Table 2. Reliability Assessment for Lateral Deflection Performance Function for Single Piles

Reliability Indices

Measured Measured B Bo B3 Ba
deflection load (Nonlinear analysis with (Nonlinear analysis with (Linear analysis with (Linear analysis with
m (in.) kN (kips) constant deflection variable deflection constant deflection variable deflection
0.0086(0.39 35.13(7.90 9.53 8.279 9.53 9.53
0.0182(0.72 74.41(16.7) 7.83 5.86 7.83 5.86
0.0246(0.97) 83.40(18.7) 6.30 4.66 7.31 5.35
0.0320(1.29 108.0(24.2 4.50 2.92 5.67 4.03
0.0381(1.50 115.3(25.9 2.80 1.60 5.22 3.53
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rows in the group as shown in Fig. 11. A summary of the failure
probabilities for the pile group is presented in Table 3. Column 2
of Table 3 is the failure probability for the lateral deflection per-
formance functionLDPF) at each load increment. Columns 3 to

5 of Table 3 are failure probabilities for the moment strength
performance functio@MSPB at each load increment for the lead-
ing, middle, and trailing rows, respectively. Columns 6 and 7 of
Table 3 are the lower and upper bounds for the failure probabili-
ties for the MSPF for the group using E@) for the unibound
complex system in parallel. The failure probabilities for the whole
system are the failure probabilities for the LDPF and MSPF con-
nected in series as shown in Fig. 11. It can be obtained by using
Eq. (8) for the unibound complex system in series. The failure
probabilities range for the pile group as a system is presented in
Columns 8 and 9 of Table 3, respectively.

Conclusions

A probability-based reliability assessment methodology for single

piles and pile groups subjected to lateral loads in sandy soil is

proposed in this paper. Based on the proposed methodology, the

following conclusions can be drawn:

1. The nondimensional method is a reasonable approach for
modeling single piles with appropriate single-pile test results
or P-Y curves for reliability assessment.

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

Applying P multipliers on aP-Y curve for a single pile is an
accurate and easy approach to account for the pile group
effect. However, for the proposed methodology, Ehenul-
tipliers should be applied to the soil modulus instead of the
soil resistance.

3.

Table 3. Failure Probabilities for Pile Group Using Modified Nondimensional Method

Moment Strength Performance Function

Measured

deflection Lateral deflection Leading Middle Trailing Lower Upper Lower Upper
m (in.) performance function row row row bound bound bound bound
0.025(0.99 3.3E-15 1.0E-06 3.2E-08 2.3E-12 7.66E-26 2.3E-12 2.3E-12 2.3E-12
0.040(1.58 1.2E-02 5.0E-03 7.4E-04 8.0E-07 2.78E-11 7.4E-07 1.2E-02 1.2E-02
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4. The modes of failure for pile groups composed of flexible Y = lateral deflection of pile head,;
piles in sandy soil subjected to lateral loads are the excessive Y, = ultimate lateral deflection;
lateral deflection of the pile cap and the yielding moment of Y, = lateral deflection along pile;
the average pile of respective rows in the group. Z = performance function of interest;
5. The proposed reliability-based assessment methodology is Z = xT
practical for evaluating pile foundations. The methodology Zp, = performance function for soil strength;
considers uncertainties involved in loads, strength variables, Z, = performance function for lateral deflection;
and prediction models. The proposed methodology can be an B = reliability index; and
alternate replacement to the currently used safety margin vy = soil unit weight.
method.
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Notation

The following symbols are used in the paper:

A = cross-sectional area of pile;

D = pile diameter;

E = modulus of elasticity of pile material;

E; = individual failure event in system reliability;
Es = soil modulus;

moment of inertia of pile section;

- —
Il

pile length;
M, = applied bending moment at ground surface;
M, = ultimate moment capacity;
M, = bending moment along pile length;
n, = constant of horizontal subgrade reaction;
P = lateral soil resistance;
P; = probability of failure as estimated from
analysis;
P; = probability of failureith mode;
P, = ultimate lateral soil resistance;
P, = lateral soil resistance along pile;
Qg = applied lateral load at ground level,
Q, = axial load at pile head;
T = characteristic pile length;
V, = shear along pile;
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