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1. INTRODUCTI ON

Deep foundations, including driven gl@are usd to supportverticalloads
of structures and applied lateral force$ypical structures subjected to lateral
loads include bridge abutments, transmission towers, offshore platfarmds
traffic sign foundations(Caduto, 2001)Traffic, wind, wave, and seismic forces
are common types of lateral I@mdubjected to pile foundations.In many
practical situations, structures subject to lateral loading are located near excavated
slopes or embankments. Piles are frequently driven & batter to increase

foundation stiffness.

Bridge abutments, in most circumstances, are constructed on or near a
slope crestas presented ifrigure 1-1, to accommodat@rade separationsr
geographical feature. Latermladsappliedto deep foundatiomare transferred
into the surrounding soil. The interaction between theslal systems resists
lateral movement of the foundation. Therizontaldeflection ofa pile is inter
relatedto the soil resistance, thus, both the pile and soil must be analyzed together

(Reese et al., 2006



Highway Bridge

Pier
Abutment

Pile Foundations

Figure 1-1. Typical bridgefoundation (afteNimityongskul, 2010)

Many designmethods have been developed to account for lateral trads
pile foundations in d@orizontalsoil profile. The mostcommon of these methods
is the useof p-y curves where p is the unit soil resistance and vy is the pile
displacementpbtained fronthe Winkler Spring Metho@Reese et all974). This
method models the soil resistance as a setdgfpendenhonlinear springs along
the length ofa pile. To resistlateralloads, piles maitize passiveresistenceas
they move laterally in the suminding soil. The reaction in the sqille system to
resist movement depesdn the stiffness of the pile, the stiffness of the soil, and
whether the pile tip is fixed in thsoil (Das, 20@7).

The presence of a slopen aleep foundations loaded in a downslope
direction can decrease the overall lateral capacity of the system. Ignoring the

effects a slope may result in an over prediction of lateral resistance by as much as



50% (Gabrand Borden 1990) The majority of resarch conducted to examine
the effects of soil slope on lateral capacibépilesand nonlinear 4y curveshas
been done using scaled model tests and finite elear@ly®s. These models
have provided reduction factoie p-multipliers for pileslocaed in level ground
conditions. There is a lack of fedcale test results toevify these model
predictions (Mirzoyan, 2007).Some existing methods (Reese et al., 200to
analyze lateral loads on battered pileto model them agertical piles located on
a slope with a batter angle equivalent to the slope aHghb. costs aréhe main
disadvantage diull-scale testandis the likely reason fothe absence of testing
results.

1.1 Project Scope

There have been very few fidtaletests conducted to examine the effects
of a cohesionless soil slope on the lateral capacity of pidesing the summer of
2001, afull-scale lateral loadg testing programwas conductedto examine the
effects ofa slope and batteangleon the lateralkcapacity of piles.All lateral load
tests were conducted on eohesionless embankmemtt the Geotechnical

Engineering Field Research Site (GEFRSPregon State University.

A total of tn steel pipe piles were driven intthe cohesionless
embankmentFive piles werdgestedin proximity toa 2 horizontal to 1 vertical

(2H:1V) test slopeThese piles were located either on the slope, on the crest, or



certain distances behind the crest. Two baseline tests were conuluétee

field, or horizontal groud conditionsto compare with the near slope test results.
Three battered pileswo with positive batter and one with negative battere

also testedThe cohesionless embankment was constructed with less than 10%
fines and placed in 8 inch lifeg 98% relative compactiowith respect to Caltrans

Soil Test 216 The soil gradation and compaction specifications are similar to
those used for bridge abutmeiatsd meet the structural backfill requirements in

the Caltrans Bridge Design Specifications (Cakte2006)

Along the length of each pilstrain gauges and tiltmegawnere installed to
measure strain and rotation during lateral loading. This data was used {0 back
calculate curvature, rotation, moment, shear, deflection, and soil reactidegrofi
for each vertical test pileFigure 1-2 presents an examptd these profiles for a
fixed end pile. This information was used to producey pcurvesand load
displacement curvet® examine the effects ofdope. The main objectives of this

research include:

1. Review existing gy curves and methods used to account for soll

slope in cohesionless soils.

2. Evaluate existing methods to accoufar slopes with back

calculatedull -scale testing results.



3. Propose generalized-multipliers for near slope piles based on

distance from the crest slope and depth.

4. Recommend simplified lateralesistancedesign procedures to

accountfor a cohesionlesslope.

Displacement Rotation Moment Shear  Soil Reaction

1 =

Figure 1-2. Example of fixed end pile profiles in free head conditi@fram
Reese et al., 2004)



2. LITERATURE REVIEW
2.1 Introduction

Driven pile foundations are used to support a wide variety of structures.
In many cases, lateral loadse often the critical factors considered in the design
of foundatiors. To resist lateral loads piles chadriven at an angle from vertical
(battered to resist lateral movementith axial pile loading Vertical pilescan
alsobe designed to resist lateral movement by analyzing the effects -gfilsoil
interaction.

Engineergypically did notevaluate lateral loads on defgpindations until
theearly1950sand designed foundation only to resist axial loadsl(@, 2001).
Commonly theseengineers wouldesign foundations to resist lateral loadth a
battered pile These engineers would considenly the axial loading in the
battered piles to resitteral movemenand not interaction between the sides of
the pile with the soil As the oil industry in the mitiventieth century grew, the
need to analyze significant lateral loads from wind and ocean currents applied to
large offshore structures wassential. Driving battered piled of the required size
and at the necessary angle was becoming unpractical to supplatetalloads
Thus i n the ear | y cbhr@dct®@dome df theanitial researchiord ust r y
lateral capacit of deep foundabins(Reese et al., 2006).

Over the past several decades, the lateral capacities of piles have been the

focus of many types of research. Multiple methods have been developed to model



the soitpile response when subjected to lateral forces. These mdtavedeen
developed from analytical solutions, laboratory models, and full scale tests.
When evaluating and designing piles for lateral load capacity the following
should be considered (Coduto, 2001):

(1) Determine the depth of embedment requiredawostier lateral loads to
the surrounding soil.

2) Given the design loads, the lateral movement of the foundation must
comply with the service limits of the supported superstructure

(3) The shear and momentthe pile resulting from lateral forces must be
under thecapacity of thepile to prevent structural failure and buckling of the pile

This literature review presents researchduated on lateral load testing
and the effects of slope on lateral capacity on pilesohesionless soils An
overview of the different methods and theories used in the analysis of the lateral
capacity of piles in level (horizontal) ground is briefly presented. A more in depth
review of laterally loaded piles near sloping ground in cohesionless sthenis
covered as this is the main focus of thissearch Nimityongskul (2010)
conductsa thorough review of researébr laterally loaded piles near a slojpe

cohesivesoil conditions.



2.2 Background on Models
The analysis of piesubjected to lateral loadly requires considerations of

both the foundation and surrounding soil properties. Soil resistance is dependent
on pile deflection, and pile deflection is dependent on the pile rigidity and soil
resistancgReeseet al. 2006) This interrelationship bateen the pile and the
soil necessitates a sairucture interaction analysiwhere eachis examined
relative to the other. There have bewrultiple theories and analytical methods
proposed to account for this interaction. None of the models can adoouatit
factors impacting the relation between soil and pile during lateral loading, but
many can predictwith some degree of confidencéateral capcities and
deflections in pilegJuirnarongrit, 2002).

An early method, as presented by Hetenyi (194picts a laterally
loaded pile as a long elastic beam restingrmalependentinear-elastic springs.
This seres of linear springs on a beasncommonly known as the Winkler Spring
Method (Winkler, 1867) or the subgrade reaction method. Hetenyi moteled
soil sibgrade modulus on the pilas a set of Winkler springs. Due to the
simplicity of this model it has been employeshd improved upon by many
researchers conducting investiions on lateral pile capacitiés.g. Barberl953
Reese and Matlockl956 and Davisson and Gjll1963). These researchers
improved the existing model by concluding that the modulus of subgrade reaction

was interelated to depth and only considered a single soil layer.



Differing from assumptionsised in early models, daloesnot react as an
elastic material and respdsinonlinealy. For a better representatiof soil
behavior during lated loading, a technique deploying a seriesnohlinear
springs was developddhown as the 4y curve method (McClelland and Focht,
1958 Matlock, 1970; Reese et al., 1974; Reese and Welch, 19hty.method is
one of the most widely accepted madelrrently used to determine sgqile
interaction subjected lateral forces. Furtheplanation of common {y curves
are presented ifné following sectioa

The elastic continuum theory is an alternative analysis method to estimate
lateral deflection of piles (Spillers and Stoll,1964; Banerjee and Davies, 1978; and
Poulos and Davies, 1980)his method modekhe soil reaction of a pait within
a soil masss a result of m appliedload at anearbypoint within the soil mass.
This is determinedrom the assumptions th#te soil around pile is modeled as
a homogeneus, seminfinite, and isotropic material. This model is hindered
because the modulus of elasticity and oo n 6 s rati o oefit so
throughout. Researchers have improved the theory by implementing procedures
to account for increasing soil modulus with depdhaccountfor layered soil
conditions (Banerjee and Davies, 1978). The elastic continuum model is
reasonable for determining pile response at small displacementsit It
considered to b#awedat larger displacements based on the aggiom that the

soil masss a linear elastic material.
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Many researchers have duipon ideas from the elastic continuum theory
and now predict the effects of lateral loads using finite element (FE) analysis.
the finite element mthod (FEM) the soil mass is typically modeleas elasto
plastic. This allows for soil yielding to take place within the soil profile, which is
a more realistic approach to analyze soil reaction for larger pile deflectittig
aregenerated to modelesired soil conditions andypcurves from othestudies
can be built into tr@modeb (Reese and Van Impe, 2001). Thewedels have
the capability to predict sepile reaction to lateral loading with relative accuracy
but are highly depermdt on the inptisoil parameters and constitee soil models
(Juirnarongrit, 2002) FEM require intensive computer applications aedemnlly
require a considerablamount of time to construct accurate models.

These models g curves, elastic continuum, and FEM) are comiyon
developed to ealuate the effectdateral loading on a pile foundation with the

most widely used being theypcurve methodJuirnarongrit, 2002)

2.2.1 Winkler Spring Method Overview

The Winkler Spring method, also referred to as the subgrade reaction
method, was introduced by Winkler (1867) to model a beam on an elastic
foundation, where the soil is modeleding independently acting lineaalastic

springs (Caduto, 2001). This methwds adopted by Hetenyl946) andReese
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and Matlock (1956)to design laterally loaded pile foundationd=igure 2-1

presents this model.

2
DZ

Pfriiiiiiiz

Figure 2-1. Implementatbn of Winkler Spring concept for laterally loadgiles
(from Juirnarongrit, 2002)

T he fspringslrepresent themodulus of subgrade reactiok, which is a
function of the soil reaction per unit length of pilp, and displacementy, as

shown inequation 2.1).

~
I
< |o

(2.1)

The modulus of subgde reaction has dimensions @6rce/lengtfl). The soil
reaction, p, and displacement, y, have units of (F/L) and (L), respectively.

Using the modulus of subgrade reaction, a fourth order differential
equation can be solved to obtain the pile response under lateral loading. This

equdion is a function of the modulus of elasticity of the pilg, the moment of



12

inertia of the pile, J, the modulus of subgrade reaction, K, and the depth, z, as

shown in inequation (2).

4
el 9 Y v ky=0
dz (2.2)

Solutions toequation (2) have been obtained both numerically and
analytically. Hetenyi (1946) provideclosedform analytical solutions to this
equation for a selection of subgrade reactions. For each analytical salléion
modulus of subgrade was held constant. Barber (1®%8)dedsolutions to find
pile head reations and deflections at the ground surface as well as solutions with
linearly increasing modulus of subgrade reaction wépth.

The Winkler spring method is capable of accounting for multiple soil
layers and regjres less calculation time than finite element and elastic continuum
methods. The major disadvantages include the lack of continuity and the
assumptions of a linealastic soil response. Methods to estimate the modulus of
subgrade reaction for th&inkler spring method have been discussed by Terzaghi

(1955) and Vesic (1961).
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2.2.2 Formation of p-y Curves

The solutions to the Winkler spring method or subgrade reaction model is
only accurate when the soil reacts to loading in a liledwavior In actuality
soil reaction isnonlinear andt is dependent on the magnitude of loading and soll
stiffness. Mbdifications of the subgrade reaction model w@resented by
McClelland and Foah(1958) and account fahe nonlinearity of a soil massd
appl independery acting nonlinear soil springs to the previous models. This is
commonly known as the-yp curve method, wher, is the soil pressure per unit
length andgly, is the pile deflection.

p-y curves are the most common method to modelsuikinteraction
subjected to lateral loading due to the relative ease of modeling multiple soil
layers independently with nonlinear soil properties. The stress distribution around
a vertically driven pile is assumed to be equal around the circumference when no
lateral laad is presenfReese et al., 1974)The stress distribution on the face of
the pile changes with the application of a lateral |@desoil stresgsincrease on
the pile face in the direction of movement and aelese on the opposite faae
shown inFigure 2-2. The decrease in soil pressure behind the pile is typically
considered to b& anactive state (Gabr and Borden, 1990).e @htive pressure
behind the pe is reducd to zeroif agap forms behind the pile and will affect the
predicteddisplacementsind result in a lower actual displacememdany of the

commonly used 4y curves have been developed on the basis of back calculated
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results of fullscale lateal load tests conducted on pile foundations

(Nimityongskul 2010).
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Figure 2-2. a) Soilpressure on a pile at rest Bdil pressure after lateral load
applicaton from Dunnavant, 1986)

The stress change in the soil from a pile deflection at a given depth is
called the soil reaction, p, for that displacement-qurve depicts the nonlinear
change in soil reaction as a function of different pile displacementdatfimed
depth. A sebf p-y curves is typically used when analyzing lateral capacities.
With increasing depth and changes in soil layers the soil reaction can vary greatly.
Sets ofp-y curves with differing soil reactionsith displacements are modeled
along the length otie pile to predict theesultingbehavior. This isdemonstrated
in Figure 2-3. Once a set of ¢ curves is determinedEquation (22) can be
solved toproduce thedeflection, pile rotation, moment, shear, and soil reaction

profilesfor the length of the pile for a given lateral load (Reese et @f4.
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Figure 2-3. Typical set of p-y curves modeled for a pilgrom Mirzoyan, 2007)

Research has been conducted to predictprves for a wide range of soil
conditions and pile typegg.Matlock 1970, Reese et al. 1974, APl 198Wany
of these models were developed from-&dhle or model tests for piles located in
horizontal ground. The following sections will focus on past research conducted
on py curves development in cohesionless saitsountingfor the effects of

naturaland cut slopes.
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2.3 Common p-y Curve Modelsfor Level Ground Conditionsin
Cohesionless Soils
Several procedures have been suggested by resea(Bnmch 1961
Reeseet al.1974 Poulos and Davis 1980; API 1987) to determinequrves and
ultimate laterh resistances for piles in cohesionless soils. Common factors
influencingthese models include estimatiohthe modulus of subgrade reaction,
K, confining pressure, and friction angle. Widely used methods to predict
ultimate resistancand py curves in cohesionless materiate summarized in the
following section.

2.3.1 Reeseetal 1974

Reese et a(1974) conducted full scale tests on 24 idchmeterpiles in
clean fire to silty sands with a friction anglie, of 39°. The water tablevas above
the ground surface during these tests. Static and cyclic lateral load tests were
carried out on the test pileA set of py curves and equations were developed
based on thexperimentatesults.

Figure 2-4 shows a typical 4y curve for the model presented by Reese et
al. (1974). The initiasubgrade modulydsss;, considers the soil behavior to be

linear elastic at low displacements and is expressedumtion (23):

E, = kx (2.3)
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where k isthe mefficient ofsubgradereactionconstantn Ib/in® and x is the depth
below ground surface in inches. The values determine# foom these tests
were 2.5 times higher than the valuesommendedy Terzadp. Table 2-1

presents valuefsom Terzaghi(1955) and Reese et al. (1974).
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Figure 2-4. Typical p-y curve for the model presentbgl Reese et al. (1974)

Table 2-1. Recommendations faoefficient ofsubgradereactionconstant for
laterally loaded piles in dry and submerged sandidsgaghi (195band Reese et

al. (1974)
Relative Density of Loose Medium Dense
SandA
Terzaghi (1955) DY O moist sandk f(.)r} , 1340 51102
. 3 .
(Ib/in®)
Terzaghi (1955) ~ SuPmergedsand, 0.2 7726 2651
(Ib/in®)
Reese et al. (1974 Submerged sand, 20 60 125
(Ib/in®)
Reese et al, (1974 DY Ormoistsandg o 90 225

(Ib/in®)
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Figure 2-5 shows the method used by Reese et al. (1974) to compute the
ultimate lateral resistance. An assumed passive wedge failure is the source of
resistance near the ground surfaaeing in front of the pile and actiygessures
acting behind the pile during lateral movement. The resistancer@inat a
critical depth below the ground surface is assumed to be from lateral flow around

the pile.
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a)assumed passive wedgddiag b) assumed lateral flow failure

Figure 2-5. Cohesionlessoil failure modes in laterally loaded pile problea)
assumed passive wedge failuoglateral flow failure(after Reeset al 1974)
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Based orthe results fronthe full-scalelateral load tests and tipeesented
soll failure modes, Reese et €1974)proposed a method to computg gurves
for cohesionless soils. A typicsg¢tof p-y curves is shown ifigure 2-6 with the
procedure ancequations summarized ihable 2-2. An empirical adjustment
factor was used n this method to adjustalculatedresistances (fronthe wedge
and soil flow models) to more closely replicated results obtained finerfull

scale test.

o

D/60 3D/80
Figure 2-6. Characteristishapes op-y curves for san@Reeseet al 1974)
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Figure 2-7. Values ofcoefficients used for devagbing p-y curves for sanda)
Coefficient A; b) Coefficient B {from Reeseet al 1974
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Table 2-2. Summary of procedure in develog Reese et al. 197&andp-y

curves (able after Nimityongskul, 20)0

Steps

Formula

Eqgn.

1.
Preliminary
Computation

a :iz, b:45+g, K, =04, K, =tan’345- 28

¢

(2.4)

2. Compute
Ultimate Soill
Resistance
from Wedge
Failure,pst

eK,ztanf sinb N tanb
Pq, =g’zgtar(b - f)cosa tar(b - f) d
g K ztanb(tanf sinb - tana)- K,D G

(D + ztanb tana)g

(2.5)

3. Compute
Ultimate Soll
Flow
Resistance,

Psd

P, =K,Dg z(tan8 b - 1)+ K,Dg ztanf tan' b

(2.6)

4, Select
Governing
Ultimate Soill
Resistance,

Ps

ps= the smaller of the valuempmutedrom Eqn. (2.5)
andEaqn. (2.6)

5. Ultimate
Soil
Resistance,
Pu

p, = A p, for static loading

2.7)

6. Soil
Pressure at
D/60, pm

p., = B;p, for static loading

(2.8)

7. Initial
Straight Line
Curve

(2.9)

8. Establish
Parabolic
Section ofp-
y Curves

(2.10)

Variables are defined below:




As
Bs
Koy

psd
Pst
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Adjustment Coefficient for Static-p Curves fronfigure
2-Ta

Non dimensional Coefficient for Staticy Curves from
Figure 2-7b

Pile Diameter

Coefficientof modulus of subgrade reaction
Theoreticalultimate soil resistance due to flow failure
Theoreticalltimate soil resistance due to wedge failure
Governultimate soil resistance

Ultimate soil resistance

Depth

Frictionangle

Effective soil unit weight for soil under water
Transition point between linear and hyperbolic curves
Coefficient of &rest earth pressure

Coefficient of &tive earth pressure

2.3.2 American Petroleum Institute

The American Petroleunmstitute (API) suggesteamodel to develop

curves in cohesionless sofsPI, 1987)based on the methods presented by Reese

et al. (1974).

Té APl model provides simplified calculation procedures and

results in an ultimate lateregdsistance o$imilar magnitudeto Reese el. Al (174)

The main modificatiorcompared to Reese et al. (1904)the API model is the

shape of the 4y curve before the ultimate resistance is reached, thus a change in

the initial subgrade reactiorFigure 2-8a presents a chart to determine this initial

subgrade reaction based on a hyperbolic function.

Table 2-3 presents the APl method to calculate lateral soil resistance.

Similar to the empirical adjustment factor used by Reese et al (1974), API applies



three coefficients to

friction angle.

23

the model as showrfigure 2-8b, which are functions of

Table 2-3. Summary ofprocedure in developg AR sandp-y curves

(table after Nimityongskul, 2030

Steps Formula Egn.
1. ComputeResistance
from Wedge Failureps P, = (C1Z + CZD)g' z (2.12)
2. ComputeSoil Resistance
from Flow Failure,psq P, =C,Dg'z (2.12

Resistanceps

3. SelectUltimate Soil

ps= smaller of the valuesf step 2 and 3 | (2.13)

4. Adjugtment_Coefficient A = % 0-0 8562 0.9 for static

for StaticLoading s e Do (2.14)
loading

5. Develop Characteristic _ Akz O

Shape of py Curves p = Ap, tanlé%? y8 (2.15)

where: As, Ac =
Cl, C2, C3 =
D
k

Psd
Pst
Ps
Pu

y4
f
P

AdjustmentCoefficient for Static and Cyclic-p Curves
Coefficients fronFigure 2-8b

Pile Diameter

CoefficientModulus of Subgrade ReactiomFigure 2-8a
Theoretical Ultimate Soil Resistance due to Flow Failure
Theoretical Ultimate Soil Resistance due to Wedge Failure
GovernUltimate Soil Resistance

Ultimate Soil Resistace

Depth

Friction Angle

Effective Soil Unit Weight for Soil under Water
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Figure 2-8. Charts fordevelopingsandp-y curves (API 1987)a) coefficients as
function of f b) coefficient ofmodulus of subgrade reaction

2.4 Lateral Load Tests inCohesionless Soilaear Slopes

In many of the studies conductéd examine slope effects on lateral
capacities near slopdoad-displacementurves are commonly normalizedth

baseline test results. This tgpically known as the ultimate lateral resistance

rati o or | o mtbisrcaculated from@he ultimaté ressstance:
puslope
— _uslope 2.16
Y =5 (2.16)

ulevel
wherepy siopelS the ultimate lateral resistantoe a near slope pile and, Rel is

ultimate lateral resistance for a pile located in level ground.
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2.4.1 Gabr and Borden (1990)

Gabr and Borden (199@xaminedlateral capacities of piers constructed
in and near sloping ground. A model to estimate thenate soil resistance, Pu,
is expressed bgonducting a thredimensional wedge equilibrium analysis. This
model isthen used to constructypcurves for pieftocated in sloping groundnd
is based on the passive strain wedgselpresented by Reese (1962).

Figure 2-9 shows thewedge model constructed by Gabr and Borden
(1990) resisting lateral movemermn assumption of this wedge model is that the
pier is a rigid cylinder mowng laterally in the soil. The pier is compressed
laterally until a passive state is reach in the soil in front ofpiee The soll
behind the pier is in an active condition. The pier is assumed to be frictionless
and vertical displacements are neglected. The ultimate sodtaese is
calculated by summation of the resisting forces along the side and bottom plains

of the assumed failure wedge in a lateral direction.
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Top of Slope 4

Bottom of Slope

Figure 2-9. Assumed passive failure wedgeofh Gabr and Baiten, 1990)

The Gabr and Borden (1990jodel relies on key soil parameters
including friction angle and cohesion of the soil, slope angle, effective unit
weight, and the modulus of subgrade reaction. These parametergpar@antin
determining the angle that defines the dis
t he f ai | uasshowFgureg2e9, Adcording to Reese (I9) and API
(1987), a common value for the angle is f /2 for horizontal soil profileswhere
f is the friction angleof the soil Bowman (1958) recommend$3 to f/2 for
loose sands anfl for dense sands based on experimental results. Gabr and
Borden (1990) assumed/2 for the developed stin wedge model. Equation

(2.17) through Equation (2.28 presented in this study to determine whiamate

lateral resistance,,P



R=gH[H(S, 8KS3) B3, Kb [cip S+

Where:

/,tanWtan b

= tang tan 6 +1)(3 #tan ftan 2tan tan
=l (tang tan & 1j [(tang 4 pA
2/,
=— —2 (1 #artf
S tang tan & 1( )
S, = 2tanW tand [/,1 Rtan gtaii b +an

" (tang tan & 1§
+2tanp (tangtan & 1) -tan H

1+/,tan f

=/
S =/ tang tan b 1

tan® b tart g tan Hah

=(tanf -tan tan b
S =( \§ (tanb tan g+ 1

tar® b tarf g+ tad  han
(tanb tan g+ 13

S, =tanb

P, = total lateral resistance

Ka= coefficient of activeearth pressure

Ko = coefficient of at rest earth pressure

b = pile diameter

H, q, b, dFigueé9defined
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(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)
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Gabr and Borden (1990) conductedaaigmetric analysien the presented
wedge model Figure 2-10 presents thd at er al r esforsatpdence r ati o
located on the crest afslope with different friction anglesndslope anglesTo
verify the assumed failure wedge model, Gabr and Bo(#i890) conducted five
full scale load tests. The lateral load test on the piles was carried out on a

3.5H:1V slope with the piles on the slope crest.

Pu (slope)/Pu (flat)

(D = 20, c= 0.5 isf
——————— (D =30, c= 2.0 tsf
0.0 ‘ y '

0 10 15 20 30
© (DEGREE)

Figure 2-10. Ultimate lateral resistance ratas a function of slope angle add,
friction angle f . (afterGabr and Borden, 1990)

Gabr and Brden (1990) concluded that tmdel tended to under predict
the measured capacities in the field test at higher displacements. During field
testing, a gapvas observed behind the cohesionless test pile. This implies that

the recommendation to account for active earth pressure behind the test pile is, at
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least in part, leading to this underestimatidccounting for theactive force can
account for a 80% decrease irestimated lateral resistanc®.model including
activepressuravasconsidered to be conservative.

Ultimately, the slope model presented by Gabr and Borden (1990) was
within 15%25% of the measure response from field tests. Ignoring the presence
of the slope may result in an oestimation of the lateral capacity of a pier or pile
by up to 50%. The asmed failure wedge model reasonably predicted the failure
mechanisms in cohesionless sodsd the assumedalue off/ 2 f or q
acceptable and considered conservative. The proximity of a slope and therefore
the reduction in lateral capacity is dependemntlee soil strength parameters and
the slope angla.

2.4.2 Mezazigh and Levacher (1998)

Mezazigh and Levacher (1998) conducted a program investigating slope
effects on py curves. Centrifugetess werecarriedout on scaledpiles driven into
dry, fine sand. Eactest pile waspun to 40 g ira testcentrifuge. Multiple tests
were performedn level ground conditions, and near tsiopes with dimensions
of 2H:1V and 3H2V. Piles were tested at distances betw@amd 12D from
the test slop&vhereD represents pile diameteRelativedensities D, of 51% and
81% were used during this experiment to examine the effects of density in

relation to slope and lateral capacities.
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The results fromMezazigh and Levacher (1998) tests demonstrttat
for a given load, displacements aré fimes greter for a pile tested on the 2H
1V slope when compared to the reference pgeshown inFigure 2-11. This
factor ncreased t@.4 timesfor a3H:2V slope. The effects othe 2H: 1V slope
are negligible for piles located Bt= 8 or greaterandfor the 3H2V slopeatD =

12 or greater

Slope 2/1 - Dense sand (ID=81%)

1.80

gl LLILLL
v

Y (t/BYYREF

- RTnge of applied loads

\k’\vlw

0.80 TTTTTTTT T T T T T T T T[T T T T T T T T[T T T T T TTTTITTTTTT

0 2 4 6 8 10
Distance to the slope t/B

120

1.00

Ll i i e

Figure 2-11. Displacement ratio®r pile located near at21V slope, note: t/b is
distance in pile diamete(after Mezazighand Levacher] 998

Mezazigh and Levacher (1998&und that point of maximum moment
developed at deeper locations as the pile approached the slope crest. This location
varied from 0.2L to 0.3L, where L is the embedded pile length. The maximum
moment for the pile on the slope crédt= 0) was 25% greater at theoge crest

than the reference pilendit is even greater for the steeper slogey curves
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were backcalculated by double differentiation and double integration of the
bending moment curve#nalysis of the py curves demonstrates nonlinear
parabolicshape for soipile p.Figure 2-12 presents resulting-p curves for piles

at different distances from the 2EV slopeat a constant depth of 1.67m. This
indicates hat at a given depthhe influenceof a slopeis greater as the pile is
located closer to the crest. The crest not only affects the capacity of tpdesoil
system but also the initial soil modulus. THhgH:2V slope had an ultimate

resistancef 35% less than thel2:1V slope

TUB 3; Slope 2/1. O B0
300 — A UB-l
] ¢ B2
] K /B4
] *  t/B=6
] 7 Ref.1 pile
200 ~
E 1 Reflpie A\
z i 1
2 i
hd i
=] i
3 a 0
-9 ]
100 1/ = <
i J
0IIIHHI‘\HIIIIH\IHHI\IH\IIHH\IIH\III
0 10 20 30 40 50

Y (mm)

Figure 2-12. p-y curves at different distances from the crest at a depth of 1.67 pile
diameterqafter Mezazigland Levacher] 998
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From the results obtained from centrifuge tests in savidsazigh and
Levacher (1998presnted reduction coefficientspythat can be applied toy
curves for piles in level groundlhe results recommendultiplying the
resistanceressurep, by areduction coefficient, r, as shownHkguation (2.24)
throughEquation (2.8):

P

(D) R

= level (2 2 4)

(D)

" _17- 15tanb é 1- tant tet
P 100 D 2 if " (2.25)

>1.
rD:]- t tI|m

—> ——XD:

tim = 4D(6tarb - 1) (2.26)
wheret is the distance from the slope cresthe center of the pil® is the pile
di ameter, b iamdttisithe diganoe pf@o skope gffedlezazigh
and Levacher (1998rompared these reduction coefficients with the curves
obtained bythe compuer programPILATE (Frank et al. 1990, 1994). The
centrifuge tests determined thime relativedensity of the and had negligible
effects on the corresponding reductwoefficients. A graphical interpretation of
the determinededuction coefficiets are shown ifrigure 2-13for a 2H1V slope

and a 3H2V slope.
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Figure 2-13. Values of theeduction coefficient proposdsy Mezazighand
Levacher {998; Note: t/B isdistance in pile diameters

2.4.3 Chen and Matrtin (2001)
Chen and Martin (2001) examined the effects of an embankment slope on

lateral pile response in-fc soil conditions by conductg finite difference
analyses. Usingthe computer modeling prograrRLAC, a wide-ranging
parametric study was completed to determine the important parameters affecting
p-y curves and lateral resistance. An investigation on the strain wedge model and
passie wedge failure (Reese et al., 1974) was examined.

Chen and Martin (2001) verified the accuracy of fmite difference

analysesby comparing results with two published fattale load tests. This
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verification wasperformedfor a soft saturated clay s@hd a dense clean to silty
sand, from the Sabine River Test (Matlock, 1970), and the Mustang Island Test
(Reese et al., 1974espectively.Figure 2-14 shows theeffects of varing slope
angles on théateral resistance rati@s a function of distance of pithametergo
thecrest. These ratios ranged from 0.73 to 0.11 for thesa@il analyzed in the
finite difference model. For single piles placed at a destasf 6 pile diameters or
greater from the slope crest, the effect on the ultimate soil resistance is less than
10% for slopeswith angles less than 45° and the presence of the slope can be
neglected.

For all tests conducted in the finite difference mpaelevel ground and
nearaslope, a clearly defined failure wedge was observed. In the level greund c
0 soils anal yses t telipticdlmshaperChenane Magtehn was sen
(2001) suggest that the presence of a slope cause the soil wddga tieeper,

mobilize in a more horizontal angle, anavea larger wedge fan angle.
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Figure 2-14. Effects of varying slope angles on the soil resistance ratio as a
function of distance of pile diameterssiope cresfafter Chen and Martin, 2001);
Note:L/D is Distancean pile diameters

2.4.4 Chae et al. (2004)

Chae et al. (2004) conducted several studies investigating the lateral
resistance of piles located near slopes. Three dimensionaldiaiteent analyses
along with scalegnodel tests were conducted on laterally loaded short piles
pier foundations situatad proximity to slopes consisting of dense sand.

The scaleemodel test was conducted for short piles near a 30° test slope
and in horizontal ground conditions for use as a reference. A clean sand with a
relative density Dr of 90% and a correspondingtion angle of 47.5° were used
in this experiment. Thscaledmodel lateraltestingwas conducted at 0D, 2D,

and4D where D is the pile diameters from the crest.
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Chae et al. (2004) considered the etagerfectly plastic behavior model
as the most apppoiate model to describe the soil in the thremehsional finite
element modeklnalyses.n reality soil behaves in a nonlinear behaviofo
represent the pile, a linear elastic model wagployed This FEM series was
calibratedto represent similar doconditionsand friction angle of the scaled
model.

Figure 2-15 shows load displacemeantirves fromthe FEM analyses and
scaledtests for piles locad near a slope crest. The FEM analysis underestimates
the lateral load for piles located in horizontal ground and 4 diameters behind the
crest. The other results, piles closer to a slope crest, agree reasonably well
between the FEM and scaletbdel tesds. As found in previous studies, the

lateral load was adversely affected as the distance from a slope crest decreased.

900 E — Experimental result
A — Analytical result

800 : X

) [ ¥ j X E-SH [ H-Horizontal ground

00 x X g™ ®» Esqp S-Slope
g 600 L X ™ X a F.sop| D - Distance (from crest)
g0 % ﬁ;__..x"_é_.a-'ﬂ * E-SO0D
i 400 | [ E:Lm;iﬂ.*-- 4t | X ASH
3 300 ; ) _3%;.’.‘-4”3_0fii o— A-54D

200 | g g.--e'"g A A-SID,

100 \mEE —o— A-$:0D

1] —
0 2 4 6 8 1o

Displacement (mm)

Figure 2-15. Loadingcurves for experimental and analytical res(afer
Chaeet al., 2004)



37

Figure 2-16 shows the normalized load ratio with displacement for the
experimental and analytical tests. The scatedlel test ha an ultimate lateral
resistance ratiof about 0.4, 0.6, and 0.85 for load tests located at O, 2, and 4
diameters behind the slope crest, respectively. The results from the FEM
analytical predicted ratios of 0.6, 0.8, and 0.9 for equivalent pile locatiBoth
models predict a slight decrease in load ratio with increased lateral load
displacement. Chae et al. (2004) conclude that the lateral resistance from
proximity of a soil slope is noticeable at small displacements and the change is

relatively constanas pile head displacements increase.

1
— [N 1
] - 3 08 A
@ 07} % 07 baa Bdaaa BA
8d 06| bp s o | oo
g% o A kA A &g A g3 06 %6004
RS 3§ 0 D
A o3 i -0 00 9 4 4 o E E 0.4
< 0 . 03
8 -m— E-$4D o 8- A-
3 gf —a— E-82D g 02l TRAYD
s —o—E-S0D 2 ol —6— A-S0D
: 0
0 2 4 6 8 10 0 2 4 6 8 10
Displacement (mm) Displacement (mm)
(a) Experimental result (b) Analytical result

Figure 2-16. Normalized loading crves a) experimental results b)
analytical resultgafter Chae et al., 2004)
To check the validity of the FEM Analyses, Chateal. (2004) examined
the results from fulkcale field tests by Takeuchi and Okada (1986) on pier
foundations. The FE results tended to slightly over predict the subgrade reaction

with depth but held the same general shapeerall, Chae et al. (20Q4bserved
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that the 3D elastplastic FEM is an effective tool in the evaluation of short pile
and pier foundatins lo@ted near a soil slope.

2.4.5 Reese et al. (2006)
Reese et al. (2006) present a modified method of Reese et al. (1974) to

determine theultimate lateral resistance of a single pile located on a slope loaded
in the downslope direction. This method, as showBqguation (2.2), is valid for

slopes less steep than the friction angle of the cohesionless materials. The
modifications in this quation assumed that only the passive wedge failure needed

modification and the flovaround failure is not affect by a slope (Reese et al.,

2004).
¢Koztan” Sin Biyps apz gy 4120 o z4anb tanad? )
(p)e.=gH étan(b- fHcos a tan( b )7
g+K,ztanf sin b-tan (D} B P Kb (2.27)
Where:
b=45"L
2 (2.28)
_ tanb tan g
' tanb tan g 1 (2.29)
D,=1-D, (2.30)
K_=cosg Cosg - \/(coé g- coS
cosg+4/ (coé g- cos (2.31)

b = Pilediamter
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Ko = Coefficient of at rest earth pressure

a = 1for dense sand
f
a =— for loose sand

d = ABgleope

2.4.6 Mirzoyan (2007)

Mirzoyan (20Q) carried out anear slopeull-scale lateral load tesh a
cohesionless soil The testing consisted of three lateral load tests on 12in
diameter steel pipe piles located on the cf@By) slope and three pile dianess
(3D) behind the crest. A baseline tests was also conducted to in horizootad gro
for comparison of results. Each pile was laterally loadegartially saturated
dense sandith a relative compaction of 95% and a friction angle of 3Bie OD

and3D piles tests near a 38lope as shown ihable 2-4.

Table 2-4. Mirzoyan (2007)near slope test variables

Pile Location, Xh: ] 3
Diameter, b {in.): 12.75 12.75
H/lx ratio: 9.5 9.5
Angle B {deg.): G5 65
Angle £ {deq.): 32 225
Slope angle, 8 (deg.): 30 30
Soil unit weight, v {pcf) 115 115

Internal friction, ¢ (deg.): 40 40
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Figure 2-17 shows the resistance ratios between the baseline test and the
near slope tests. The ultimate resistance was reduced by 23% and 7% for piles
located at OD and 3D respectively. The resistance ratio decreased from the
beginning of the test to a displacement dd thches and remained relatively
constant for larger pile head displacements. The presence of the slope increased
the maximum bending moment by up to-8W depending on the pile location.

The maximum bending moment ratio increased with increasinglisjdacement.

Mirzoyan (20Q) found that the computer program LPILE could only
predict the results when greatly increasing the friction angle for the pile tested in
level ground. LPILE greatly overestimated the reduction in lateral resistance
from thepresence of the 30° slope, by t@p20%. During fulscale testing a gap
was formed behind each pile aih@vas suggested that no active force was applied

behind the pile

LS.

081

06 ]

Resistance Ratios, ¥

041

1 —+—Slope 3D
0.2
] —&— Slope 0D

o] 0.5 1 15 2 25 3 35
Top Deflection (in.)

Figure 2-17. Resistanceatios atarget deflectiongafter Mirzoyan, 2007)
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2.4.7 Muthukkumaran et al. (2008)

Muthukkumaran et al. (200&ponducted extensive centrifuge model tests
to examine the effects of slope ofyurves in dry sand. Multiple testgere
conducted in slopes of 1V:1.5H, 1V:1.75H, and:2N. All lateral load tests
conducted in the centrifuge model were conducted on the slope crest in relative
densities ranging from Horizontal ground tests were also conducted for
comparison of results.

Figure 2-18 presents the dimensionlgsy curves for the test pile located
on the crest oflV:1.5H slopewith baseline results This figure shows asdepth
increases theultimate soil resistancancreases Muthukkumaran et al. (2008)
suggesstthat this is a result afnincrease in passive resistance resulting from an
increase in overburden pressure as the depth increfaigese 2-19 shows effects

of slope angle odimensionless+y curves
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Figure 2-18. Non-dimensional py curves at various depths for a 1v: 1.5h slope
(afterMuthukkumararet al., 2008)
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Figure 2-19. Effect ofslope angle {y curves(afterMuthukkumararet al., 2008)

Muthukkumaran et al. (200&ponducted a multiple regression analysis o
the normalized 4y. A reduction factor, R, was developed to account for variable

slope anglsand depth (Z/D) as independent variables. This reduction factor was
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appliedto the resistance, p, for a given displacement, y, in &el (1987)

method. The modified APl RP & method (1987) is presentedHuguation (2.32)

p=AR gdanm y

AR @ (2.32)

Where:

A:%.O -O.Sé 80.Sfor static lading (2.33
Q -

R =Factor to account for slopirground
pu = Ultimate beang capacity at depth,
k = Initial modulus ofsubgrade reaction
z= Depth

y = Lateral deflection

The reduction factor to account for a soil slope in cohesionless material, as
proposed byMuthukkumaran et al. (2008¢an k@ calculated by usingquation

(2.34)

~

R=0.74 +o.037§

Z g
D

-0.631%

e cud

(2.34)

where R is less than one and S is the slope angle in radians (between 0.50 to 0.66
radians). Figure 2-20 graphically depictsthe reduction factor, R, presented in

Equation (2.34)for slopes of 1V:1.5H, 1V :1.75H, and 1V :2HOther findings
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of this study include that an increase in slope increases the bending moment and

an increase in relative density decreases the maximum bending moment.

R

i i { il &
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Figure 2-20. Propogd reduction factors to account for effects of slope angle as a
function of depth(afterMuthukkumararet al., 2008)

2.5 Other Considerations

Other factors effecting lateral loading include pile diameter, loaditey
and pile group effectsluirnarongrit and Ashford (28D examined the effects of
pile diameter during lateral loading by examining the initial modulus of subgrade
reaction. Reese et al. (2006) discusses the effects of different loading typgs on p
curves including short term static, long term static, repeated cyclic, and dynamic
loading types. Many researchers have summarized the effects of pile groups in
level ground including@ogard and Matlock(1983; Brown et al, (1987; Rollins

et al, (2003); Rollins et al., (2005); arWalsh (2006). For a more in depth
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review of lateral load methods in level ground or slope effects in cohesive soils,
please seduirnarongrif{2002) and Nimityongskul (2010), respectively.
2.6 Summary

The majority ofthe research examining the effects of assibnless slope
on lateral pilecapacityhas beerconducted using analytical, scaled, or computer
models. Very few fullscale studies have been conduatedr slopesand it is
important to determine if these aws and procedures can accurately predict full
scale effects.Most researchers present either load resistance ratios- or p
multipliers (reduction factors}o quantify to effects of the slope. Téevalues
vary, significantly in some cases, between studiigure 2-21 presents a
summaryof load resistance ratios from different research&tg variation in this
figure can be attributed to the parameters used in saaty including slope
angle, density, friction angle, and modeling method (analytical, FEM, model,
centrifuge, fullscale, etc.).The keyconclusiondrom studies conducted for near
slope piles include:

1. The effect of slope on the lateral resistance arg qurvesis
decreases soil resistance and stiffnesth increasing distance
from the slope crest.

2. Slope effects are negligible at a distasoenewherdetweens to
18 pile diameters.

3. S ope angle, d, has a significant
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4. The subgrade reaction modulus is dependent on confining
pressure
5. The magnitude and depth of the maximum moment increase with

the presence of a slope.
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=R ® Chen and Martin (2001)-FEM
g 04 - A OMezazigh and Levacher (1998)-Centrifuge Model
= = Gabr and Borden (1990)-Analytical Model
- 03 L B Mirzoyan (2007)-Full Scale
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Figure 2-21. Comparison of resistance ratios presentecebgarchers as a
function of distance from a slope crest

Based on ta findings found in thiditerature reviewfull-scale test results
for piles located near a cohesionless slope are limited. The majority of the
methods are analytical or scaled modeisl ghe findings from the results are
scattered. Many of these methods are used irséalle predictions but have not
been validated. To account ftirese research gas full-scaletesting program
was conducted on psdocated in or near @ohesionlesslope crest with the

objective of understanding fedicale lateral pile response.
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3. SITE DESCRIPTION AND SOIL PROPERTIES

3.1 Introduction

This full-scale research project was conducted at the Geotechnical
Engineering Field Research Site (&%S) located in Corvallis, Oregon. The
testing site is on the Oregon Stataiversity campus0.1 mileswest of the SW
35th Steetand Jefferson &etintersections This site was chosen to carry out
full scale testdecause othe extensie siteinvestigationsonducted over the past
40 years Dickenson 200§. A map of the testing location and an aerial
photograph of the testing site are shown Rigure 3-1 and Figure 3-2,

respectively.

i

CalTrans
Test Area

\~~‘\Alashing£on

(.
+ 4
Corvallis Oregon

________ Q-
California |

Figure 3-1. Generakite locationin Corvallis,Oregon(adoptedrom OSU
website 2008, Google Mapp08)
























































































































































































































































































































































































































