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Deep foundations, including driven piles, are used to support vertical loads 

of structures and applied lateral forces.   Many pile supported structures, including 

bridges, are subjected to large lateral loads in the form of wind, wave, seismic, 

and traffic impact loads.  In many practical situations, structures subjected to 

lateral loading are located near or in excavated and fill slopes or embankments.  

Full-scale research to examine the effects of soil slope on lateral pile capacity is 

limited.  The purpose of this study is to examine the effects on lateral capacity of 

piles located in or near cohesionless soil slopes. 

A full -scale lateral load testing program was undertaken on pipe piles in a 

cohesionless soil at Oregon State University.  Five piles were tested near a 2H:1V 

test slope and located between 0D to 8D behind the slope crest, where D is the 

pile diameter.  Two vertical baseline piles and three battered piles were also tested 



 

 

in level ground conditions.  The cohesionless backfill soil was a well-graded 

material with a fines content of less than 10% and a relative compaction of 95%, 

meeting the Caltrans specification for structural backfill .   

Data collected from the instrumented piles was used to back calculate p-y 

curves, load-displacement curves, reduction factors, and load resistance ratios for 

each pile.  The effects of slope on lateral pile capacity are insignificant at 

displacements of less than 2.0 inches for piles located 2D and further from the 

crest.  For pile located at 4D or greater from the slope crest, the effect of slope is 

insignificant on p-y curves. A simplified p-multiplier design procedure derived 

from back-calculated p-y curves is proposed to account for the effects of soil 

slope.   

Comparisons of the full-scale results were made using proposed 

recommendations from the available literature. Lateral resistance ratios obtained 

by computer, centrifuge, and small scale-models tend to be conservative and 

overestimate the effects of slope on lateral capacities.  Standard cohesionless p-y 

curve methods slightly over predict the soil resistance at very low displacements 

but significantly under predict the ultimate soil resistance.  Available reduction 

factors from the literature, or p-multipliers, are slightly conservative and compare 

well with the back-calculated p-y curves from this study. 
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1. INTRODUCTI ON 

 

Deep foundations, including driven piles, are used to support vertical loads 

of structures and applied lateral forces.  Typical structures subjected to lateral 

loads include bridge abutments, transmission towers, offshore platforms, and 

traffic sign foundations (Caduto, 2001). Traffic, wind, wave, and seismic forces 

are common types of lateral loads subjected to pile foundations.  In many 

practical situations, structures subject to lateral loading are located near excavated 

slopes or embankments.   Piles are frequently driven at a batter to increase 

foundation stiffness. 

Bridge abutments, in most circumstances, are constructed on or near a 

slope crest, as presented in Figure 1-1, to accommodate grade separations or 

geographical feature.  Lateral loads applied to deep foundations are transferred 

into the surrounding soil.  The interaction between the soil-pile systems resists 

lateral movement of the foundation.  The horizontal deflection of a pile is inter-

related to the soil resistance, thus, both the pile and soil must be analyzed together 

(Reese et al., 2006).    
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Figure 1-1. Typical bridge foundation (after Nimityongskul, 2010) 

 

Many design methods have been developed to account for lateral loads on 

pile foundations in a horizontal soil profile.  The most common of these methods 

is the use of p-y curves, where p is the unit soil resistance and y is the pile 

displacement, obtained from the Winkler Spring Method (Reese et al. 1974).  This 

method models the soil resistance as a set of independent nonlinear springs along 

the length of a pile.  To resist lateral loads, piles mobilize passive resistence as 

they move laterally in the surrounding soil.  The reaction in the soil-pile system to 

resist movement depends on the stiffness of the pile, the stiffness of the soil, and 

whether the pile tip is fixed in the soil (Das, 2007).  

The presence of a slope on deep 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 

Highway Bridge

Abutment
Pier

Pile Foundations
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50% (Gabr and Borden, 1990).  The majority of research conducted to examine 

the effects of soil slope on lateral capacities of piles and nonlinear p-y curves has 

been done using scaled model tests and finite element analyses.  These models 

have provided reduction factors, or p-multipliers, for piles located in level ground 

conditions.  There is a lack of full-scale test results to verify these model 

predictions (Mirzoyan, 2007).  Some existing methods (Reese et al., 2004) to 

analyze lateral loads on battered piles is to model them as vertical piles located on 

a slope with a batter angle equivalent to the slope angle. High costs are the main 

disadvantage of full -scale tests and is the likely reason for the absence of testing 

results.  

 Project Scope  1.1

 

There have been very few full-scale tests conducted to examine the effects 

of a cohesionless soil slope on the lateral capacity of piles.  During the summer of 

2001, a full -scale lateral loading testing program was conducted to examine the 

effects of a slope and batter angle on the lateral capacity of piles.  All lateral load 

tests were conducted on a cohesionless embankment at the Geotechnical 

Engineering Field Research Site (GEFRS) at Oregon State University.   

A total of ten steel pipe piles were driven into the cohesionless 

embankment. Five piles were tested in proximity to a 2 horizontal to 1 vertical 

(2H:1V) test slope. These piles were located either on the slope, on the crest, or 
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certain distances behind the crest.  Two baseline tests were conducted in free-

field, or horizontal ground conditions, to compare with the near slope test results.  

Three battered piles, two with positive batter and one with negative batter, were 

also tested. The cohesionless embankment was constructed with less than 10% 

fines and placed in 8 inch lifts at 95% relative compaction with respect to Caltrans 

Soil Test 216. The soil gradation and compaction specifications are similar to 

those used for bridge abutments and meet the structural backfill requirements in 

the Caltrans Bridge Design Specifications (Caltrans, 2006). 

Along the length of each pile, strain gauges and tiltmeters were installed to 

measure strain and rotation during lateral loading.  This data was used to back-

calculate curvature, rotation, moment, shear, deflection, and soil reaction profiles 

for each vertical test pile.  Figure 1-2 presents an example of these profiles for a 

fixed end pile.  This information was used to produce p-y curves and load-

displacement curves to examine the effects of a slope.  The main objectives of this 

research include: 

1. Review existing p-y curves and methods used to account for soil 

slope in cohesionless soils. 

2. Evaluate existing methods to account for slopes with back-

calculated full -scale testing results. 
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3. Propose generalized p-multipliers for near slope piles based on 

distance from the crest slope and depth. 

4. Recommend simplified lateral resistance design procedures to 

account for a cohesionless slope. 

 

Figure 1-2. Example of fixed end pile profiles in free head conditions (from 

Reese et al., 2004) 

 

 

 



6 

 

 

 LITERATURE REVIEW  2.

 

 Introduction  2.1

Driven pile foundations are used to support a wide variety of structures.  

In many cases, lateral loads are often the critical factors considered in the design 

of foundations.  To resist lateral loads piles can be driven at an angle from vertical 

(battered) to resist lateral movement with axial pile loading.  Vertical piles can 

also be designed to resist lateral movement by analyzing the effects of soil-pile 

interaction. 

Engineers typically did not evaluate lateral loads on deep foundations until 

the early 1950s and designed foundation only to resist axial loads (Coduto, 2001).  

Commonly, these engineers would design foundations to resist lateral loads with a 

battered pile. These engineers would consider only the axial loading in the 

battered piles to resist lateral movement and not interaction between the sides of 

the pile with the soil.  As the oil industry in the mid-twentieth century grew, the 

need to analyze significant lateral loads from wind and ocean currents applied to 

large offshore structures was essential.  Driving battered piled of the required size 

and at the necessary angle was becoming unpractical to support the lateral loads.  

Thus, in the early 1950ôs the oil industry conducted some of the initial research on 

lateral capacity of deep foundations (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 
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the soil-pile response when subjected to lateral forces.  These methods have been 

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 required to transfer 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 moment in the pile resulting from lateral forces must be 

under the capacity of the pile to prevent structural failure and buckling of the pile. 

This literature review presents research conducted on lateral load testing 

and the effects of slope on lateral capacity on piles in cohesionless 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 soils is then 

covered, as this is the main focus of this research.  Nimityongskul (2010) 

conducts a thorough review of research for laterally loaded piles near a slope in 

cohesive soil conditions. 
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  Background on Models  2.2

The analysis of piles subjected to lateral loading 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 

resistance (Reese et al. 2006).  This inter-relationship between the pile and the 

soil necessitates a soil-structure interaction analysis where each is examined 

relative to the other.  There have been multiple theories and analytical methods  

proposed to account for this interaction.  None of the models can account for all 

factors impacting the relation between soil and pile during lateral loading, but 

many can predict, with some degree of confidence, lateral capacities and 

deflections in piles (Juirnarongrit, 2002).  

An early method, as presented by Hetenyi (1946), depicts a laterally 

loaded pile as a long elastic beam resting on independent linear-elastic springs.  

This series of linear springs on a beam is commonly known as the Winkler Spring 

Method (Winkler, 1867) or the subgrade reaction method.  Hetenyi modeled the 

soil subgrade modulus on the pile as a set of Winkler springs. Due to the 

simplicity of this model it has been employed and improved upon by many 

researchers conducting investigations on lateral pile capacities (e.g. Barber 1953; 

Reese and Matlock, 1956; and Davisson and Gill, 1963).  These researchers 

improved the existing model by concluding that the modulus of subgrade reaction 

was interrelated to depth and only considered a single soil layer.   
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Differing from assumptions used in early models, soil does not react as an 

elastic material and responds nonlinearly.  For a better representation of soil 

behavior during lateral loading, a technique deploying a series of nonlinear 

springs was developed known as the p-y curve method (McClelland and Focht, 

1958; Matlock, 1970; Reese et al., 1974; Reese and Welch, 1975).  This method is 

one of the most widely accepted models currently used to determine soil-pile 

interaction subjected  lateral forces.  Further explanation of common p-y curves 

are presented in the following sections. 

 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).  This method models the soil reaction of a point within 

a soil mass as a result of an applied load at a nearby point within the soil mass.  

This is determined from the assumptions that the soil around a pile is modeled as 

a homogeneous, semi-infinite, and isotropic material.  This model is hindered 

because the modulus of elasticity and Poissonôs ratio of soil are consistent 

throughout.  Researchers have improved the theory by implementing procedures 

to account for increasing soil modulus with depth to account for layered soil 

conditions (Banerjee and Davies, 1978).  The elastic continuum model is 

reasonable for determining pile response at small displacements, but it is 

considered to be flawed at  larger displacements based on the assumption that the 

soil mass is a linear elastic material.   
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 Many researchers have built upon ideas from the elastic continuum theory 

and now predict the effects of lateral loads using finite element (FE) analysis.  In 

the finite element method (FEM) the soil mass is typically modeled as 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 deflections.  FEM 

are generated to model desired soil conditions and p-y curves from other studies 

can be built into these models (Reese and Van Impe, 2001).  These models have 

the capability to predict soil-pile reaction to lateral loading with relative accuracy 

but are highly dependent on the input soil parameters and constitutive soil models 

(Juirnarongrit, 2002).  FEM require intensive computer applications and generally 

require a considerable amount of time to construct accurate models.     

These models (p-y curves, elastic continuum, and FEM)  are commonly 

developed to evaluate the effects lateral loading on a pile foundation with the 

most widely used being the p-y curve method (Juirnarongrit, 2002). 

 

 Winkler Spring Method Overview 2.2.1

 

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 modeled using independently acting linear-elastic 

springs (Caduto, 2001).  This method was adopted by Hetenyi (1946) and Reese 
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and Matlock (1956) to design laterally loaded pile foundations.  Figure 2-1 

presents this model.  

 

Figure 2-1. Implementation of Winkler Spring concept for laterally loaded piles 

(from Juirnarongrit, 2002) 

 

The ñsoilò springs represent the modulus of subgrade reaction, K, which is a 

function of the soil reaction per unit length of pile, p, and displacement, y, as 

shown in equation (2.1). 

y

p
K =

   (2.1) 

 

The modulus of subgrade reaction has dimensions of (force/length
2
).  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 

equation is a function of the modulus of elasticity of the pile, Ep, the moment of 

V M V
M
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inertia of the pile, Ip, the modulus of subgrade reaction, K, and the depth, z, as 

shown in in equation (2.2).  

 

0
4

4

=+Ky
dz

yd
IE pp

    (2.2) 

 

Solutions to equation (2.2) have been obtained both numerically and 

analytically.  Hetenyi (1946) provided closed-form analytical solutions to this 

equation for a selection of subgrade reactions.  For each analytical solution, the 

modulus of subgrade was held constant.  Barber (1953) provided solutions to find 

pile head rotations and deflections at the ground surface as well as solutions with 

linearly increasing modulus of subgrade reaction with depth. 

The Winkler spring method is capable of accounting for multiple soil 

layers and requires less calculation time than finite element and elastic continuum 

methods.  The major disadvantages include the lack of continuity and the 

assumptions of a linear-elastic soil response. Methods to estimate the modulus of 

subgrade reaction for the Winkler spring method have been discussed by Terzaghi 

(1955) and Vesic (1961). 

 



13 

 

 

 Formation of p-y Curves  2.2.2

The solutions to the Winkler spring method or subgrade reaction model is 

only accurate when the soil reacts to loading in a linear behavior.  In actuality, 

soil reaction is nonlinear and it is dependent on the magnitude of loading and soil 

stiffness. Modifications of the subgrade reaction model were presented by 

McClelland and Focht (1958) and account for the nonlinearity of a soil mass and 

apply independently acting nonlinear soil springs to the previous models.  This is 

commonly known as the p-y curve method, where, p, is the soil pressure per unit 

length and, y, is the pile deflection.   

p-y curves are the most common method to model pile-soil interaction 

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 load is present (Reese et al., 1974).  The stress distribution on the face of 

the pile changes with the application of a lateral load. The soil stresses increase on 

the pile face in the direction of movement and a decrease on the opposite face as 

shown in Figure 2-2. The decrease in soil pressure behind the pile is typically 

considered to be in an active state (Gabr and Borden, 1990).  The active pressure 

behind the pile is reduced to zero if  a gap forms behind the pile and will affect the 

predicted displacements and result in a lower actual displacement.  Many of the 

commonly used p-y curves have been developed on the basis of back calculated 
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results of full-scale lateral load tests conducted on pile foundations 

(Nimityongskul, 2010).   

 

Figure 2-2.  a) Soil pressure on a pile at rest  b)  Soil pressure after lateral load 

application (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. A p-y curve depicts the nonlinear 

change in soil reaction as a function of different pile displacement at a defined 

depth.   A set of 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 of p-y curves with differing soil reactions with displacements are modeled 

along the length of the pile to predict the resulting behavior.  This is demonstrated 

in Figure 2-3.  Once a set of p-y curves is determined, Equation (2.2) can be 

solved to produce the deflection, pile rotation, moment, shear, and soil reaction 

profiles for the length of the pile for a given lateral load (Reese et al., 1974).  
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Figure 2-3. Typical set of p-y curves modeled for a pile (from Mirzoyan, 2007) 

 

Research has been conducted to predict p-y curves for a wide range of soil 

conditions and pile types (e.g. Matlock 1970, Reese et al. 1974, API 1987).  Many 

of these models were developed from full-scale or model tests for piles located in 

horizontal ground.  The following sections will focus on past research conducted 

on p-y curves development in cohesionless soils accounting for the effects of 

natural and cut slopes. 
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 Common p-y Curve Models for Level Ground Conditions in 2.3

Cohesionless Soils 

 

Several procedures have been suggested by researchers (Brinch 1961; 

Reese et al. 1974; Poulos and Davis 1980; API 1987) to determine p-y curves and 

ultimate lateral resistances for piles in cohesionless soils.  Common factors 

influencing these models include estimation of the modulus of subgrade reaction, 

K, confining pressure, and friction angle.  Widely used methods to predict 

ultimate resistance and p-y curves in cohesionless materials are summarized in the 

following section.    

 Reese et al. 1974 2.3.1

 

Reese et al. (1974) conducted full scale tests on 24 inch diameter piles in 

clean fine to silty sands with a friction angle, f, of 39°. The water table was above 

the ground surface during these tests.  Static and cyclic lateral load tests were 

carried out on the test piles. A set of p-y curves and equations were developed 

based on the experimental results.   

 Figure 2-4 shows a typical p-y curve for the model presented by Reese et 

al. (1974).  The initial subgrade modulus, Esi, considers the soil behavior to be 

linear elastic at low displacements and is expressed by equation (2.3): 

siE kx=      (2.3) 
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where k is the coefficient of subgrade reaction constant in lb/in
3
 and x is the depth 

below ground surface in inches.  The values determined for k from these tests 

were 2.5 times higher than the values recommended by Terzaghi.  Table 2-1 

presents values from Terzaghi (1955) and Reese et al. (1974). 

 

Figure 2-4. Typical p-y curve for the model presented by Reese et al. (1974) 

 

Table 2-1.  Recommendations for coefficient of subgrade reaction constant for 

laterally loaded piles in dry and submerged sand by Terzaghi (1955) and Reese et 

al. (1974) 

  
Relative Density of 

Sand Ą 
Loose Medium Dense 

Terzaghi (1955)  
Dry or moist sand, k 3.5-

10.4 
13-40 51-102 

(lb/in
3
) 

Terzaghi (1955)  
Submerged sand, k 

2.6-7.7 7.7-26 26-51 

(lb/in
3
) 

Reese et al. (1974) 
Submerged sand, k 

20 60 125 

(lb/in
3
) 

Reese et al. (1974) 
Dry or moist sand, k 

25 90 225 

(lb/in
3
) 
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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 surface, acting in front of the pile and active pressures 

acting behind the pile during lateral movement.  The resistance at certain at a 

critical depth below the ground surface is assumed to be from lateral flow around 

the pile.  

 
 

 

 

a) assumed passive wedge failure 

 
 

b) assumed lateral flow failure  

Figure 2-5.  Cohesionless soil failure modes in laterally loaded pile problem. a) 

assumed passive wedge failure; b) lateral flow failure (after Reese et al. 1974) 

 

 

D
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Based on the results from the full-scale lateral load tests and the presented 

soil failure modes, Reese et al. (1974) proposed a method to compute p-y curves 

for cohesionless soils.  A typical set of p-y curves is shown in Figure 2-6 with the 

procedure and equations summarized in Table 2-2.  An empirical adjustment 

factor was used in this method to adjust calculated resistances (from the wedge 

and soil flow models) to more closely replicated results obtained from the full 

scale tests.  

 

Figure 2-6. Characteristic shapes of p-y curves for sand (Reese et al. 1974) 
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a) Coefficient A    b) Coefficient B 

Figure 2-7. Values of coefficients used for developing p-y curves for sand; a) 

Coefficient A ; b) Coefficient B (from Reese et al. 1974) 
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Table 2-2. Summary of procedure in developing Reese et al. 1974 sand p-y 

curves (table after Nimityongskul, 2010) 

Steps Formula  Eqn. 

1. 

Preliminary 

Computation 
2

f
a= , 

2
45
f

b += , 4.00 =K , ö
÷

õ
æ
ç
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2
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( ) ( )
( )

( ) ù
ù
ù

ú

ø

é
é
é

ê

è

--+

+
-

+
-=

DKzK

zD
zK

zp

a

st

abfb

ab
fb

b

afb

bf

g

tansintantan

tantan
tan

tan

costan

sintan

'

0

0

 
(2.5) 

 

3. Compute 

Ultimate Soil 

Flow 

Resistance, 

psd 

( ) bfgbg 4

0

8 tantan'1tan' zDKzDKp asd +-=  
(2.6) 

 

4. Select 

Governing 

Ultimate Soil 

Resistance, 

ps 

ps = the smaller of the values copmuted from Eqn. (2.5) 

and Eqn. (2.6) 
- 

5. Ultimate 

Soil 

Resistance, 

pu 

ssu pAp =  for static loading 
(2.7) 

 

6. Soil 

Pressure at 

D/60 , pm 
ssm pBp =  for static loading 

(2.8) 
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Straight Line 

Curve 
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Variables are defined below: 
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sA        = Adjustment Coefficient for Static p-y Curves from Figure 

2-7a 

Bs = Non dimensional Coefficient for Static p-y Curves from  

Figure 2-7b 

D =  Pile Diameter 

kpy = Coefficient of  modulus of subgrade reaction  

psd = Theoretical ultimate soil resistance due to flow failure 

pst = Theoretical ultimate soil resistance due to wedge failure 

ps = Govern ultimate soil resistance 

pu = Ultimate soil resistance  

z  = Depth 

f = Friction angle 

 gô =  Effective soil unit weight for soil under water 

yk = Transition point between linear and hyperbolic curves 

K0 = Coefficient of at-rest earth pressure 

Ka = Coefficient of active earth pressure 

 

 

 American Petroleum Institute 2.3.2

The American Petroleum Institute (API) suggested a model to develop p-y 

curves in cohesionless soils (API, 1987) based on the methods presented by Reese 

et al. (1974).  The API model provides simplified calculation procedures and 

results in an ultimate lateral resistance of similar magnitude to Reese el. Al (174).  

The main modification compared to Reese et al. (1974) of the API model is the 

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

the initial subgrade reaction.  Figure 2-8a presents a chart to determine this initial 

subgrade reaction based on a hyperbolic function. 

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

Similar to the empirical adjustment factor used by Reese et al (1974), API applies 
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three coefficients to the model as shown in Figure 2-8b, which are functions of 

friction angle.   

Table 2-3.  Summary of procedure in developing API sand p-y curves  

 (table after Nimityongskul, 2010) 

Steps Formula  Eqn. 

1. Compute Resistance 

from Wedge Failure, pst 

 

( )zDCzCpst '21 g+=  

 

(2.11) 

 

2. Compute Soil Resistance 

from Flow Failure, psd 

 

zDCpsd '3 g=  

 

(2.12) 

 

3. Select Ultimate Soil 

Resistance, ps 

 

ps = smaller of the values of step 2 and 3 

 

(2.13) 

 

4. Adjustment Coefficient 

for Static Loading 9.08.00.3 ²ö
÷

õ
æ
ç

å
-=

D

z
As  for static 

loading 

 

(2.14) 

5. Develop Characteristic 

Shape of p-y Curves ö
ö

÷

õ

æ
æ

ç

å
= y

pA

kz
pAp

u

s tanh  
 

(2.15) 

 

where: sA , cA  = Adjustment Coefficient for Static and Cyclic p-y Curves 

C1, C2, C3 = Coefficients from Figure 2-8b 

 D =  Pile Diameter 

k = Coefficient Modulus of Subgrade Reaction in Figure 2-8a 

psd = Theoretical Ultimate Soil Resistance due to Flow Failure 

pst = Theoretical Ultimate Soil Resistance due to Wedge Failure 

ps = Govern Ultimate Soil Resistance 

pu = Ultimate Soil Resistance  

z  = Depth 

f = Friction Angle 

 gô =  Effective Soil Unit Weight for Soil under Water 
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(a)      (b) 

Figure 2-8. Charts for developing sand p-y curves (API 1987); a) coefficients as 

function of f ; b) coefficient of modulus of subgrade reaction  

 

 

 Lateral Load Tests in Cohesionless Soils near Slopes 2.4

In many of the studies conducted to examine slope effects on lateral 

capacities, near slope load-displacement curves are commonly normalized with 

baseline test results.  This is typically known as the ultimate lateral resistance 

ratio or load ratio, Ɋ.  This ratio is calculated from the ultimate resistance:  

uslope

ulevel

p

P
y=      (2.16) 

where pu slope is the ultimate lateral resistance for a near slope pile and Pu level is 

ultimate lateral resistance for a pile located in level ground. 

 



25 

 

 

 Gabr and Borden (1990)  2.4.1

Gabr and Borden (1990) examined lateral capacities of piers constructed 

in and near sloping ground.  A model to estimate the ultimate soil resistance, Pu, 

is expressed by conducting a three-dimensional wedge equilibrium analysis.  This 

model is then used to construct p-y curves for pier located in sloping ground and 

is based on the passive strain wedge model presented by Reese (1962).   

Figure 2-9 shows the wedge model constructed by Gabr and Borden 

(1990) resisting lateral movement.  An assumption of this wedge model is that the 

pier is a rigid cylinder moving laterally in the soil.  The pier is compressed 

laterally until a passive state is reach in the soil in front of the pier.  The soil 

behind the pier is in an active condition.  The pier is assumed to be frictionless 

and vertical displacements are neglected.  The ultimate soil resistance 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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Figure 2-9. Assumed passive failure wedge (from Gabr and Borden, 1990) 

 

The Gabr and Borden (1990) model 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 parameters are important in 

determining the angle that defines the displaced wedge size, ɋ, and the angle of 

the failure wedge, ɓ as shown Figure 2-9.   According to Reese (1974) and API 

(1987), a common value for the angle, ɋ, is f/2 for horizontal soil profiles, where 

f is the friction angle of the soil.  Bowman (1958) recommends f/3 to f/2 for 

loose sands and f for dense sands based on experimental results.  Gabr and 

Borden (1990) assumed f/2 for the developed strain wedge model.  Equation 

(2.17) through Equation (2.23) is presented in this study to determine the ultimate 

lateral resistance, Pu. 
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Pu = total lateral resistance 

Ka = coefficient of active earth pressure 

K0 = coefficient of at rest earth pressure 

b = pile diameter 

H, ɋ, ɓ, ɗ are defined in Figure 2-9 
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Gabr and Borden (1990) conducted a parametric analysis on the presented 

wedge model.  Figure 2-10 presents the lateral resistance ratio,Ɋ, for a pile 

located on the crest of a slope with different friction angles and slope angles.  To 

verify the assumed failure wedge model, Gabr and Borden (1990) 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.   

 

 

Figure 2-10. Ultimate lateral resistance ratio as a function of slope angle, ɗ, and 

friction angle, f. (after Gabr and Borden, 1990) 

 

Gabr and Borden (1990) concluded that this model tended to under predict 

the measured capacities in the field test at higher displacements.  During field 

testing, a gap was 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 underestimation.  Accounting for the active force can 

account for a 5-10% decrease in estimated lateral resistance. A model including 

active pressure was considered 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 overestimation of the lateral capacity of a pier or pile 

by up to 50%.  The assumed failure wedge model reasonably predicted the failure 

mechanisms in cohesionless soils and the assumed value of f/2 for ɋ is 

acceptable and considered conservative. The proximity of a slope and therefore 

the reduction in lateral capacity is dependent on the soil strength parameters and 

the slope angle, ɗ.   

 Mezazigh and Levacher (1998)  2.4.2

 

Mezazigh and Levacher (1998) conducted a program investigating slope 

effects on p-y curves.  Centrifuge tests were carried out on scaled-piles driven into 

dry, fine sand.  Each test pile was spun to 40 g in a test centrifuge.  Multiple tests 

were performed in level ground conditions, and near two slopes with dimensions 

of 2H:1V and 3H:2V.  Piles were tested at distances between 0 and 12 D   from 

the test slope where D represents pile diameter.  Relative densities, Dr 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 from Mezazigh and Levacher (1998) tests demonstrated that 

for a given load, displacements are 1.6 times greater for a pile tested on the 2H: 

1V slope when compared to the reference pile as shown in Figure 2-11.  This 

factor increased to 2.4 times for a 3H:2V slope.  The effects of the 2H: 1V slope 

are negligible for piles located at D = 8 or greater and for the 3H:2V slope at D = 

12 or greater.  

 

Figure 2-11. Displacement ratios for pile located near at 2H:1V slope, note: t/b is 

distance in pile diameters (after Mezazigh and Levacher, 1998) 

 

Mezazigh and Levacher (1998) found 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 crest (D = 0) was 25% greater at the slope crest 

than the reference pile, and it is even greater for the steeper slope.  P-y curves 
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were back-calculated by double differentiation and double integration of the 

bending moment curves. Analysis of the p-y curves demonstrates a non-linear 

parabolic shape for soil-pile p. Figure 2-12 presents resulting p-y curves for piles 

at different distances from the 2H:1V slope at a constant depth of 1.67m.  This 

indicates that at a given depth, the influence of a slope is greater as the pile is 

located closer to the crest.  The crest not only affects the capacity of the soil-pile 

system, but also the initial soil modulus.  The 3H:2V slope had an ultimate 

resistance of 35% less than the 2H:1V slope.  

 

  

Figure 2-12. p-y curves at different distances from the crest at a depth of 1.67 pile 

diameters (after Mezazigh and Levacher, 1998) 
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From the results obtained from centrifuge tests in sands, Mezazigh and 

Levacher (1998) presented reduction coefficients, r(D) that can be applied to p-y 

curves for piles in level ground.  The results recommend multiplying the 

resistance pressure, p, by a reduction coefficient, r, as shown in Equation (2.24) 

through Equation (2.26): 

( ) ( )D D levelP r P=
     (2.24) 

 

17 15tan 1 tan

100 2

1

D

D

t
r

D

r

b b- -ë
= Ö +î

ì
î =í

             if        
lim

lim

t t

t t

¢

>
      (2.25) 

tlim = 4D(6tanɓ - 1)     (2.26) 

where t is the distance from the slope crest to the center of the pile, D is the pile 

diameter, ɓ is the slope angle, and tlim is the distance of no slope effect.  Mezazigh 

and Levacher (1998) compared these reduction coefficients with the curves 

obtained by the computer program PILATE (Frank et al. 1990, 1994). The 

centrifuge tests determined that the relative density of the sand had negligible 

effects on the corresponding reduction coefficients. A graphical interpretation of 

the determined reduction coefficients are shown in Figure 2-13 for a 2H:1V slope 

and a 3H:2V slope.  
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Figure 2-13. Values of the reduction coefficient proposed by Mezazigh and 

Levacher (1998); Note: t/B is distance in pile diameters 

 

 

 Chen and Martin (2001) 2.4.3

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

lateral pile response in c-f soil conditions by conducting finite difference 

analyses.  Using the computer modeling program FLAC, 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 

passive wedge failure (Reese et al., 1974) was examined. 

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

analyses by comparing results with two published full-scale load tests.  This 
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verification was performed for a soft saturated clay soil and a dense clean to silty 

sand, from the Sabine River Test (Matlock, 1970), and the Mustang Island Test 

(Reese et al., 1974), respectively.  Figure 2-14 shows the effects of varying slope 

angles on the lateral resistance ratio as a function of distance of pile diameters to 

the crest.   These ratios ranged from 0.73 to 0.11 for the c-f soil analyzed in the 

finite difference model.  For single piles placed at a distance of 6 pile diameters or 

greater from the slope crest, the effect on the ultimate soil resistance is less than 

10% for slopes with angles less than 45° and the presence of the slope can be 

neglected.   

For all tests conducted in the finite difference model, in level ground and 

near a slope, a clearly defined failure wedge was observed.  In the level ground c-

ū soils analyses the failure wedge was semi-elliptical in shape. Chen and Martin 

(2001) suggest that the presence of a slope cause the soil wedge to form deeper, 

mobilize in a more horizontal angle, and have a 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 diameters to slope crest (after Chen and Martin, 2001); 

Note: L/D is Distance in pile diameters  

 

 Chae et al. (2004) 2.4.4

Chae et al. (2004) conducted several studies investigating the lateral 

resistance of piles located near slopes.  Three dimensional finite-element analyses 

along with scaled-model tests were conducted on laterally loaded short piles or 

pier foundations situated in proximity to slopes consisting of dense sand.  

The scaled-model 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 corresponding friction angle of 47.5° were used 

in this experiment.  The scaled-model lateral testing was conducted at 0D, 2D, 

and 4D where D is the pile diameters from the crest.  
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Chae et al. (2004) considered the elastic-perfectly plastic behavior model 

as the most appropriate model to describe the soil in the three dimensional finite-

element model analyses. In reality soil behaves in a nonlinear behavior.  To 

represent the pile, a linear elastic model was employed.  This FEM series was 

calibrated to represent similar soil conditions and friction angle of the scaled 

model. 

Figure 2-15 shows load displacement curves from the FEM analyses and 

scaled-tests for piles located 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 scaled-model tests.  As found in previous studies, the 

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

 

 
Figure 2-15. Loading curves for experimental and analytical results (after 

Chae et al., 2004) 
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 Figure 2-16 shows the normalized load ratio with displacement for the 

experimental and analytical tests.  The scaled-model test had an ultimate lateral 

resistance ratio of about 0.4, 0.6, and 0.85 for load tests located at 0, 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 locations.  Both 

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 constant as pile head displacements increase. 

 

Figure 2-16. Normalized loading curves a) experimental results b) 

analytical results (after Chae et al., 2004) 

 

To check the validity of the FEM Analyses, Chae et al. (2004) examined 

the results from full-scale 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 shape.  Overall, Chae et al. (2004) observed 
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that the 3D elasto-plastic FEM is an effective tool in the evaluation of short pile 

and pier foundations located near a soil slope.  

 Reese et al. (2006) 2.4.5

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

determine the ultimate lateral resistance of a single pile located on a slope loaded 

in the downslope direction.  This method, as shown in Equation (2.27), is valid for 

slopes less steep than the friction angle of the cohesionless materials.  The 

modifications in this equation assumed that only the passive wedge failure needed 

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

2004).  
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K0 = Coefficient of at rest earth pressure 

a f=  for dense sand 

2

f
a=  for loose sand 

ɗ =  Slope Angle 

 

 Mirzoyan (2007) 2.4.6

Mirzoyan (2007) carried out a near slope full -scale lateral load test in a 

cohesionless soil.  The testing consisted of three lateral load tests on 12in 

diameter steel pipe piles located on the crest (0D) slope and three pile diameters 

(3D) behind the crest.  A baseline tests was also conducted to in horizontal ground 

for comparison of results.  Each pile was laterally loaded in partially saturated 

dense sand with a relative compaction of 95% and a friction angle of 39°.  The 0D 

and 3D piles tests near a 30° slope as shown in Table 2-4.  

 

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

 
 

 

 

 



40 

 

 

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 0D and 3D respectively.  The resistance ratio decreased from the 

beginning of the test to a displacement of 0.5 inches and remained relatively 

constant for larger pile head displacements.   The presence of the slope increased 

the maximum bending moment by up to 30-40% depending on the pile location.  

The maximum bending moment ratio increased with increasing pile displacement.   

Mirzoyan (2007) 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 the presence of the 30° slope, by up to 20%.  During full-scale testing a gap 

was formed behind each pile and it was suggested that no active force was applied 

behind the pile. 

 

Figure 2-17. Resistance ratios at target deflections (after Mirzoyan, 2007) 
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 Muthukkumaran  et al. (2008)  2.4.7

 

Muthukkumaran et al. (2008) conducted extensive centrifuge model tests 

to examine the effects of slope on p-y curves in dry sand.  Multiple tests were 

conducted in slopes of 1V:1.5H, 1V:1.75H, and 1V:2H.  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 dimensionless p-y curves for the test pile located 

on the crest of 1V:1.5H slope with baseline results.  This figure shows as depth 

increases the ultimate soil resistance increases. Muthukkumaran et al. (2008) 

suggestest that this is a result of an increase in passive resistance resulting from an 

increase in overburden pressure as the depth increases.  Figure 2-19 shows effects 

of slope angle on dimensionless p-y curves. 
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Figure 2-18. Non-dimensional p-y curves at various depths for a 1v: 1.5h slope 

(after Muthukkumaran et al., 2008) 

 

 

Figure 2-19. Effect of slope angle p-y curves (after Muthukkumaran et al., 2008) 

 

Muthukkumaran et al. (2008) conducted a multiple regression analysis on 

the normalized p-y.  A reduction factor, R, was developed to account for variable 

slope angles and depth (Z/D) as independent variables.  This reduction factor was 
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applied to the resistance, p, for a given displacement, y, in the  API (1987) 

method.  The modified API RP 2A method (1987) is presented in Equation (2.32): 
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R = Factor to account for sloping ground 

pu = Ultimate bearing capacity at depth,  

k = Initial modulus of subgrade reaction     

z = Depth 

y = Lateral deflection  

 

The reduction factor to account for a soil slope in cohesionless material, as 

proposed by Muthukkumaran et al. (2008), can be calculated by using Equation 

(2.34): 

0.74 0.0378 0.6315( )
z

R S
D

è ø
= + -é ù

ê ú    (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 depicts the reduction factor, R, presented in 

Equation (2.34), for slopes of 1V :1.5H, 1V :1.75H, and 1V :2H. Other findings 



44 

 

 

of this study include that an increase in slope increases the bending moment and 

an increase in relative density decreases the maximum bending moment.   

 

Figure 2-20. Proposed reduction factors to account for effects of slope angle as a 

function of depth (after Muthukkumaran et al., 2008) 

 

 

 Other Considerations 2.5

 

Other factors effecting lateral loading include pile diameter, loading rate, 

and pile group effects. Juirnarongrit and Ashford (2003) 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 types on p-y 

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 Bogard and Matlock, (1983); Brown et al., (1987); Rollins 

et al., (2003); Rollins et al., (2005); and Walsh, (2005).  For a more in depth 
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review of lateral load methods in level ground or slope effects in cohesive soils, 

please see Juirnarongrit (2002) and Nimityongskul (2010), respectively.   

 Summary 2.6

 The majority of the research examining the effects of a cohesionless slope 

on lateral pile capacity has been conducted using analytical, scaled, or computer 

models.  Very few full-scale studies have been conducted near slopes, and it is 

important to determine if these models and procedures can accurately predict full-

scale effects. Most researchers present either load resistance ratios or p-

multipliers (reduction factors) to quantify to effects of the slope. These values 

vary, significantly in some cases, between studies. Figure 2-21 presents a 

summary of load resistance ratios from different researchers.  The variation in this 

figure can be attributed to the parameters used in each study including slope 

angle, density, friction angle, and modeling method (analytical, FEM, model, 

centrifuge, full-scale, etc.).  The key conclusions from studies conducted for near 

slope piles include: 

1. The effect of slope on the lateral resistance and p-y curves is 

decreases soil resistance and stiffness with increasing distance 

from the slope crest. 

2. Slope effects are negligible at a distance somewhere between 5 to 

18 pile diameters. 

3. Slope angle, ɗ, has a significant impact on lateral resistance. 
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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. 

 

Figure 2-21. Comparison of resistance ratios presented by researchers as a 

function of distance from a slope crest 

 

 Based on the findings found in this literature review, full -scale test results 

for piles located near a cohesionless slope are limited.  The majority of the 

methods are analytical or scaled models and the findings from the results are 

scattered.  Many of these methods are used in full-scale predictions but have not 

been validated.  To account for these research gaps, a full-scale testing program 

was conducted on piles located in or near a cohesionless slope crest with the 

objective of understanding full-scale lateral pile response.  
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 SITE DESCRIPTION AND SOIL PROPERTIES  3.

 Introduction  3.1

This full -scale research project was conducted at the Geotechnical 

Engineering Field Research Site (GEFRS) located in Corvallis, Oregon.  The 

testing site is on the Oregon State University campus 0.1 miles west of the SW 

35th Street and Jefferson Street intersections.  This site was chosen to carry out 

full scale tests because of the extensive site investigations conducted over the past 

40 years (Dickenson, 2006).  A map of the testing location and an aerial 

photograph of the testing site are shown in Figure 3-1 and Figure 3-2, 

respectively.  

 

Figure 3-1. General site location in Corvallis, Oregon (adopted from OSU 

website 2008, Google Map, 2008) 
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