MODELLING OF SINGLE VERTICAL PILES SUBJECTED TO
MONOTONIC AND CYCLIC LATERAL LOADS AND FREE-

FIELD MOVEMENTS

by
Saman Vazinkhoo
B.A.Sc. University of British Columbia

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF APPLIED SCIENCE

in
THE FACULTY OF GRADUATE STUDIES
‘ CIVIL ENGINEERING

We accept this thesis as conforming

{0 the required standard

. THE UNIVERSTIY OF BRITISH COLUMBIA
October, 1996

© Saman Vazinkhoo, 1996




In presenting this thesis in partial fulfillment of the requirements for an advanc.ed degree at the
University of British Columbia, I agree that the Library shall make it freely available for reference
and study. I further agree that permission for extensive copying of this thesis for scholarly purposes
may be granted by the head of my department or by his or her representatives. It is understood that .
copying or publication of this thesis for financial gain shall not be allowed without my written

permission.

Civi‘l Engineering

The University of British Columbia
2324 Main Mall

Vancouver, Canada

V6T 1W5

Date:

OK\WZWA&\/ 22,1976




Abstract

In the past twenty years, many researchers and practitioners have becdme interested in the behaviour
of piles under lateral loading conditions. Altheugh piles are genereily used to carry axial loads,
quite often, such as in the case of seismic loads and/or lateral loads caused by ground displacement,
they are required to ca'fry lateral loads. The ability to predict the performance of piles under lateral
loading caused t.)‘y earhquakes is very important and is the focus of this thesis. To date very few and
limited modelling technidues have been developed based on data obtained from tes'tin;of full size
piles. This is due to the high costs in§olved with performing comprehensive experiments on
prototype piles.

The response of piles to lateral loads may be‘ana_lyzed using different methods ranging from
complex 3-D finite element techniques to simple closed-form solu'tione for an elastic beem on an
elastic foundation. This thesis employs the modulus of subgrade reaction approach due to its
versatality and ease of use. |

In the last five years, large amount of data from pile lateral load tests have become available.

In this thesis, the available methods and models for analysing laterally loaded vertical piles are first -

revnewed and then two new models are developed The first is a new cyclic P-y curve model based

. on the Hydraulic Gradient Slmllltude (HGS) tests carried out by Yan (1990). Then a new numerical

‘ model is developed which incorporates the ﬁrst model and other P-y curves for analysis of laterally

loaded vertical piles. The new numerical model is incorporated into the computer program

i




CYCPILE which is calibrated and verified using the available test data. In general, excellent

agreement between the model predictions and the test data is obtained. : , |

il
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Chapter 1 Introduction

1.1 Introduction

Historically, piles have been ‘mostly désigned_ to carry vertical loads. In seismically active areas, it
is important to consider lateral loads and horizontai ground mo.vements in the design andl_analysis
of new and existing. structures supported on piles. To date, numerous models have beén déveloped
to capturé the behaviour of laterally loaded piles (Poulos, 1987; Yan, 1990) by vario.us feseérchers.’
Unfortunately, very little test data have been available to calibrate and verify these models under
field loading conditions ﬁntil recently. Fundamental aspects of soil-pile interaction are still poorly
understood. Soil parameters required for most of these models have not been fully calibrated in a
fundamental manner. Obser_vatioﬁ of pevrformance'of laterally loaded piles in recent earthquakes
hévé indicated that in reality, piles generally pel;form much better than current models suggest (Lee
et-al, 1992, Nacsgaard, 1992). '

A ﬁumber of model tests at field st;ess levels (Yan, 1990) and full-scale field tests have been -

carried out in recent years (Yan,_ 1990; Yan and Byrne, 1992; Lee et al, 1992; Naesgaard, 1992).

Results confirm that current methods of analysis for laterally loaded _piles are very conservative and

inconsistent with actual observations. The test data now allow us to develop, calibrate and verify

a new model to capture the behaviour of piles under such loading conditions. In this thesis, the
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development of the new empirical model, Which uses basic material properties as input, is presented

and then the model is calibrated and verified using the modél and field test results.
1.2 Objectives and Scope of Thesis

The main objectives of this thesis are as follows:

1. to review and examine thé a\}ailable inforin&tion and . current methodologies
regardiﬁg the response of léterally loaded ;/ertical piles, | B
2. to develop a new model to capture the observed response of laterally loéded vertical
| piles to both monotqnic and cyclic lateral loadings, and
3. ‘to calibrate and verify the model using recént.Hydraulic Gradient Similitude model
and full-scale test results.
The scope of this thesis is limited to the study of laterally loaded single piles embedded
vertically in soil. Tﬁe study includes cyclic loading effects but does. not include any dynamic

effects. The effects of dynamic forces and movements on the lateral response of single piles is

presently under development at UBC.

1.3  Organization of Thesis

Thé thesis is comprised -of 6 chapters presenting a review of present methodologies and then

developing, calibrating and verifying a new model to capture the behaviour of laterally loaded single.

piles.
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Chapter 1 introduces the background information and scope of this research work. Chapfer
2 provides a review of current literafuré with emphasis on laterally loaded vertical piles in granular
materials, realizing thaf a wealth of information already exists for ﬁne;grained soils. Further, more
recent. devélopments and testing is p-resented and discussed.

A cyclic P-y curve model is developed in chapfer 3 using the test data reviewed in Chapter
2 in order to be able to accurately capture the behaviour of piles under cyclic latergl loading
conditions.

In chapter 4, a new numerical model is derived for analyzing latéral loading of single vertical

‘piles. The model is based on an advanced structural model to represent the pilé. .il“he soil is
modelled using P-y curves based on the conclusions of tﬁe preceding chapters.

Calibration and verification of the proposed ’model is presented in Chapter 4. The .prol‘)osed
model is validated by comparison >with closed-fc;rm solutions and with the finite difference
LATPILE solution. It is then verified by comparing with Hydraulic Gradient Similitude (HGS) tests
(Yan, 1990; Yan and Bymne, 1992) and BC Hydro's laboratory tests on timber piles (Lee et al, 1992).
Furthermore, the model is used to ﬁredict and compare the results of a set of full-scale experiments |
(Lee et al, 1992). | |

Finally, in Chapter 6,v a summary and conclusions of the present research are made. The
applicability of the proposed model to a more general problem is discussed. Some recommendations

on future research for further calibration and extension of the proposed model and analysis of pile

groups are also presented.




Chapter ] Review of Present Analytical Methods of Pile

Response to Lateral Loads

2.1 Introduction

Piles have been used to increase the vertical load carrying capacity of foundations for many decades.
F or the most part, design of pile foundations has been based on empirical formulations and
procedures. To date, there has been much research effort focussed on the design and behaviour of
pile foundations to meet increasing needs for efficient and cost effective construction in more and

more unfavourable grounds. Many analytical models which are based on sound engineering

- principles have been developed in the last two decades. These models generally represent the soil ,

as an elastic medium (Poulos & Davis, 1970) or replace the soil with uncoﬁpled, Winkler springs,

termed P-y curves. The P-y curve methods have proved to be very versatile and useful as they can

be non-linear and have different shapes and form which better represent the soil behaviour.

Unfortunately, due to the high cost of full scale experiments on piles, soil parameters required for
the various models have not been fully calibrated, nor have the models been fully‘ verified yet.

Fundamental aspects of soil-pile interaction are still poorly understood. Therefore, engineers are

still not able to design pile foundations confidently and in a cost effective manner.

Yan (1990) critically reviewed currently available analytical methods and experimental work

with emphasis on advantages and limitations of each. His review was limited to laterally loaded

4
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vertical piles in granular materials. Sﬁbsequently, he presented his own experimental work and
findings in terms of non-linear P-y curves (Yan, 1990, 1992). British Columbia Hydro and Power
Authority in Vconjunction with the University of British Columbia performed a series of full scale
lateral loading tests oh single timber pile’s. The findings of this research work is presented in Lee
et al (1992; 1994) and will be briefly discussed in this thesis. |

In this chapter, a summary of Yan's review along with more recent experimental work is

presented and. critically analyzed.  Some attention is also given to response of laterally loaded piles

in fine-grained, cohesive soils.

2.2 Analytical Studies
2.2.1 Static Response

Early research efforts were mainly'focthsed on finding an acceptable design method for dgtg)rmining
the lateral load carrying capacity of piles. The design methods for lateral loads are simila; those for
vertical loads. The gritical factor for the structural design of laterally loaded piles is usually the
modulus of rupture (MOR) which reflects the maximum deflection under design conditions. The
ultimate latéral load carrying capacity of a pile or pile group is_ generally only reached after
unacceptably large deflections. For stiff piles, the ultimate lateral capacity is reached when plastic
failure of soil occurs along the full length of the pile. For flexible piles, the ultimate lateral capacity
is governed by the formation of plastic hinges at the locations ofi rﬁaximutn bending moment

(Broms, 1964; Poulos and Davis, 1980). Furthermore, the concept of the ultimate lateral capacity
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assumes perfectly plastic response after yielding occurs in the soil and/or pile. Such a condition
does not normally exist for cohesionless soils (Yan, 1986, 1990).

Today, lateral pile reéponse may be analyzed using sophisticated 3D analysis with non-linear
stress-strain relations for the soil and with special interface elements to represent the soil-pile
interaction. However, this method is very costly and time consuming and is not feasible for most
projects. For practical applications, simplified soil behaviour is used in analyses.

Presently available methods of static analysis can be classified into three categories

according to the degree of simpliﬁdation of soil-pile interaction behaviour (Yan, 1990):

4 the elastic boundary element approach,
5. the finite element approach; and,
6. the modulus of subgrade reaction approach.

The first and last categories differ only in the way the soil is modelled and both are

independent of the way the pile may be modelled.
Elastic Boundary Element Approach

The elastic boundary element approach (sometimes referred to as the Elastic Continuum Approach)
was first developed by Poulos (1971). This was the first systematic analytical study of static lateral
loéd-displacement behaviour of piles. This rﬁethdd assumes tﬁat the soil is a linear-elastic half-space
and uses Mindlin's solutions for soil displacements due to a point load within a homogeneous
medium. The pile is modelled as a vertical strip with a rigidity value, E/, (the modulus of elasticity,

E, times the moment of inertia, /, in the direction of bending) equivalent to that of the pile. The
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main input parameters for the soil are the Young's modulus of elasticity, £, and Poisson's ratio, v.
- Various solutions using this methodology are available and have been summarizéd by Poulos and
Davis (1980). These solutions have been present'ed irl the form of design charts artd tablesv which
have been osed by many researchers and practitioners to date. The modél has also beeh_ extended
to include an elastic-perfectly-plastic continuum.

The main limitation of this method is that it is only applicable to small soil strains and to
soils that have a constant elastic modulus with depth. The latter may only be true for some cohesive
soils such as stiff clay. Various correction factors have been developed to accountl‘or soil non-
homogeneity, ﬁrlite depth of soil layer and pile length. -

For most practical oroblerrls, it is very difﬁcultto determine the appropriate_ elastic modulus
and Poisson's ratio of the soil because they both depend on the loading intensity and soil type. '
Furthermore, both parameters vary with depth and-are affected by local soil yielding near the
surface. Another limitation of this method is that it does not account for soil-pile slippage and/or
separation.

The advantages of tho elastic continuum approach are its ease of use due to aVailability lof

design charts and that the model can be easily extended to pile groups because of the assumption

of linear elasticity for the soil-pile system (Poulos 1974, 1980, 1987).
Finite Element Approach

The finite element method (FEM) is a powerful tool in han‘dling soil-pile interaction in a rigorous

manner. ‘Various formulations are presently available to model the actual behaviour of the soil-pile
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system, ranging from true non-linear 3D analysis (Faruque and Desai, 1982) to elastic, qﬁasi-3D'
analysis (Desai, 1977, Kuhlemeyer, 1979; Baguelin et.al, 1979, Randolbh, 1981).‘ The quasi-3D
finite .element formulations take advant.age of the symmetry of the problem anci expand the
displacement field in terms of a Fourier sefies. The latter solution procedure is therefore more
economical.

During the soiution process, the soil-pile system is broken up into elements of finite size.
Each element caﬁ be‘assigned unique properties so that non-homogeneous and non-linear soil
behaviour can be included. Sophisticatéd stress-strain and strength models can be used -to_ model the
soil-pile intérface. Structural elements are used to model the pile. -

Although, recent advances in computer technology make it possible to perform non-linear
3D finite element analysis, much of the current pracfise is still focussed on elastic finite element
analysis. This is due to both the high cost of non-linear analysis and the difficulties in selecting
appropriate non-linear parameters for the soil and soil-pile interface.

Randolph (1981) presented results of his parametric studies using elastic, quasi-3D finite
element modelling in the form of algebraic equations fitted to the solutions. - Comparison with
solutions from the elastic continuum approach showed good agreements. This is not surprising as
both methods model the soil as an elastic material (Poulos and Randolph, 1982; Poulos, 1982). The
advantage. of the elastic finite element method is that soil non-homogeneity and variation of soil
parameters with depth can be taken into account.

The elastic finite element method suffers from the same major limitations as other elastic

continuum approaches. The elastic parémeters needed for the analysis depend on the load level and

pile deflection and are therefore difficult to determine.
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Modulus of Subgrade Reaction Approach

The modulus of subgrade reaction approach may be one of the oldest, yet most versatille, methods
for analyzing response of piles to lateral loads. In this method, the soil is modeled as a series of
uncoupled Winkler springs. The uncoupled Winkler springs (sée FigUre 2.1) are used to model the
reaction load of the soil on the pile due to the deﬂection.of the pile into the soil material. 'Non-linear
load-displacement relationships can be used in these springs to better model the non-linear stress-
strain relationship of the soil. This model is unaffected by how the pile is representeci, h;Wever, the
pile is usually assumed to be a linear-elastic beam in a number of present implementations (Reese
‘et al, 1977).
The governing equation for this type of soil-pile system is derived from the classical
Hetenyi's solution fo.r a bgam—column on an elastic foundation (Hetenyi, 1946). Here, soil reaction
is taken as a linearly distributed load on the pile. The governiﬁg equation is in the form::

4 2
82 p4Y pog 2.1
dz* dz?

where P, = axial load on the pile, y = lateral deflection of the pile at a point, z, along the pile length,
P = soil reaction force per unit length, and E7 is the flexural rigidity of the pile. The Winkler springs
define P in the above model in terms of P-y curves specified at points along the pile length. The

advantage of this method is that soil non-homogeneity and non-linearity can be modelled by using
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Figure 2.1: Schematic Representation of Winkler Springs (after Fleming et al, 1985)
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different nonlinear P-y curves at different depths. The method is limited by the fact that it ignores
soil continuity by assuming that the soil reaction, P, at any point, z, is unaffected by the soil

displacements at locations other than at the point z. Extension to pile group analysis may not be

readily échievable.

In early applications of P-y curves, a linear relationship was assumed such that:

P=Ky (2.2)

where K, is called the coefficient of horizontal subgrade reaction modulus. -Terzaghi (1955)

introduced the coefficient of horizontal subgrade reaction £, in terms of soil pressure p such that

p=ky (2.3)

where k, is related to K, through the pile diameter, D, as shown in Equation (2.4).

Kh
kh = ; (24)
Terzaghi (1955) defined £, as:
zZ
khznhE (2.5)

which implies that , varies linearly with depth. », is defined as constant of subgrade reaction

modulus and is a function of soil density. Values of n, for various soil densities were suggested by

Terzaghi (1955).
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Closed form solutions to Equatioh (2.1)are available fdr constant and linear variations of
m, (Scott, 1981; Poulos, 1982). The availability of such solutions has resulted in great effort being
spent on back calculating », values from different case histories (Habibagahi and Langer, 1984;
Robinson, 1979). Unfortunately, the linear assumptions made in this case lead to the same
limitations as the boundary element approach (Poulos, 1987).

In reality, the lateral load-deflection behaviour, or P-y relationship, is non-linear. The
variation of the P-y relationship with depth may also be non-linear (Yan, 1990; Yan and Byrne,
1992). The non-linear P-y curve approach has been widelybused in the oﬁ:;hore industry for many
years. The key element in this approach is being able to construct the nonlinear P-.y 'c_uﬂrvés based
on basic soil parameters (Yan, 1990). |

The concept of P-y curves was first proposed by McClelland and Focht (1958). To date, P-y

curves for granular materials have been generally constructed based on the following methods,

¢ semi-empirical method,
¢ insitu testing method, and,
¢ finite element method.

Semi-empirical Method

Among all semi-empirical methods, the procedure proposed by Reese et al (1974) has been most

widely used, and was incorporated into the American Petroleum Institute (API) design code in 1976.

This procedure was initially based on back-analysis of one full scale instrumented pile load test in

- sand at Mustang Island, Texas (Cox et al, 1974). The basic components of the Reese et al P-y
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curves are that there is an mrtral "elastlc" portron and a final horréontal portlon representing an
"ultimate" soil resistance. The other portions of the curves were empirically fitted to the shape of
the experimental curves. o

The origbinal<Reese et al P-y curves have beeh further simplified and modified as more
experimental information has become available (Bogard and Matlock, 1980: Murchison and O'Neill,
1984), but the basic concepts have more or less remained the same. Bogard and Matlock (1980)

proposed the following equations for the ultimate sorl resistance, P,, in sand:

1

P =(C +CD)yz L (26)

P =C.Dyz B 2.7)

where C 1» C,, and C; are given in Figure 2 2a.

To avoid having different equations for each part of the P-y curves, Murchison and O'Neill

(1984) proposed a single analytical function to describe the Reese et al P-y curves,

: nz
P = nAPutanh(A

n P“) (2.8)

In the above equation, P, is taken__ as the lesser of Equa_tions (2.6) and (2.7). n,, is given in Figure

2.2b, the empirical adjustment factor, 4, is:

CA4=009 Jor cyclic loading, ' - (2.9)
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"A4=3-082509 for static loading " (2,10)

- and is a factor used to describe the pile shépe effects. The recent version of API code (1987) has
adopted this equation to describe P-y cufves in sand. Note that this method does not ihclude an
initial "elastic” portion to represent the initial elastic behaviour of §oil.

The limitation of the above method of P-y construction, other than ignoring the initial elastic
behaviour of soil, is that P,, is not well defined (Kubo, 1966; Yoshida and Yoshinaka, 1972; Scott,
1981; Ting et al, 1987, Reese et al 1988) for coﬁesionleés soils. Igriofing tﬁe initial efastil behaviour
of soil may lead to under-estimation of pile head response at small deﬂectioné. Using a P, that is
lower than actual at large deflections may lead to over estimation of pile head response (Yan, 1990;
Yan and Byrne, . 1992) in these cases.

Scott (1980) proposed a simple, semi-empirical approach for constructing P-y curves based
on centrifuge test results on model piles. Scott's P-y curves are bilinear with the initial segment
representing the Young's modulus, £, of soil, and the second seg@ent being empirically defined as
having a slope equal to Es/4. .Thus, the_ "ultimate" soil resistance concept is not applied here.
- However, he did not specify the strain level at which the soil Young's modulus, £, is to be evaluated
nor the method to obtain it.

Yan and Byrne (1 992) have proposed a new méthod of P-y construction which was initially
based on results of finite element stud.ies‘ (Yan, 1986). This method was later confirmed and

modified with results of Hydraulic Gradient Similitude (HGS) model tests (Yan, 1990; Yan and

Byme; 1992). Their P-y curve consists of two segments, an initial "elastic" portion, and, a parabolic
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portion fitted to the finite element and experimental results. They found that the parabolic portion
‘of the P-y curves can be expressed in the form |

P

ED

i

B - B o
%a(-ly;) : (2.11)

where o and B are curve fitting parameters, D is pile diameter, and £, is the initial Young's modulus
of soil which can be determined from hyperbolic stress-strain parameters (Duncan and Chang, 1970,
Duncan et al, 1980; Byrne et al, 1987). The initial elastic portion is defined to have a slope equal

to £, The intersection between the two segments is defined as the point where:

=(e) P (2.12)

Since it may be difficult to determine E, in practical applications, Yan and Byrne (1992)

expressed Equation (2.11) in terms of soil's maximum Young's modulus, £,

P
E D

max

- 42Lp -
“(D) | | (2.13).

For the equation in this form, Yan and Byrne (1992) found that B has a value of about 0.5

and «a 1s function of relative density of the soil, such that

a=0.5(D)° (2.14)
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They found that P-y curves defined as above predict the experimental results much better

than'the API (1987) curves.
Insitu Testing Method

Insitu testing tools have been used in pile foundation design for axial loading for many years (Davis,

1987). It is generally believed thét‘ insitu testing tools provide a more direct assessment of pile

- performance in thé ﬂéld. The pressuremeter test is a tod_l which exerts a similar ldadiﬁg 'pattern on
soil as does a laterally loéded biie. | T
* Generally spéaking, two approachgslhave been taken in maki_ng‘use of the bress_uremetgr test
results: |

¢ - obtaining the horizontal modulus of soil reaction, K,

¢ obtaining P-y curves from scaled pressuremeter curves. -

In the first category, Menard and Gambin (Gambin, 1979) proposed a. set ‘of empirical" ~

formulae for K, from Menard pressuremeter modulus, £, However, the Menard pressuremeter

suffers from many operational. problems and its results are largely affected by soil disturbance and '

stress relief.
~ In the second cétegbry, two approaches have been taken:

¢ the P-y curves are constructed by scaling the entire pressure-expansion curves with

certain factors (R_Obeftson et él, 1984, Atukorala et ai, 1986; Hughés, 1994), or,’ K
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¢ the mechanism of soil resistance to the lateral movement of piles is separated into
two components: frontal reaction and side frictional reaction (Briaud et' al, 1982,
1983, Smith, 1987). The frontal reaction is obtained from the pressuremeter curve
directiy, but a theoretipal assumption has to be made in order to interpret the side
frictional reaction. Theh, the P-y curve is constructed from the cdmbined frohfal and
side frictional reaction curves.
Although it has been shown that both approaches are promising and of practical interest,
none have properly taken account of different installation effects on the pressuremeter curve and P-y
curve. Yan (1986) has 'shown that the two curves may be affected differently under diﬂ‘e;;ant loading

mechanisms. Thus correlations developed from one site may not be usable on another site.

Finite Element Method

Because the modulus of su_bgrade reactiv(Ajn me;chod is based on uncoupled Winkler springs, the P-y
curves may be derived from 2D ﬁniié element analyses. i"his allows for a muc'hvr‘-no‘r'e economical
analysis of laterally loadéd pile cdmparéd to a true non-linear 3D finite element analysis as
discussed earlier.

Yegian and Wright (1973) analyzed the response of a single pile under short term static loads
in soft clay using both plane stress and plane strain models, and compared results with Matlock
(1970) P-y curves. Yan (1986) found many limitations in that study arising from boundary effects.

A similar study was carried out by Barton et al (1983) on piles embedded in sand using a

plane strain model. They modelled the soil as an elasto-plastic material incapable of tension.
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Overall, fheir findings di.d not compare well with centrifuge test data they used for their
comparisons. | | |

As mentioned earlier, Yan (1986) studied the lateral loading of a single pile in sand using
a plane strain 2D ﬁnite‘.element model. The soil was modelled using hyperbolic stress-strain
parameters. The soil-pile interface behaviour (slip and gapping) Was simulated by using the thin
layer interface element (Desai, 1981; Desai et al,'_ 1984; Yan, 1986). The results of vhis findings were
discussed in an earlier section (Semi-Empirical Method) and were found to be in good agreement

with experimental test results.

2.2.2 Cyclic Response

Pile response under cyclic lateral loading can be differentiated into .two categories: i) one-way
cyclic loading, and 2) two;way cyclic loading. Under the one-way cyclic loading, the pile is
subjected to loading in one direction only and the applied lateral load never becomes less than zero.
Under the two-way cyclic l‘oading, the applied lateral load reverses direction and becomes négative. ,
Research on pile\ response to lateral cyclic loading has been mainl‘y focussed on piles
embedded in clays. General observations are that bile head deﬂectibn under the same load increases
with number of loading cy@les and is more severé under two-way cyclic loadi’ng than under one-way
cyclic loading (Reese et al, 1988). The différenvce in déﬂections can be attributed to the degradation
of the pile-soil system. Theoretically, the difference rhay take two forms (Swane and Poulos, 1982):
¢ material degradation,

¢ mechanical degradation.
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Material degradation in soil would be indicated by increased pore preésures, cﬁangés iﬁ soil density,
aﬁd rotation of principal stress directions. The effect of development of gaps, resid;llall préssures and
stresses along the pile length would be deﬁned as mechanical degradation. Such degradations would
lead to increased pile deflections and bending moments along the pile length. If the degrad_ation
stabilizes, the pile is said to "shake down" to a state of permanent strains and residual stresses. No
further increase in deflections and stresses will take place in Subsequent loading cycles. Otherwise,
the pile will collapse (Yan, 1990). There are a number 6f methods for modelling strﬁctural shake
down (Pande et al, 1980; Aboustit and Reddy, 1980; Swane and Poulos; 1982). ‘A ‘silmmary of
currently available analytical methods for cyclic response of piles }-1as been given by Poulos (1982,
1987) and is listed in Table 2.1.

As shown in the table, only the methods based on P-y curves are versatile ‘and applicable to
piles embedded in sands. Although, again, care shoﬁld be taken in using these P-y curves aﬂs they
are based oh very limited field test data. | |

Until recently, ohly a few well instrurﬁented pile test data has been available to understand.

| the cyclic response of piles in sands.  Yan (1’990),l Dou (1991) an.d PanWalkar (1994) have carried
out many HGST tests at field streés levels on model piles ~(single énd groups of two) emBedded vin
.sand. Further, British Columbia Hydro and Power Authority in conjuncticl)‘n with the University of
British Columbia have performed a series of full scale tests on timber piles, alone and embedded in
sand (Lee et al, 1992). The data obtained from these tests may be used to increase our und_ersfanding
of pile-soil behaviour under static and cyclic "lateral loadings and have sﬁggested that many

limitations exist in current methods of analysis. These tests will be discussed in greater detail next.
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2.3 Expérimental Studies - Static and Cyclic Loading
2.3.1 Model Tests

Due to their low cost and relativé ease in setting up, laboratory model tests, as compared to field
tests, have often beeh used for parametric studies. Most model tesfs in the past wefe performed
ﬁnder 1g stress cénditions because of unaviélability of convenient testing devices that allow for the
simulation of insitu stress conditions. Such tests have severe limitations because of their inability
to simulate stress-level effects in soils. Since stress-strain behaviour of soil is highly stress-level
dependent, large inaccuracies will develop when extrapolating the results of such tests to field
conditions where the magnitudes of stress levels are much different.

- Yan (1990) summarized some of the model tests that have been documented to date. The
main focus of the 1g model studies have been to better understand the factors affecting the sﬁbgrade

_reaction modulus, K.

The centrifuge technique has been used over the past twentSr years to increase the stress
levels. These tests have .g‘enerally been aimed at simulating previous field tests, namely, the
Mustang Island full scale pile test. Howebver, these tests have been limited in many ways and could
not provide or support an analytical method that.Aincludes all the factors that signiﬁéantly affect the
soil-pile behaviour.

In his review, Yan (1990) concluded that despite its shortcomings, the nonlinear subgrade

- reaction method based on nonlinear P-y curves appears to be the most simple and versatile method

of modelling the soil. However, prior to his studies (Yan, 1990, 1992), no comprehensive siudy had
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been done which could be. used to develop a rational expressmn for obtammg P-y curves from_
fundamental soil parameters To overcome tl’llS he performed a ser1es of well instrumented model
pile tests usmg the Hydraulic Gradient Similitude Technique (Yan, 1990) to increase the soil stress
levels to ﬁeld scales. The advantage of _th_‘e"HGS Technique is lower costs as compared to the
centrifuge technidue. Also, the test ‘set upisa lot' simpler: - |

The p_rimary conclusion of his experiments conﬁrmed his ﬁndings from earlier finite element
parametric studies of P-y curve relationshlps for granular- so1ls (Yan 1986, 1990). |

Yan (l99(l) studied monotonic one way'and two way cychc lateral loadmg on the model
.piles. From the monotomc tests,v he conclud‘ed that the non—'lmear P-y curves could be represented‘
by a two.-segment», linear-parabolic Acurve as discus‘sed in an earlier section.. However, the behaviour
ot the soil-pile ’interaction’may be different under small stress levels as indicated by his testresults ‘
Cata depth of one pile diameter, or; at very small HG.S scale factors. ‘A.s can be seen from Figure 23 ?
the normaliaed‘ PQy curves all collapse.into a very narrow hand except 'for those at depth of 1D and
HGS scale factor, N, of 1 (i.e. 1g model test). Therefore adiﬁ‘erent _failUre mechanism governs the
shape of the P-y curve at low stress levels"and mav prevail at very shallow. depths.

The results of the one- way cychc tests show that dlsplacements tend to mcrease w1th the
number of loadmg cycles. This 18 perhaps mainly due’ to mechamcal degradat1on where residual,
locked. stresses tend to develop around the pile. The measured displacements gen’erally con51sted‘ '
" of a "plastic" part and an “elastic" portion as shown on Fiéur‘e 2.4. The development of permanent, '
plaStic strains confirm the eXistence lof resi_dual stresses after loading has been removed.

 The two,-Way cyclic tests showed_ that the amplitude of deflections initially decreased with

- number of loading cycles and then increased‘(Figure 2.5)‘; The initial decrease m deflections is due
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to soil densification around the pile from the applied cyclic shéaring action (Oh-oka, 1976; Shaw
and Brown, 1986; Leshchinsky and Rawlings, 1988). The deflection increases éeem to be more
towards the direction of first time loading. Sirriiiar to the one-way cyclic loading; this is perhaps due

to mechanical degradation and formation of gaps between the pile and the soil (Yan, 1990).

2.3.2 Field Testing

Most ﬁeid lateral loading tests on piles are project orienteii in practice. Due to highlc‘zqsts, only a
few full scale pile load tests have been performed on fully instrumented piles from which soil-pile
intefaction behaviour along the pile has been evaluated. In most other cases, only pile response at
pile head “has been measuied. A pararrietric étudy on full scale pile load tests would be prohibitively
expensive. |
The classic early field work on fully instrumented piles was the lateral load tests on steel H-
piles in medium dense sand during the Arkansas River Project (Alizadeh and Davisson, 1970) in
wiiich static and one-way cyclic loading was performed. Lateral loads were applied to a free-head
connection at the ground line. It was found that when the observed pile heeid response was modelled
elastically using the Matlock and Reese (1960) method, the parameter 1, depended heavily on the
load level. The pile head deflection was found to increase significantly with the-number of loading

cycles under the one-way loading. Soil-pile interaction in terms of non-linear P-y curves was not

" evaluated in that study.
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| Cox et al (1974) reported results of lateral monotonic and cyclic loading tests on a single
instrumented pile embedded in sand. This was the basis for the early P-y curve construction method
proposed‘by Reese et al (1974).

More recently, single pile tests under displacement controlled two-way cyclic.loading were
conducted at the University of Houston by Brown et al (1987) for piles embedded about 10 pile
diameters deep in éahd overlying a stiff ‘clay deposit. From thié study, it was found that, unlike in
the case of stiff clay, piles in sand were not affected significantly by the number of two-way loading
cycles. In addition, Reese et al (1974) P-y curve procedure was found tol under estiﬁate the field

measurements. P, values were then increased by a factor of 1.55 to match the ﬁeld-data (Reese et
al, 1988).

Some full scale tests on piles in sand under cyclic loading are summarized in. Table 2.2. If |
can be seen that tﬁese studies are not corﬁprehensive and do not allow for a fundameﬁtal study. Tﬁis
table cioes not include the recent tests performed by BC Hydrb (Lee et al, 1992) and Naesgaard
(1992). These tests will be discusséd in somé detail next.

As mentioned earlier, BC Hydro performed laboratory and field latefal loading tests on full
size timber piles.(Lee et al, 1992). Attempts were made to carry out the tests to failure which was

defined as the point where axial load can no lénger be sustained by the pile.
‘ The laboratory testing program consisted of three-point-bending tests on 27 size 300 Douglas
fir timber piles under different pile conditions. The purpose of these tests was to assess the moment-
curvature and bending failure mechanism under simple boundéfy fixities and a'range of .moi.sture

content and treatment conditions. One test was also carried out to assess the fixity provided by

setting the timber pile in a concrete pile cap.
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Reference Loading Cond. Soil & Pile Cond. Comments
Alizadeh (1969) free head, one-way natural soil, timber
cyclic unistr'ed pil
Gleser (1953) similar to above steel pipe pile
' fixed and free unistr'ed
Wagner (1953) static and free head at | uninstr'ed timber pile N
' G.L. in clay, silt, till
Alizadeh & Davisson | free head, stat. & natural fine silty Matlock and Reese
(1970) one- way cyclic at sand, instr'ed piles (1956) method
GL.
Cox et al (1974) free head, two-way . | backfilled med to developed Reese et al

cyclic, at 1ft above
GL.

dense sand instr'ed
pile

P-y curves

Brown et ai (1987)

same as above

same as above

examined Reese et al

instr'ed pile P-y curves
Robinson (1979) free headed one-way | natural soil, timber Reese & Matlock
cyclic at G.L. pile, uninstr'ed pile (1956), n,, &, values
Davis (1987) same as above uninstr'ed pipe t)ile, DMT P-y curve
: backfill Robertson et al
' (1986)

Table 2.2: A Summary of Field Pile Load Tests in Sand. After Yan (1990).




-

Chapter 2 Review of Present Analytical ... : ' 30
The loading was applied in a diéplacement controlled manner sifnulating a two-way cyclic,
followed by a one-way cyclic, and then monétorﬁc loading to failu'rei 'figuré 2.6 shows a typical
loading sequence for the laboratory tests. The measured data induded the axial load, lateral load,
and iat‘eral displacements at different locations along the pile length. From these measurements,
moments and curvatures were calculated. Typical reported load-displacement and moment curvature
.relationships are shown on Figure 2.7 (monotonic p‘or_tAi'on, Madson, 1992). A typical plot of cyclic
load-displacement measurefnents is shown on Figure 2.8. As can be inferréd from both figures, the
timber piles undergo material degradation beyond a displacement of about 140 mm. The modulus
of elésticity decreases with the level of maximum i)re\}ious loading but is not aﬁ'eqtéd ;nuch by the
number of loading cycles when the displacement amplitude is lesé than abou,t 140 mm. The results
of these tests showed considerable scatter consistent with behaviour of timber materials and
cumulative freqﬁency plots such as those shown on Figure 2.9 are used. Moment-curvature plots
normalized to va constant pile diameter of 270mm and ranked according to their frequency of
occurrence (Figure 2.1 O) wére élso reported. |
These results indicate that the conventional methodology for calculating the maximum
moments and forces in piles is perhaps overly conservative and that (at least) timber piles are |
capable of undergoing much larger displacements and still carry the vertical load (Lée et al, 1992).
~ The BC Hydro field tests were performed on three size 350 Douglas ﬁr timber piles. The
purpose of the field tests was to investigate the effects of actual field conditions on the response
behaviour of the ti‘mber‘piles to large horizontal displacements of about 1 m. The piles were driven
through a soft silt (appfokimately 4m thick) into a loose to compact 'sand to silty sand, ya tbtal of 9m. |

The soft silt surrounding the pile was subsequently excavated to about 4 m deep to represent a
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liquefied layer. The piles'were then loaded in-a fixed-head, displacement-controlled condition to
failure, under an increasing one-Way cyclic loading. A typical input displacement history is shown

on Figure 2.11.

The following parameters were measured during the tests:

¢ lateral displacement of the pile cap,

L4 vertical displacement of the pile cap,

¢ deflected shape of the timber pile using electfo-level gauges, .

¢ strains in the timber pile using strain gauges,

¢ applied moment at the -pile cap using a specially made moment cell, o
¢ lateral load.

Comparison of measured vertical displacements of the pile cap with theoretical rigid body
movements indicated that no pile cap settlements occurred other than those associated with rigid
body motions. Typical measured lateral loads and moments versus displacements at pile cap are
shown on Figure 2.12. Typical deférmed shapes of the piles is shown on Figure 2.13. Figure 2.14
shows the measured moments (corrected to below the pile cap) versus curvature for all the three
biles adjusted to a pile diameter of 270mm. Out of 3 piles tested to maximpm displacemént of the
pile cap of 1 m. all piles were able to support the design vertical load of about 10 tons when the
rotational constraint was maintained; however, only 2 of 3 piles were able to support the vertical
load when the rotational constraint was removed. - . |

In short, these results confirm that piles may be capable of carrying their vertical load after
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undergoing large lateral displacements. This generally confirms the results of the BC Hydro (Lee

et al, 1992) laboratory tests.
24 Summary -

Based on the above review, it is observed that soil-pile interactioh behaviour is highly non-linear
and should be taken into account in any practical analysis of laterally loaded pile foundation. | It
seems that at present, 1996, the non-linear P-y curve approach is the most versaftilc_{nethod for
modelling this behaviour. A wealth of information already exists for constructing P-y curves for
. fine-grained soils. Yan's (1986, 1990, 1992) research and experimental work has provided us with
a robust method of obtaining P-y curves in granular soils.
Existing models for assessing pile response under lateral loading are limited in many ways.
A new model is required which would be capable of analyzing a non-linear soil, a yielding pile, and
.- cyclic applied loads. The full scale tests by BC Hydro have providéd the opportunity to formulate
and verify a new model which uses Yan's P-y curves. However, at present, there are no methods
available for constructing cyclic P-y curves based on fundamental soil properties to properly
represent measured test data (Yan, 1990). In the following chapter, a si_mple cyclic P-y curve model
1s devéloped using the test data presented by Yan (1990).
In the following chapters a‘comprehenéive numerical model is developed based on a finite.
element formulation for the pile and P-y curves for the soil. This combination provides a versatile,

yet efficient, model for analyzing laterally loaded piles. The model is then verified and used to

predict the full scale test results.
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3.1 Introduction

In this chapter, the experimental data presented by Yan (1990) is evaluated and reduced in an
-attempt th develop a simple, empirical cyclic P-y curve model. The significant features of the
experimental P-y curves are determined and an attempt is‘made to develop empirigal _Eglationships
for the modelling of the cyclic P-y curves. The objective of this study is to enable the practising
engineer to extrapolate the results of the present and other experimental studies to actual field and
design conditions using a relatively simple and general model.

As mentioned in Chapter 2, the cyclic P-y curves will be presented under two separate
cétegories: 1) two-way cyclic P-y curves, and 2) one-way cyclic P-y curves. In .the follox.zving
chapter a numerical model will be developed based on the empirical relationships presented in this
chaptér. This model will be incorporated into a computer program and will Be verified with field

measurements and laboratory test results.

3.2 Experimental Setup

As mentioned earlier, few comprehensive cyclic lateral load tests have been performed on piles. In

the present study, only the experimental data presented in Yan (1990) will be used because this is

42
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the on]y study where accurate measurements of the pile deflections under cyclic loading have been
made and reported for the defivatiori of soil;pile int’eraction. P-y curves.

The Hydraulic Gradient Similitude test procedures are explained in detail_ in Yaﬁ (1990).
The testing process consisted of both one-way and two-way cyclic loading of an instrumented 6.35
mrﬁ diameter aluminum pipe pile embedded in uniform sand. The lateral load was applied at a

period of 40 seconds per cycle. Ttis assumed that at such a slow loading rate, dynamic effects may

It should be mentioned that the amount of experimental data is not as plentiful as one likes
to haye and the P-y éurve formulafion which will be présented here will also Be of lirﬁite_(i accuracy.
It is hoped thét this model will be updated and vefiﬁed as more experimental information becomes
available.

Since monotonic loading is really a subset of cyclic loading, the various factors that aﬁ'e(;t

the response of a pile to static loading also affect the response in cyclic loading. However, two

additional factors will influence the pile response under cyclic loading. These are:

+ the nature of applied load; ie whether the applied loading is one-way cyclic or two-
way cyclic;
¢ the number of loading cycles; and,

* the magnitude of applied load.

The effect of the number of loading cycles will be presented as the effect on each of the two

types of applied loading. .

|
be ignored. It is also assumed that drained conditions prevail in the sand at such a slow loading rate.




Chapter 3 A Cyclic P-y Curve Model L 44

3.3 Two-way Cyclic Loading |

Figure 3.1 shows the time histories of applied lateral load and pile head deflection for a free head

model pile under the two-way cyclic loading condition. It can be seen that the pile head deflections

are biased in the first-time loading direction. It is also observed that there is some change in the pile
head displacements with the number of loading cycles, however; thé fnagnitude of the change is
small relative to the maximum pile displacements. Figure 3.2 shows the pile head peak deflections
with the number of loading cycles. The pile head déﬂections in this figure have been‘pormalized
to the maximum lateral load applied to the pile. It may be see;ri from the figures that the pile head
deflection under a constant two-way cyclic loading decreases initially then increaseé with the
number of loadyingv cycles in both compression and tension directiqné.
| The above observations will be investigated by analyziﬁg the measured cyclic P-y response
along the pile.
The experimental cyclic P-y curves at different depthé for the above-mentioned pile are
shown on Figure 3.3. It is seen that the general shape of the cyclic P-y curve§ is nonlinear and
hysteretic. The curves ére very éoﬂ near the sﬁrface and become st'iﬂ‘e‘r with depth as the soil

confining stress increases. The cyclic P-y curves also appear to be non-symmetrical about the zero

pile. deﬂectlon axis w1th a bias in the first-time loadmg direction. The formatlon of gaps on both -

- sides of the pile is ev1dent on most of the expenmenta] P-y curves. There also seems to be some

residual soil reaction against the pile within the "gap" zone. This soil reaction is perhaps due to the

skin friction along the sides of the pile as it moves through the gap zone. The magnitude of the gap

is generally affected by the pile deflection and the number of loading cycles. The cyclic P-y curves
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cleariy indicate that the magnitude of the gap is much less than the totaj soil displacement at tﬁat
boint. This wéuld suggest that as.the ﬁile deflects, the soil yiélds and moves around the pile to fill
in some of the gép behind the pile, similar to a bearing type of failure.

The loading cycles affect the cyclic P-y curves differently with depth. The variations of the
following features will be discussed nexf. |

1. Loading segments (bpth i'in the direction of first time loading (positive) and in the |

opposite direction (negative));

2. unloading segments (positive and negative);
3. gap segments (positive and negative); and,
4. residual soil reaction (on both positive and negative sides).

3.3.1 Loading 'Segments

At shallow depths (about one pile diameter), the cyclic P-y curves become softer with the number »
of cycles. At depths of 2 aﬁd 3 pile diameters, the P-y curves invthe positive loading direction first.
becom¢ stiﬁ‘ér and then softer with number of cycles.‘ ﬁowe\./er, at these depths, the P-y curves in
the negative loading direction continually become stiffer with the number of cycles. At 4 and 5 pile
_ diameter depths, the cyclic P-y curves sﬁow continued stiffer response with number of loading
cycles in both loading directions. |

Although it is difﬁa;lt to see from Figure 3.3, the shape of the loéding portion of the

experimental P-y curves do not appear to change very much, other than becoming stiffer or softer,

with the number of loading cycles. To determine the parameters governing the shape of the P-y
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curves under repeated loading, we can examine Yan's (1 990, 1992) formulation for the monotonic
P-y curve which was presented in Chapter 2. Thg only soil prépertieé in hi'sj.formulati,onl are thev ‘

maximum Young's modulus, E_,,, and «, vwhi(';h depend on the soil's rélative density, D,. Thérefore, o
for simplicity, it can be assumed that the cyclic loadi'ng proéedure si'mply changes the E_,, of the
surrounding soil by either densifying or léosening the soil. The E,_,, of the soil may be back-

calculated from the experimental P-y curves using Yan's (1992) formulation,

P
E. D

max

, |
" (D) | | [1]

where D is the pile diameter, P is the soil reaction force, y is the pile deflection, S has a value of"
about 0.5, and « is a function of the relative density of the soil (Yan, 1986, 1990, 1992). Figure 3.4
shows ‘the variatioﬁ of E,,, with number of cycles norrﬁalized tov the initial value, E_,, ;, at each
depth. As can be seen, during the first few cycles, the E,,, values all normalize very closely.
However, at the 25th cycle, the normalized E. . values are very different for different depths. This
is conéistent with the observation from the é’yclic P-y curves that at shallow depths, the cyclic P-y
curves initially harden and then soften with the. number of cycles, while at greater depth§, the P-y
curves continually become stiffer with the number of cycles. The curves fitted to the experimental

data are shown on Figure 3.5 and appear to have the form:

max F_(1-N)

=i+Fﬂ(1—e ) A [2]

max_{
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where E_,. is the soil's maximum Young's modulus at each cycle, E_,_ ; is the Emﬂ at the first cycle

N is the number of cycles, and F, and F, are empirical factors Whlch seem to vary with the vertical

effective stress according to:

F =44e " \ [3]

and,

1&4(2) » e '
F =01le ** 41

as shown on Figure 3.6. It should be mentioned that we have made a simplifying assumption here -
by treating the effects of the cyclic loading in the negative and positive directions as equivalent.

Although this is different from what is observed at 2 and 3 pile diameter depths, it should introduce

 little error in predicting the pile head behaviour as the overall differences along the pile length are

not significant.

It is noted the;t the above empirical relation.ships will give the wrong P-y curves at depths less
than three (3) pile diameters. This 1s imporfant as the pile head‘response is significantly influenced
by the soil resistance at these shallow depths. An examination of the measured P-y curves shown
on Figure 3.3 indicate that at a depth of 1 pile diainétgr, the cyclic P-y curves soﬁeﬁ with the number
of loading cycles. At a depth of 2 pile diamefers, the P-y curves initially harden and then soften with

the number of cycles while at a depth of 3 pile diameters and greater, the P-y curves continually

harden with the number of loading cycles.
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The predicted cyclic P-y curves for the vafious deéths are shown on Figure 3.7. As can bel
seen, the predictions are very good for depths greater than 3 pile diameters. However, at shallower
depths the predi;tions can be in error by as much as 300 percent.
A simple approach to solving this problem would be to use a function which would vary
from -1 to 1 in the range of 1 to 3 pile diameters and become asymptotic to -1 and 1 for values less
than 1 pile diameters and greater than 3 pile diameters, re\spéctively. We can then multiply F, by

this function and obtain an approximation of the variation of the ‘P-y curves with number of cycles

at shallow depths. One such function is

flx) = tanh(x—i) ' . ' [5]

where x is the depth in pile diameters. Figure 3.8 shows the predicted P-y curves obtained using this
approach. As can be seen, a reasonable agreement with the measured P-y curves (Figure 3.3) is

obtained.

3.3.2 Unloading Segments

The unloading portions of the P-y curves shown on F igure 3.3 are very steep and almost linear. The
slope of this portion of the P-y curves coincides with the soil's maximum Young's modulus, E,_,.,
as would be expected. Although it is difficult to .estiméte the change in the unloading modulus with
number of cycles from these measurements, it is evident that the Qﬁloéding modulus would be

approximately equal to E,_ . The variation of E,.x With the number of cycles was discussed above.
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3.3.3 Gap Segments

An examination of the cyclic P-y curves shown on Figure 3.3 reveals that fhe size of the gaps which
form along the pile vary with depth. i{elétively large gaps are observed at a depth of 2 pile
diameters while there are virtually no gaps observed at 5 pilé diameter depth. Figure 3.9 shows the
variation of the gaps with stress level. Although there is a variation between the different cycles at
each stress level, a generally linear trend with stress level is. observed. ‘Figure 3.10 sﬁows linear

approximations of this trend for each cycle. The equatiohs of the lines have the form:

I,

gaP. =A”‘Bn(—:-)' [6]
|max,min y| Pa _ '
where
A =0025N+0.8 - , [7]
and,
B =02N+6 _ : [8]

as shown on Figure 3.11 where M is the number of loading cycles.
An interesting characteristic of the cyclic P-y curves is that a "full" gap is never developed
between the soil and the pilé. Upon load reversal, the soil reaction in that direction starts to increase

sooner than would be expected. This can be explained by considering the moving soil particles

around the pile. As the pile pushes against the soil, the soil fails and moves around the pile to fill
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in some of the gap that is developed behind it. Similar observations have been made by other

researchers (Matlock et al, 1978, Ting et al, 1987).

- 3.3.4 Residual Soil Reaction

A close examination of the cyclic P-y curves shown on Figure 3.3 indicates that the gap portions of . |
the curves are not generally coincident with the zero soil reaction axis. As discussed earlier, this is
perhaps due to the soil-pilé friction along the sides of the pil¢ and seems to have a general_ly constant
value at a given depth. Mthough the soil-pile friction is always present, its effect has been implicitly
included in all formulations for other portions of the cyclic, and monotdqic, P-y curves. Figure 3.12
shows the variation of the residual soil reaction with the effeqtivé vertical stress. A best-fit line

yields the dimensionless équation:

/

P o,
= —=0.10-0.50¢(
E D Pa

max

) 2

where E, . is the soil's maximum Young's modulus, P, , is the residual soil reaction, D is fhe pile
diameter, o' is the effective vertical stress and Pa is the atmospheric pressure. Obviously, P, is
equalvto, zero where the soil-pile gap is zero.

Figure 3.8}shows the two-way cyclic P-y curves gerigrated according to the above model. |

As can be seen, a good agreement is obtained with the measured P-y curves shown on Figure 3.3.
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. 3.4 One-Way Cyclic Loading

Figure 3.13 shows the time histories of appiied lateral load and ‘pile head deflections for a free head
modél pile under the ohé-way cyclic loading condition. It can be seen that the pile head deflection
increases gradually with each loading cycle under the constant amplitude one-way cyclic loading.
Further, after the applied lateral load is unloaded to zero, .the pile head deflection does not return to
zero. Instead, some permanent plastic“ deformation develops after each loading cycle. The
corresponding relation between the applied lateral load and the pile head deflection under oné-w.ay
cyclic loading is shown on Figure 3.14. It is seen that the largest increment in pile deflection occurs
at the first cycle, and then the increment bécomés smaller as the soil-pile sysfem ;cends to become
progressively mo;e elastic with the increase of number of cycles. This typical behaviour, however,
‘is expected to depend upon the level of lateral loads. The relation observed in Figure 3. 14 is yei‘y
similar to that for the drained cyclic triaxial tests on a sand sample as shown on Figure 3.15, which
indicates that the soil rather than the pile is responsible for the accumulaﬁon of plastic pile deflection
under the cyclic loading. This coﬁclusion’ is also supported by the above examination of the two-
way éyclic P-y curves. As discussed above, as the'pile pushes against the soil, the soil fails and
moves around the pile to fill in some of the gap that is developed behind the pile. Therefore, it
would be expected that the pile would have a permanently deformed shape when the applied lateral

load returns to zero. Therefore, this behaviour can be easily captured with the cyclic P-y curves.

The experimental P-y cufves at different depths for a fixed head pile at HGS Scale Factor,
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Figure 3.13: Variation of Pile Head Deflection with Tlme under Constant Amplitude One-Way
Cyclic Loading. After Yan (1990).
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Figure 3.15: Example of Soil Element Response from Drained Cyclic Triaxial Test. After Lamb
and Whitman, 1975. .
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=48, Eccentricity, E=45mm, and a loading amplitude of 40‘ N, are shown on Figure 3.16. It is
seen that the one-way cyclic P-y curves are generally very similar to the two-way cyclic P-y éurves.
However, a number of differences can be observed in the P-y behaviour. One is that the shapes of 4
one-way cyclic P-y curves do not deteriorate with nurﬁbér of cycies, even at shallow depths. This
indicates that without loading the pile in the opposite direction to the first-time loading, the soil's
maximum Young's modulus as used in Ecjuation (3.1) is not affected very inﬁch by the nﬁmber of
. loading cycles. All P=y curves become mdre linear with number of cycles. In addition, the enclosed
area of the hysteretic loop in the cyclic curQes decreases with number of loading cycles. These

‘indicate that the soil pile system under the one-way>cyclic loading progressively 5ecomes more
elastic with number of cycles.‘

The additional feature of the one-way cyclic P-y curves is the unload-reload portion..
Therefore, to capture the pile behaviour under the 6ne-way cyclic loading, we need to dévelop an
unload-reload rule for the cyclic P-y_curV'g formulations presented above. .

The moduius of the reload portion of the P-y cﬁ_rﬂzes shown on Figure 3.16 are irllitially much
soﬁe{ than the unload modulus and become stiffer with the numbér'of cycles. It can be noticed from.
this figure that the reload curve intersects the unload curve at a load, P, .., which is lower than fhe
maximum applied load. This intersection point rises closer.to the maximum applied loéd with each
cyclé. Figure 3.17 shows this variation with the number of cycles. Unfortunately, only two data
points can be obtained from Figure 3.16 which makes it difﬁcﬁlt to determine how this variation

takes place. However, it is anticipated that this variation would have a logarithmic form as indicated



Chapter 3 A Cyclic P-y Curve Model 70

16 1 at depth of 1D

first time loading:

Soll Reaction - P (N/mm)

04 7 1st cycle :
: 25th cycle

-1 T 1 T 1 1 T t T - i
0 02 0.4 0.6 0.8 1

Pile Deflection - y (mm)

_at depth of 2D

-
-4
i

first time loading

Soll Reaction - P (N.mm)

-1 T T T T T T T T

0 ) 02 0.4 ois o8 R
Pile Deflection - y (mm)

Figure 3.16: P-y Curves under One-way Pile Head Loading at Depths of 1 to 2 Pile Diameters, |
Fixed Head Pile, HGST Model Scale Factor N=48, Eccentricity =45mm, Load Amplitude =40 N.
After Yan (1990).
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Figure 3.16: P-y Curves under One-way Pile Head Loading at Depths of 3 to 4 Pile Diameters,
Fixed Head Pile, HGST Model Scale Factor N=48, Eccentricity =45mm, Load Amplitude =40 N.
After Yan (1990).
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Fixed Head Pile, HGST Model Scale Factor N=48, Eccentricity =45mm, Load Amplitude =40 N.
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on Figure 3.17 based on observed cyclic loading behaviour of sand in a triaxial test, or an in-situ

pressuremeter test. The approximate curves shown on Figure 3.17 have the form:

intract

P ' , ,
P_=A" +Bpln(N) [10]

max

where N is the number of cycles, P, is the load at the intersection point between the reload and
the unload portions of the P-y curve, P, is the maximum applied load for that cycle, and 4, and B,
are empirically fitted variables which depend on the effective vertical stress as shown on Figure

3.18. Straight line approximations of the variables 4, and B, yield the equationéz

/

. :
A =0.77+0.72(—2) [11]
P Pa A
and,
. 0'/ B B
B =0.033-0.124(—2) _ [12]
i Pa

It should be cautioned that these empirical formulations are based on fewer data points than
would be needed to provide a reasonable approximation. The shape of the above curves are based
on the assumptiori that the relationship is logarithmic. Due to the limited number of data points, 4,

and B, may be Signiﬁcantly different from that presented here.
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3.5 Summary and Conclusions

Pile response under applied cyclic lateral loads is an important aspect in the design of deep‘
foundations. Altﬁough different analytical procedures exist for laterally loaded piles undeér
monotonic cocditions, the .ﬁm'damental aspects of cyclic lateral loadihg are still poorly understood
~and very few analytical models are available at this time. Tﬁe soil parameters which affect the

- cyclic behaviour of laterally loaded piles have not yet been fully defined and calibrated in a

fundamental manner.

In this chapter, the model study of vertical piles embedded in sand uhder cyclic lateral pile
head loading presented by Yan (1990) was studied. The experimental P-y curves were analyied and
‘various factors which influenced the pile response were investigated. An attempt Wa’s made to back-
calculate these .inﬂue'ncing factors from the experimental P-y curves. The primary purpose of this
investigation was to understand the soil-pile interaction under the cyclic lateral pile head loading
so that a relatively simple analytical mod.el can be developed to helb extrépolate the results of the
experimental study to othcr applications. Empirical relationslﬁps were derived based.vo.n- Baéic soil
properties and observed cyclic P-y behaviour.: The empirical relationship's“ are vin reasonable
agreement with thc measured test data.

For the piles under the two-way cyclic loading, it was found that the cyclic P-y curves have
fourt significant features that influence the pile response. These features are the loading segments,
thc unloading segments, the gap ségments and the residual soil reaction. These features were found

to depend primarily on the confining stress, the soil's maximum Young's modulus of elasticity, E

strain level (y), and the number of loading cycles. At depths greater than three pile diameters, the
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P-y curves became stiffer with the number of loadiﬁg cycles indicating densification of the soil
surrounding the pile and thereby increasing the E,_,, of the soil. At shallower depths, the P-y curves
become softer with the number of cycles due to the failure of the soil near the ground surface. The
size of the soil-pile gaps became smaller with the increasing confining stress and increase in size
with the number of loading cycles. The unloading segments of the P-y curves appeared to be
. approximately equal to the Epu Of tﬁe soil, as would be theoretically expected. The residual soil
reaction is probably due to side friction and varies pfoponionally with the confining stress.

It was found that the only additional feature c;f the one-way cyclic P-y curves over the:two-
way cyclic P-y curves is the unload-réload portion of tﬁe gurves. Although the unfoacI “segment. is
- still consistent with the E_,. of the soil, th’e‘reload segment was ‘found to depend mostly on the
maximum applied load at that cycle. The r.eload. éurve was fqund to intersect the unload curve at
a point below the maximum applied load. This intersection point moved closer to the maximum
applied load with each cycle. Due to the limited number of data points available, it was assumed
that the location of the intersection point with respect to the maximum applied load varies with the
number of cycles according to a logarithmic relationship.

In the following chapter_s a numerical} 'model will be developed based on the empirical

relationships derived above. This model will be incorporated into a computer program and will be

verified with measured field and laboratory test results.
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4.1 Introduction

In this chapter, theoretical principles and derivation of a numerical model for the response of single
piles to lateral loads are described. The basic model is independent of both the soil and p‘ilelstress—
strain characteristics and behaviour. This‘enables us to study different soil and pile stress-strain
characteristics. The basic model was first developed by Foschi (1992) for analyzing lateral loading
response of nails and bolts in wood. Later, he modified the model to analyze lateral response of
simple piles in uniform soils. Khan (1995) has developed this model to include the dynamic
response qf the pile system. In this chapter, the original model is extended to include a'numb>er, of

soil layers, and variable pile cross-sections and material properties.

4.2 Model Principles

The model proposed here combines the power and versatility of the P-y curve method of
representing the soil behaviour with an advanced beam analysis model for the pile. The beam is v

modelled using a finite element technique often used in structural engineering.

78
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A typical problem is shown in Figure 4.1. The uséf génerally divides the pile into a number
of eleme.nts the length of which may be variable. As can be seen, the pile may have varying crossp
seétion dimensions and applied loadings along the length of the pile. Sinqe the finite element
formulation used is fairly accurate, as will be discussed later, the number of elements can usually
be limited to as few as two per soil layer. This helps to reduce computation time. Héwever, if the
pile cross-section dimensions change with depth, the element lengths should be small enough to
obtain good results. The element lengths in this case should be chosen in order to avoid sharp
contrast in the pile dimensions between two adjacent elements unless such contfast is real.

The axial deformations in the pile due to axial and lateral loads are calculateci bu? care must
be taken in their interprétation because soil resistance in the axial direction is not taken into account
in this model. The effect of axial loads on lateral bending and bvuckling (P-A effects) is considered.

The Gaussian integration techniéue (Nakamura, 1992) is used fovr the_ finite element
repre‘sentationbf the pile. Thi.s technique is very accurate in integrating analytical functions‘ and
gives exact answers when integrating polynomials of order 2N-1 or less when using N Gauss
quadratures over the integration interval.

A tangent modulus scheme .is used to gpproximate this non-linear mod‘el and will be
described in the next section. This solution scheme isAcapable' of solving pfoblems where load-
reversals need to be taken into account. It is assumed that the unloading modulus is equal to the
maximum Young's modulus, £, as defmed by the uéer. Soil-pile gapping is modelled by assigning
zero tensile strength at the soil-pile interface for éll P-y curves except that presented in the previous
chapter. For this P-y curve, the soil-pile gapping has_béen integrated into the P-y curve model as

a function of pile deflection, depth and number of loading cycles.



Chapter 4 Numerical Model |

_ Structural
o &«
Ground l ‘Li)ads p
Surface ——( Y P
777 ATV B
: o . hw
' lx’z . :
A ) h
Soil - : ; - 91+ Node . -
" Layer 1 _ o Numbers
L : SR
. v
_________ ' ; :
S i
L '
Soil > -/ |
Layer 2 L ‘
1 o
F :
' | ' Winkler Springs " ‘ =
-y Curves) '!—/\/\/\/—
< Free-Field U ,(P Y ) S g
Movements ' ’ '
.

. v

: b»;lef :
Plan View ‘ _ o )
Pile Cross Section ‘ Gaussian Integration

1. v Points in The y-

o Direction (non-
. I‘_/\/\/\/_‘ .  equi-spaced)

Free-Field
- Movements

_ Applied At < . 9/’”
End of The B ‘
spings. = \\/\v— * |
' : : " Gaussian Integration Points

' in The x-direction (non-

@ equi-spaced)
. M. ’

Figure 4.1: General Representatioﬁ of Soil and Pile in Proposéd Model.

80




Chapter 4 Numerical Model } A : ‘ ‘. 81

4.3 Model Formulation

Consider one pile element as shown in Figure 4.2. The variables used are defined as shown on the

figure. We can further define the following variables using generaliied or normal coordinates, 1,

and E:

4.1)

The degrees of freedom at each node are the lateral displacement, w, slope, w’, curvature, w',
axial displacement, », and its first derivative, #’ (a ' indicates the first derivative with respect to x,

'

and a " indicates the second derivative with respect to x). Therefore each element has 10 degrees

of freedom, 5 at each node. For simplicity, let us express these degrees of freedom in terms of the

vector {a}:

/ " / [/ !
{a}={wl,w,,w‘,ul,u,,wj,wj,wj,uj,uj} “4.2)

Since moment is proportional to the second differential of displacements, let us approximate
w with a fifth degree polynomial, and # with a third degree polynomial to maintain accuracy. That

is, -

w=blx5+vb2x‘.+b3x3+b4x'2+b5x+b6 I (4.3)
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u=cx’+ex’+ex+c, (4.9)
and the derivatives are obtained by differentiating the above equations. Elirﬁinating b, and c, using

Equations (4.2) to (4.4), we can express w, w', w”, u, and u' at any point £ within the element, as a

function of € and {a} through shape functions M,(€), M,(€), M,(€), Ny€) and N,(€) such that

w(€) =M, (E)a}; w'(€) =M, (E)la}; w "(£) =M, (E)la) (4.5)

u(®)=NEYal;  w'€)=NE)a) 46

The shape functions are derived and presented in Appendix L.

Based on the principle of virtual work, the total internal work done must be equal to the total

external work, i.e.

¥ lnrnr;lal = T external - (47)

The total internal work done by an applied virtual strain, e, is given by:

vol

(4.8)

where o is the stress and e is the strain. From beam bending theory (for an Euler beam where plane

sections remain plane),
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1 | |
emuloywhe ) o (4.9)

Substituting ', w', w" ff_om equations (4.5) and (4.6) into the strain equation (4.9) and then

substituting again into the internal work equation (4.8) and simplifying, we obtain

% = RV [ [0 @)N,()-(n g)Mzm+M1(s)M1’(e){a>]b(n')dz dn (4.10)

whére b(n) is the width of the pile perpendicular to the direction of lateral loa&ing. The total
external work done is due to all applied external loads. There are four different types of éxternal
loads that can be applied to the system (see Figure 4.3):

1. lateral load, 0, at node j (the load appiied at node i is accounted for by node j of the

adjacent element),

2. axial load P at node j,
3. lateral soil pressures along the element, g(w|),
4. axial soil pressures along the element, p(u), p(iw]), and P(u). These loads usually

have little effect on the lateral behaviour of the pile and will not be considered here.

The external work done by the lateral load, 0, at node j is given by:

¥, =0-bw(x=A) (4.11)

If we é){press‘ wx=4) as
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Figure 4.3: The Beam Element with Applied Loads.
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wz=b) =e Fla) wir=8)= e Floal
where
’ {eQ}={0,0,0,0,0,1,0?0,0,0}
and therefore we can write
¥ .= {s aV-Q-{eQ}
The external work done by axial load, P at node j is given by:

¥ . =Pdu(x=4)

If we express u(x=4) as

u(x=A)v= {epy{a}; ‘ 6u(x=A)={eP}T(6a}

where

{ep} =1{0,0,0,0,0,0,0,0,1,0}

and therefore we can write

¥, =6aPle)

ext2

86

- (4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18) |

The external work done by lateral soil pressure, g(jw|), along the element is given by
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T a o

? .= [~a(wDs (whdx = [~g(whd(whae @19)

0 -1

After some algebra and substituting for w from equation (4.5) we obtain
A l |
¥, ,=—tbsal f q(wh—>M (E)dE (4.20)
2 ’ lwl

The total external work would be the sum of each of the above external work relations.

Therefore,

¥, =182V [0l ) +Ple,)- 2 [ LM (6)dE] - 21y
. 27 lwl

Equating the internal and external work equations, we get

A—'dffc(t")[N,(E)—(n i)M,(E)+M1(E)M1’(E){a}]b(n)dz dv
4 -1-1 2 ) .

1 ‘ ‘ (4.22)
’ A w
- Q{eghp{ep}-7£q(|w|)mMo(e)dz

and if we let
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T ,
(@)= 22 [ [ (e)V,(2) - (0 D),0) +M, ()M, (@) lallp () dE dn
' 4 2

=-1-1

. (4.23)
A w
+— —M (§)d
- f (DM () dE
and
{R}=Q{eg}+P(eP} ' - . (429)
we can define
{0} - {0 lah}= ¥ }-{r}= o) . (425)

We can now caléulate { a}.by iteratively solving equation (4.25) using the Newton-Raphsoﬁ me'tho'd
until {0} is eﬁual to’ zero within a s‘p.eciﬁed .tolerancel As mentioned earlier, the Gaussialmi
' integfation tééhhique is used to solve for the ihtegrals in equation (4.2'3‘)‘ This 'meaﬁs tﬁat € and 7
repfesent the Ga}ussian integration points in the x- and y-directions wi‘thin'th‘.e‘: beam "element,
respectively (see Figﬁre 4.2) not the nodes. |
The stress (o) and soil reaction (g) are obtained directly from the pile stress-strain and soil-
pile4interaction‘P-y curves where ¢ is used instead of P in the present formulaﬁtion. Q’i‘s the applied
lateral load at node j, and, P, is the applied axial load at node j. The free-ﬁeld displaéeménts are
accounted for when calculating q(|W|) by simply subtracting the free-field displacement at a

Gaussian integration point in the x-direction from w before calculating g(jw|) (Byrne et al, 1984).
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We can approximate {6{a}} by

{0 (lah} - (0 la ")+ ie}[{a} a®)] =10} ’ (4.26)

where {a’} is the initial guess or the solution from the previous iteration for {a}. Therefore,

(@)=l °}—(%)"{9({a . | 427)
where )
%— [ve] ‘ _ , - (4.28)
and,

Vo), = —*= 22 f f (w6 - (0 DM, 0+, OM, )L fa)
a .

-1-1

[N,,(E)-(n-z—)M,,(E)_f[M (E)M’(z)]{a}]%o(é)w (OMTOLBMEEN 400y

qu(IWI)

M, (EOM (8)dk
d(iwl)

The above arrays and matrices for each element are assembled into the global arrays and

matrices by adding the terms for the common nodes of adjacent elements in the leﬁ-hand. side of the
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equation. The array {a}, representing the degrees of freedom of the two nodes of each element, is

assembled into the global array, {a,}, where

roon / / / "o / '
{az}—{wl,wl,wl ,ul,ul,wz,wz,...,wml,w”d,w"”,uNﬂ,uN”} : - (4.30)

and NV is the total number of elements in the problem. Noté that the size of the array {a,} is 5(NV+1)
and the size of the global matrix‘, [ve.], is 5(N+1) by 5(N+1). For example, the terms in the 6th
_ through 10th columns and 6th through 10th rows in [VO,] ére the result of the term by term
'summa,tion of the 6th through 10th columns and 6th through 10th rows of [VO] of the first element

and the st through 5th columns and 1st through 5th rows of [V0] of the second element.

From Equations (4.27) and (4.28) we can write

[V J-fa_-a}= -6} . . (4.31)

and solve for {a,-a,} and add to {ago} after each iteration until the ratio between each term of the
former and the-latter arrays is less than a specified tolerance. For the first iteration of each time step,
{&go} is equal to the final calculated values frpm the previous time .step‘ ‘
| The values of qgand o are obtained diréctly from the P-y and o-€ curves, respectively, and
the tangent modulus is used in calculating the cierivatives.
It should be mentioned here that when analyzing problems which inciude load-reversals, the

time step chosen should be small enough to avoid large changes in the deflections which can

introduce significant errors in the calculated derivatives in Equation (4.29).
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4.4 Summary

A model was presente'd.in this chapter for analyzing the response of vertical piles to lateral and free-
field loading conditions. No presumptions‘have been made regardiﬁg the stress-strain behaviour of
the pile 50 any stress-strain model can be incorporated into the ab‘ove formulation. Although the
model‘assumes that soil-pile interaction is in form of a P-y relationship, there is no limitation on
shape, form, or coupling effects on the P-y relationships. This provides an extremely versatile tool
for analyzing lateral loading of single piles, even though it is rather complicated for simple hand
calculations.

It is necessary to check and verify the model with closed-form solutions and test data to
check the validity of the basic assumptions. A computer program, CYCPILE haé been developed

that uses the above model with the following assumptions:

¢ the pile is linear-elastic-perfectly-plastic,
¢ the soil-pile interactié)n P-y curves are uncoupled,
-4 the ﬁmoading part of the P-y curves is linear with a modulus equal to the £, of the
solil,
+ soil-pile gapping is modelled by assuming that soil is incapable of carrying tensile

loads, or as described in Chapter 3.
In the following chapter the model will be checked and veriﬁed"uéirig the computer program
CYCPILE. Next a complete documentation of this computer program (written using Microsoft

FORTRAN Power Station Compiler version 1.0), along with some examples, can be found in

Appendix II.
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5.1 Introduction

In this chapter, the model presented in the previous chapter is first verified by checking with other
known sélutions.. Then, the model is validated by applying it to known case histories and real test
data. Various test data including those presented in Chapter 2 are used. The computer program
CYCPILE which has been developed based on this model is employed. Comparison is also made
with the well known computer program LATPILE wl‘lere. the capabilities of the two programs
overlap. The model verification will be carried out in the féllowing way:
1. comparison with closed-form solutions for a rigid beam on an elastic fouﬁdation
(Scott, 1981),
2. comparison with LATPILE for monotonic loading, and,
-3 comparison with LATPILE for monotonic freeaﬁeld loading. ;
The model validation will be carried out using; |
1. comparison with Yan's (1990) test results from HGS model tests on monotonic
lateral loading behaviour; adjustments made if necessary,
2. comparison with Yan's (1990) tést results erm HGS model tests on cyclic lateral
loading behaviour, | | |

3. comparison with BC Hydro's (Lee et al, 1992) laboratory tests on timber piles, and,

92



Chapter 5 Model Verification and Validation ' S o - 93
4. prediction of results from BC Hydro's (Lee et al, 1992) ﬁéld test on single timber

piles; comparison with actual results to draw conclusions about the accuracy of the

model.

5.2 Closed-Form Solutions

As mentioned in an earlier chapter, closed-form solutions are available for rigid and flexible beams
on an elastic foundation. For the cases of constant and linearly varying foundation moduli, the

vertical deflection of these closed form solutions is analogous to the lateral deflection of the pile.

The solution for the deflection, w, of a rigid beam on a constant-modulus foundation is (Scott, 1981):

2P 3a 2a.x '
= n-22_30-24%
w(x) kI[ ; ( I)l] (5.1

where £ is the modulus of elasticity of the subgrade. Figure 5.1a compares equation (5.1)
with CYCPILE results obtained using for a 6.1m long beam, a foundation modulus of 84 kPa, load
P equal to 134 kN, and a// of 0.3. The comparison is excellent. This is not surprising as CYCPILE
effectively approximates the deflected shape of the beam with a ninth-degree polynomial over each
element. - Since the closed-form deflected shape of the beam is a linear function here, the exact
matching would be expected.

The solutioh for a rigid beam on a linear-modulus foundation is (Scott, 1981; Note: the

formulation presented by Scott is incorrect and the correct formulation is presented here):

w=A4+Bx : (5.2)
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where
AR 2 A L
Pla(—+—)-(—~ )]
. 2 3 3 4
A= : (5.3)
k, k]l kI* kI kI* k1 kI
[(—+——)(—+—)- (kI + (—+ )]
2 3 2 3 2 3 4
and
.IZ
P-A(k I+ ’2 )
B= ' N € ¥
k1 k1’ <
. +
2 ..3
where £, and k, are defined as
b=k thx (5.5)

Similar to the coﬁstant-modulus foundation problem, CYCPILE gives an exact answer to the
problem of lineér-modulus foundation as the theoretiéal deflected shape of the rigid beam is still a
linear function. Using results obtained from CYCPILE Figure 5.1b showé that an exact agreement
is in fact obtained for the same loading conditions as the previous example. |

The basic assumptions and formulation of the model have been checked with closed form
solutions for an elastic foundation. Unfortunately, no such solutions exist for non-linear soil
behaviour. Therefore a different approximation technique which has been proven to give accurate

results is used to verify the results of CYCPILE.

4
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5.3 Finite Difference Solutions .

For non-linear soil behaviour, CYCPILE will be cheeked against anether model in the afeas where’
this model is known to be accurate. This model is a finite difference fdrmulation which uses an
equivalent elastic approaeh and has been incorporated into the computer pr-ogram LATPILE (Reese,
1980; Byrne and Janzen, 1984), as discussed earlier. LATPILE is capable of adalyzing vertical-piles
with lateral monotonic loads at the top and with free-field movements along the ledgth of the pile.

Some of LATPILE's limitations are:

¢ only one load can be analyzed at one .time,
¢ cyclic loading is not included,

. " non-linear pile behaviour (yielding) is not accounted for,
‘ lateral loads can only be applied at the‘top.

Another computer program, SPASM, also based on a finite difference formulation is
available, and is capable of analyzing cyclic loads including soil-pile gaeping and dynamic effects.
However, SPASM is also limited to linear-elastic piles (no yielding) which is not any more suitable
for corhparing with CYCPILE than LATPILE. Also, because SPASM accounts for dynamic effects,
which is not.the solution objective of CYCPILE, it is not selected for comparison. The following
comparisons are made using LATPILE.

A generic soil-pile condition consisting of a 5 meter long pile embedded in a umform dense

sand with a lateral load of 14 kN and an axial load of 89 kN (for P-A effects) at the top is used. The

same set of P-y curves were used at the same locations (depths of 0.0, 0.25, 0.5, 0.75, 1.25, 3.0, 4.0
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and 5.0m) assuming a relative density of 75% for the sand. The pile used was a pipe pile with an
outer diameter of0.273 m, inner diameter of 0.2637 m and ka modulus of elasticity‘of 300 GPa whichl
give an E7 of 10.6 MN-m®. Figure 5.2 compafes the moments and deflections calculated by the two
programs. As can be seen, the combarisOn is very good, élthbugh there are small differences. It is

likely that more elements in the LATPILE‘analysis would be required to achieve the same level of
accuracy as CYCPILE. In this example, 100 elements were used in LATPILE and 20 elements were
used in CYCPILE.- Another comparison under free-field loading conditions is shown bn Figure 5.3.
A similarly good corﬁparison is obtained in this case.

The observed differences would be expected because the two programs havé dif%erent basic
assumptions for the pile behaviouf. However, the differences are vefy small and we can conclude
that CYCPILE is capable of duplicating the calculativons of LATPILE.

| We now need to see How well CYCPILE predicts model pile behaviour where the input
parameters for the non-linear P-y curves have been derived from the same model test results. This
will ensure that little error is introduced by assuming that the s‘oil'reactionv can be represented by
uncoupled, non-linear Winkler springs and also ensure that the P-y curve implementation in the

program is free of error.

5.4 Model Tests

5.4.1 Monotonic Loading

Yan's (1990) model tests using the Hydraulic Gradient Similitude (HGS) testing method was

presented and discussed in an earlier chapter. The proposed P-y curves which are derived based on
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the test results were also discussed. A typical rest ‘setup is shown on F igure 5.4. These tests were
modelled with CYCPILE using the actual physical dimens'ions shown but with the unit weight of
sand increased by the HGS scale factor, N, for-the particular test (Ya‘n and Byrne, 1992). | |

Figure 5.5a compares the calculatled pile head deflection for a free head pile with-the
measured data. The bending moments along the pile at a load level. of 22 N is shoWn on Figure 5.5b.
The comparisons here are excellent. Figure 5.6a and Figure 5.6b compare the pile head deflections
add bending moments for a fixed head pile and ehcw that CYCPILE's predictions are very good,
_- _alrrrough there are mirlor differences. The differences in these cases can be attributed to the fact that
in reahty it is very difficult to test a pile under a "true" fixed head condmon Thls prol;l“em will be
encountered again when con51dermg the full-scale field tests. Some pile rotation at the top will take
place resulting in the measured deflections and moments being slightly different than rhose
calculated by CYCPILE.

| "Generally speai(ing, the above comparisonc are excellent, 'conf;lrming that the basic

assumptions on which CYCPILE is based introduce little error in predrctmg the soil-pile interaction
behaviour. Therefore, the accuracy of predlcted results by CYCPILE would generally be governed
by the choice of input P-y curves. |

It would be interesting to compare LATPILE'S calculations of the same test data with
CYCPILE It would also be interesting to do the same calculations using API code (1987) P-y
curves in CYCPILE. The results of these calculations are shown on the same figures as above. It
can be seen that 1) CYCPILE‘s predictions are better than LATPILE; and 2) the API code P-y curves
do not provide a good comp.arison with the measure data. The observation that CYC_PILE'S

predictions are better than LATPILE is more or less expected here. Not only is CYCPILE capable
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of accounting for pile yielding, it also gives a more accurate shape for the deformed pile elements

than LATPILE.

5.4.2 Cyclic Loading

Cyclic loading and soil-pile gapping is mbdelled in CYCPILE by either using the cyclic P-y curves
described in Chapter 3, or, by assuming that the unloading modulus is equal to the soil's maximum

Young's modulus, E,, ., and that soil is incapable of carrying tension.

As mentioned earlier, lateral cyclic loading can be divided into one-way and two-way cyclic

loads. The key factor in capturing cyclic behaviour is the assumptions about material aﬁd
‘mechanical degradatioﬁs as discussed in an earlier chabtér‘. Although ‘CYCPILE is currently
incapable of modelling material degradation, the mechanical degradation is éccounted for in the
unload-reload and soil-pile gapping assumptions.

Figure 5.7 shows the applied loading and meaéured pile head deflections V.for a 6.35 mm

diameter model pile subjected to a load-controlled, constant amplitude, two-way cyclic loading in

the HGS Testing device (after Yan, 1990). This pile was modelled with CYCPILE using the cyclic

P-y curves presented in Chapter 3 and the results are shown on Figure 5.8. As can be seen the
comparison is very good although there are minor differences between the predicted and measured
results in the negative loading direcﬁon. The differences here can be attributed to the assumption
in th¢ cyclic P-y curve model that the variations with the number of cycles in 'both the positive and

negative portions of the cyclic P-y curves are identical. This, however, is not the case in reality as

evidenced by the measured cyclic P-y curves discussed in Chapter 3. Nevertheless, the results
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shown on Figure 5.8 indicate that the above assumption introduces little error in calculations for
practical applications.

Figure 5.9 shows the applied loading and measured pile head deflections for the same pile
as above subjected to a load-controlled, one-way cyclic loading (after Yan, 1990). The results of
the CYCPILE analysis are shown on Figure 5.10. The comparison is excellent. It is worthwhile
nofing that CYCPILE correctly predicts the perm.anent pile head deflections and the increase in pile

head deflections with the number of loading cycles, as observed from the test results.

5.5 Full Scale Tests

5.5.1 BC Hydro Laboratory Tests on Timber Piles

The BC Hydro laboratory tests on timber piles was described in Chapter 2. The response of a
particular pile test will be presented here first to confirm that the model can in fact capture the pile
behaviour both before and after yielding occurs. Then, we will attempt to match the 25th, 50th and
75th percentile of the moment-curvature relationships from the test data based on the corresponding
moduli and yield stresses that were measured.

Figure 5.11 shows the moment-curvature and load-deflection curves as measured. During
the test, some pile material degradation with strain was observed. The modulus of elasticity used
in the CYCPILE analysis corresponds to that of the final loading cycle before loading to failure. It

was found that to obtain the match as shown on the figure a yield stress of 22.7 MPa had to be used.

The modulus of rupture (MOR) which is an indication of the yield stress was reported to be 40 MPa
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on average. This MOR was about twice as much as the yield stress of’ 227 MPa. Interestingly, the
recommended MOR by the Canadian Standards Association (CSA) CAN/CSA-Ov86. 1-M89 is 20.1
- MPa which is close to that needed to match the BC Hydro test results. It is too early to make any
conclusions about the test results until the different percentile rﬁoment-curvature | curves are
predicted using CYCPILE.

The comparison between measured data and CYCPiLE's prediction is nevertheless excellent
as shown on the figure.

To match the 50th percentile data points, corrected to 270mm diameter pile as shown on
Figure 5.12, an elastic modulus of 9.0 GPa and a yield stress of 24.0 MPa was used in‘ th;CYCPILE
énalysis. The moduli and yield stress values used for the remaining curves were proportional to the
percentile values and the parameters used to match the 50th perc.entile curve.

The above observations indicate that the yield stress of the timber piles are generally about
one-half of the measured MOR values and close to the recommended MOR value in CAN/CSA-
086.1-M89. Evidently, the computer program CYCPILE correctly captures the pile bending
behaviour even well beyond the yield point. However, the final test for verifying the program, and

the numerical model, is to predict field response of timber piles. Assuming that the soil stratigraphy,

pile dimensions, and pile stress-strain parameters are known, CYCPILE should provide a fairly

accurate prediction and this is attempted in the next section.
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Figure 5.12: Comparison of Moment-Curvature Curves Adjﬁsted to 270mm Pile Diameter from
BC Hydro Laboratory Tests on Timber Piles and CYCPILE's Predictions.
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S.5.2 BC Hydro Full Scale Field Tests on Timber Piles

The BC Hydro Full Scale Field Tests on Timber Piles were discﬁssed in chapter 2 although not all
of their results were presented there. In summary, three size 414 pilés were tested with anvattempt
to keep the pile cap fixed against rotation. Figure 5.13 shows the typical test setup for these piles
along with a summary of the parameters used in the CYCPILE analyses. The soil P-y curves were
calculated based on the Cone Penetrometer Tests carried out at each pile location. The P-y curves
presented in Chapter 3 were used in the analyses. The assumed soil stratigraphy for t.he Enalyses are
also shown on Figure 5.13. The soils' relative densities and unit weights were the only soil
parameters used in the generation of the P-y curves. The soil's E_,, values were estimated from the
relative densities as shown by Yan (1992). The displacement-controlled loading pattern was one-
way cyciic with the amplitude of applied loading increasing at each cycle as shown on Figure 5.14
for a typical test. |

The predicted load-deflection curves for all three piles is compared with the measured data
on Figure 5.15. As can be seen, CYCPILE's predictions are very close to the measured values. The
input parameters for the soils were obtained from Cone Penetration Tests performed prior to pile
driving. The pile's elastic modulus was back-calculated from the elastic portion of the available
moment-curvature curves for each pile. The initial estimate at yield stress was the median 25 MPa
that was estimated from back-calculation of the laboratory test results. The actual values used to
obtain the match for each test case is shown on the figure. Also shown on the figure for comparisbn
are the predicted curves for a yield stress of 24 MPa. As can be seen from the figures, the

comparisons are excellent.
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For the moment-curvature curves (Figure 5.15, adjusted to .Pile Diameter = 270 mm),
however, the comparisons at first glance are not as good. The moments at the connection between
the loading frame and the pile cap were measured using a mdmént cell. Moments in the pile section
just below the pile cap can be estimated based on statics (Lee et al, 1992). A reason for the
discrepancies can be found by examining the deflected shapes of the piles as shown én Figure 5.16.
It can be easily seen that the pile caps were not effectively held aéainSt rotation and the yielding of
the constraint would have somewhat significant effects on the measured moments. This would also
explain the observed scatter in the moment-curvature curves at the botfom of the pile cap adjusted
to 270mm diameter pile as shown on-Figure 5.17. In fact, if we adjust fhe moment's ﬁ:rther based
on rigid body motions and statics, we find that the moment-curvature curves fall within a narrow
range, coﬁsistent with CYCPILE predictions and'laboratory test results as shown on Figure 5.18.
The rotation of the pile cap would induce an additional momept in the moment cell, mounted on the
sid.e of the pile cap, due to the additional eccéntric loading and the weight of tﬁe pile cap. This
additional moment can be calculated from the plots of the deflected shapes (Figuré 5.16) and the
knowlédgé— of the weight of the pile cap (89 kN). The adjusted moments can be roughly
approximated by multiplying the moments shown on Figu_ﬁ; 5.17 by one minus the slope of the
measured pile deflection within the pile cap. |

In this case, it is very difficult to thain a point by point'comparison between the pred'icted
and measured deformed shapes of the test pileé due to the variability of timber and soil materials.
However, it is envisaged that the effects of p'ile cap rotation on the deformed shape are not
significant: the measured and predicted shapes of the deformed piles compare well as shown on

Figure 5.16.
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5.6 Summary

 The proposed mociel on which the computer program CYCPILE is based was first checked With

| closed-form solutions aﬁd found to be in excellent agreement as would be expected. The non-linear
soil-pile interaction part of the model was then successfully verified with Hydraulic Gradient
Similitude Test data (Yan, 1990, 1992). Using tesf data from the BC Hydro Laboratory tests on
timber piles, it was ensured that CYCPILE was capable of correctly capturing the pile behaviour in
both linear and non-linear, post-yield regioﬁs as well as in both monotonic and cyclic loading
problems. Finally, the results of BC Hydro's field tests were predicted and found to be in excellent
agreement with the measured data. However, it was necessary to make some adjustments to the test
data in order to present them in a form that could be compared with CYCPILE's output.

The proposed model along with computer program CYCPILE have proven to be a very
versatile and robust tool for analyzing monotonic and cyclic lateral loading of single vertical piles.
The mbdel and CYCPILE can be used for analyzing response of piles to lateral loads for different
soil types as long as an appropriate P-y‘ curve is specified. Information is now available for the
behaviour of both fine-grained (APIL, 1987, Matlock, 1970; Reese et al, 1974) and granular soils

(Yan, 1990; Yan and Byrne, 1992).
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Although to date a great deal of research effort hlas focussed on the analysis of latefally loaded piles,
no comprehehsive model had been developed to capture the behaviour of these piles based on
experimeﬁtal data. The availability of experimental data in the last five years (Yan, 1990, 1992, Lee
et al, 1992, Naesgaard et al, 1992) has allowed for the development of a new model which accurately
captures the response of vertical piles subjecte_d to lateral loads. A review of the available test .data
indicated that s0il-pile‘ interaction is highly non-linear and is dependent on various facgérs suéh as
stress level, soil density, and level of loading. A review of the present modelling methods revealed
that a new model was required to capture the cyclic P-y curves. Of all the modelling methods
reviewed in this thesis, fhose that employed the non-linear P-y curve technique were found to be the
most versatile and powerful in capturing soil-pile interaction.

A new cyclfc P-y curve’ model was develbp_ed based on available test data. A new numerical
mode] was aiso developed'for the analysis of laterally loaded vértical piles which incorporated the
new cyclic P-y curve model. The proposed numeri@al model employs a robust finite element
formulation for modelling the pile. P-y curves are used to fepresent the soil. The computer program
CYCPILE was developed to perforrﬁ the numerical analysis based on this model. |

The proposed model was tested, calibrated and verified using a linear-elastic-perfeétly-

plastic stress-strain relationship for the pile and P-y curves presented here. The results were

compared with available test data, and was found to give very accurate predictions. It was found
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that for granular soils in generél, Yan and Byrne (1992) P-y curves provided a much better match
with measured data than the API code (1987) P-y curves.

The proposed model and the program allow the extension of the recent test results to more
general problems. For specific problems, some testing may still be required to ensure appropriate
P-y curves are used for the soil and the proper stress-strain behaviour for the pile. For example, the
behaviour of concrete piies may not be accurately represented by a simple linear-elastic-perfectly-
plastic model. |

In conclusion, it is recommended that further research be carried out to:

1. obtain accurate stress-strain behaviour of different materials 'used for pile
construction,

2. include material degradation for the pile in the computer program CYCPILE,

3. obtain an accurate mathematical model for cyclic P-y curves,

4, include dynamic effects froﬁ superstructure and surrounding ground,

5. include pile group interaction, and,

6. effect of vertical side friction.

Research on dynamic effects frorﬁ sﬁperstructure and surrounding ground is ongoing atv UBC
(Dou, 1991; 1996; Khan, 1995). Also, ’some experimental research on pile group interaction has;
been performed at UBC (Panwalkar, 1994). These data suggest that pile group interaction can
possibly be accounted for by applying an additional free-field movement t.o the ends of the springs

(P-y curves) connected to each pile in the pile group. Free-field movements for any pile would

include the effects of the adjacent piles. With some effort, such method of pile group interaction can
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be added to the numerical model preéented here. Panwalkar's‘ (1994) feéearch has shown that the
amount of free-field movément depénds primarily on the distance bétween each pair of piles being
considéred and the directiqn of loéding which is consistent with observations of othe r 're_se_archers
| (Poulbs & Davis, 1987). With more model test data now available, the effect of‘pilé groups can be
included in the numerical model in the future. Howéver, some field testing would still be required

in order to verify such a model.



(1]

(2]

3]

[4]

[5]

(6]

Bibliography

Aboustit, B.L. and Reddy, D.V. (1980), "Finite Element Linear Programming Approach to
Foundation Shakedown", International Symposium on Soils under Cyclic and Transient

Loading, Swansea, Vol. 2, pp 727-738.

Alizadeh, M. and Davisson, M.T. (1970), "Lateral Load Tests on Piles - Arkansas River
Project", Journal of Soil Mechanics and Foundation Division, ASCE, Vol. 96, SMS, pp
1583-1604. | -

API-RP2 (1987), Recommended Practice for Planning, Designing and Constructing Fixed
Olffshore Platforms. American Petroleum Institute, Washington, D.C. 17th Edition, April
1, 1987.

Atukorala, U., Byrne, P.M., and She, J. (1986), "Prediction of P-y Curves from
Pressuremeter Tests and Finite Element Analyses", Version 2, Soil Mechanics Series No.

108, Department of Civil Engineering, University of British Columbia, Vancouver, B.C.

Baguelin, F., Frank, R. and Said, Y.H. (1977), "Theoretical Study of Lateral Reaction
Mechanism of Piles", Geotechnique, Vol. 27, No. 3, pp 405-434.

Briaud, J.L.; Smith, T.D., and Meyer, B. (1982), "Design of Laterally Loaded Piles using

Pressuremeter Test Results," Proc. Symp. Pressuremeter and Its Marine Application,
IFP-LPC, pp377-395, Paris.

125




[7]

(8]

[9]

[10]

(11]

[12]

[13]

- [14]

[15]

126

.Broms, B.B. (1964), "Lateral Resistance of Piles in Cohesionless Soils," Jnl. Soil Mech.

Found. D.V., ASCE, Vol. 90, SM3, ppl23-156

Brown, D.A., Morrison, C. and Reese, L.C. (1987), "Response of A Single Pile in Sand
subjected to Cyclic Lateral Loading,’ Symp. on Offshore and Arctic Operations, The
American Society of Mechanical Engineers, New York, ppl39-143

Byme, P.M,, Chang, H. and Yan, L. (1987), "Soil Parameters for Deformation Analysis of
Sands," Canadian Geotechnical Journal, Vol. 24, No. 3, pp.366-376.

Byrne, P.M., Anderson, D.L., Janzen, W. (1984) "Response of Piles and -Casings to

Horizontal Free-field Soil Displacements", Canadian Geotechnical Journal, Vol. 21, No. 4,

pp.720-725.

Cox, WR Reese, L.C. and Grubbs, B.R. (1974), "Field Testing of Laterally Loaded Piles
in Sancl," Proc. 6th Annual OTC, Houston, Texas, Vol. 2, Paper No. OTC2079, pp459-472.

Davis, M.P. (1987), M.A Sc. Thesis, Dept. of Civil Engineering, The University of British

Columbia, Vancouver, B.C.

Desai, C.S. (1977), Chapter 9, Numerical Methods in Geotechnical Engineering, ed. by
Desai, C.S. and Christian, J., McGraw-Hill. ’

Desai, C.S. (1981), "Behavior of Interfaces between Structural and Geological Media," Int.

Conf. on Recent Advances in Geotech. Earthquake Engineering and Soil Dynamics, Vol.II,
St. Louis, MO. 1981.

Desai, C.S., Zaman, M.M_, Lighter, J.G. and Siriwardane, H.J. (1984), "Thin-layer Element

for Interface and Joints," International Journal of Numerical Analysis Methods in

Geomechanics Vol. 8, ppl9-43.




(16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

127

Dou, H.R. (1991), "Response of Pile Foundation Under Simulated Earthquake Loading",
M.A Sc. Thesis, Dept. of Civil Engineering, The University of British Columbia, Vancouver,
B.C |

Duncan, J. M. and Chang, C.Y. (1970), "Nonlinear Analysis of Stress and Strain in Soils,"
J. of the Soil Mech. Found. Div., ASCE, Vol. 96, No. SMS, Sept. 1970.

Duncan, JM,, Byrne, P.M., Wong, K.S. and Mabry, P. (1980), "Strength, Stress-strain and
Bulk Modulus Parameters for Finite Element Analysis of Stresses and Movements in Soil
Masses," University of California, Berkeley, CA, Report No. UCB/GT/80-01.

Faruque, M.O. and Desai, C.S. (1982)) "3-D Material and Geometric Nonlinear Analysis of
Piles," Proc. 2nd Int. Conf. on Num. Methods in Offshore Piling, Univ. of Texas, TX.,
pp553-575. |

Foschi, R.O. (1992), Personal Communications.

Gambin, M. (1979), "Calculation of Foundations Subjected to Horizontal Forces using

Pressuremeter Data," Sols Soils, No.30-31, 1971.

Gleser, S.M. (1953), "Lateral Load Tests on Vertical Fixed-Head and Free-Head Piles."
Sym. on Lateral Load Tests on Piles, ASTM STP 154, Atlantic City, N.J., pp75-94.

Habibagahi, K. and Langer, J. (1983), "Horizontal Subgrade Modulus of Granular Soils."
Laterally Loaded Deep Foundations: Analysis and Performace, ASTM STP 835, J.A.
Langer, E.T. Mosley, and C.D. Thompson, eds., pp21-34.

Heytenyi, M. (1946), "Beams on Elastic Foundations," Ann Arbor, Mich. U.S.A.




[25]

[26]

.[27]

[28]

[29]

[30]

[31]

[32]

[33]

128

Khan, A. (1995), "A New Non-linear Analysis of Layered Soil-Pile-Superstructure Seismic

Response”, M.A.Sc. Thesis, Department of Civil Engineering, University of British

Columbia, Canada.

Kubo, K. (1965), "Experimental Sfudy’of the Behavior of Laterally Loaded Piles," Proc. 6th
Int. Conf. SMEF., Montreal, Vol.II. pp275-279.

Kuhlemeyer, R.L. (1979), "Static and Dynamic Laterally Loaded Floating Piles," Jnl. Geot.

" Eng. Div., ASCE, Vol. 105, GT2, pp289-304.

Lee, MK,, Stewart, R A, Imrie, A.S., "Timber Pile Lateral Test Program, Seismic
Withstand. of Timber Piles, Volume 1 of 2, Evaluation of Practise versus Theory", BC
Hydro, Hydroelectric Engineering Division, Report No. H2607, April, 1992.

Leshchinsky, D. and Rawlings, D.L. (1988), "Stress Path and Permanent Deformations in

Sand subjected to Repeated Load," Geotechniqal Testing Journal, Vol. 11, No. 1, March
1988, pp.36-43

Madson, B. (1992) "Report on Laboratory Testing of Timber Piles for BC Hydro
Geotechnical Department”, Timber Engineering Ltd., February 11, 1992.

Matlock, H. (1970), "Correlations for Design of Laterally Loaded Piles in Soft Clay," Proc.
2nd OTC, Houston, Paper OTC1204, pp577-594.

McClelland, B. and Focht, J.A. (1956), "Soil Modulus for Laferally Loaded Piles,"
Transactions, ASCE, Paper No.2954, pp.1049-1086. |

Murchison, J M. and OWNeil, M.W. (1984), "Evaluation -6f P-y Relationships in

Cohesionless Soils," Proc. Symp. on Anaiysis and Design of Pile Foundations, San
Francisco, Calif Oct. 1984.



(34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

129

Naesgaard, E. (1992), "Lateral Load Tests to Examine Large-Strain (Seismic) Behaviour of
Piles" Canadian Geotechnical Journal, Vol. 29, pp. 245-252.

Nakamura, S., Applied Numerical Methods in C, PTR Prentice Hall, Englewood Cliffs, New
Jersey, 1993,

Oh-Oka, H. (1976), "Drained and Undrained Stress-strain Behavior of Sands Subjected to

Cyclic Shear Stress under Nearly Plane Strain Condition," Soils and Foundations, Vol. 16,
No.3.

Pande, G.N., Abdullah, W.S. and Davis, E H. (1980), "Shakedown of Elasto-plastic
Continuum with Special Reference to Soil-rock Structures," Int. Symp. Soils under Cyclic

and Transient Loading, Swansea, pp-739-746, G.N. Pande and O.C. Zienkiewicz, eds., A A.

Balkema, Rotterdam.

Panwalkar, A. (1994), M.A.Sc. Thesis, Department of Civil Engineering, University of
British Columbia, Canada. 4

Poulos, H.G. (1971), "Behaviour of Laterally Loaded Piles: I - Single Piles",. Jnl. SMFE
Div. ASCE, Vol.97, SMS, pp733-751. '

Poulos, H.G. (1974), "Analysis of Pile Groups subjected to Vertical and Horizontal Loads,"
Aust. Geomechs., Jnl, Vol.G4, No.1:26-32. '

Poulos, H.G. and Davis, E H. (1980), Pile Foundation Analywv and Design, John Wiley and
Sons, New York, 397pp.

Poulos, H.G. (1981), "Behavior of Single Piles Subjected to Cyclic Lateral Load," 'Civil

Engineering Research Report R385, University of Sydney, Australia.




[43]

[44]
[45)
[46]
[47]
[48]

[49]

[50]

130
Poulos, H.G. (1982), "Developments in ‘tvhe Analysis of Static and Cyclic Lateral Response

of Piles," Proc. 4th Int. Conf on Num. Meth. in Geomech., Edmonton, Alberta, Canada,
Vol.3, pp.1117-1135. | | "

Poulos, H.G. (1987), "From Theory to Practice in Pile Design," Research Report No. R559,
The University of Sydney, Australia. '

Randolph, MF. (1981), "The Response of Flexible Piles to Lateral Loading," Geotechnique,
Vol.31, No-2, pp247-259. | S

Reese, L.C., Cox, W.R. and Koop, F.D. (1974), "Analysis of Laterally Loaded Piles in
Sand," Proc. 6th OTC, Houston, Paper OTC2080, pp.473-483.

Reese, L.C. (1977), "Laterally Loaded Piles: Program Documentation," Jnl. Geot. Engng.
Div., ASCE, Vol.103, NoC.T4, 287-305. |

Reese, L.C. (1979), "Design of Evaluation of Load Tests on Deep Foundations," Behavior

- of Deep Foundations, ASTM STP 670.

Reese, L.C. et al (1988), "Experimental Research into the Behavior of Piles and Pile Groups
subjected to Lateral Loads," U.S.- Army Corps of Enginéers Waterways Experiment Station,
Vicksburg, June 1988, WES/MO/GL-86-10.

Robertson, P.K., Campanella, R.G., Gillespie, D., and Rice, A. (1984), ."Seismic CPT to

Measure In-Situ Shear Wave Velocity," Proc. Measurement and Use of Shear Wave Vélocity

for Evaluating Dynamic Soil Propeﬂieé, Geotechnical Engineering Div., ASCE, Denver,
Colorado, April 1984.




[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

131

Robinson, K.E. (1970), "Horizontal Subgrade Reaction Estimated from Lateral Loading

Tests on Timber Piles", Symp. on Behaviour of Deep Foundations, ASTM STP 670, ed. by
R. Lundgren, pp.520-536. |

Scott, R.F. (1981), Foundation Analysis, Prentice-Hall, Inc. Englewood CIiff, N J.

Shaw, P. and Brown, S.F. (1986), "Cyclic Simple Shear Testing of Granular Materials,"
Geotechnical Testing Journal, Vol. 9, No. 4, Dec. 1986, pp213-220.

Smith, T. (1983), "Pressuremeter Design Method for Single Piles subjected to Static Lateral
Load," Ph.D. Thesis, Texas A & M University. ' -

Swane, 1.C. and Poulos, H.G. (1982), "A Theoretical Study of the Cyclic Shake-down of

Laterally Loaded Piles," Research Report No.R415, School of Civil and Mining

Engineering, The University of Sydney, Australia, July, 1982.

Terzaghi, K. (1955), "Evaluation of Coefficients of Subgrade Reaction," Geotechnique,
Vol.5, No.4, pp297. '

Ting, J M., Kauffman, C.R. and Lovicsek, M. (1987), "Centrifuge Static and Dynamic
Lateral Pile Behaviour," Can. Geot. J. Vol. 24, pp.198-207.

Wagner, A A (1953), "Lateral Load Tests on Piles for Design Information," Sym. on Lateral
Load Tests on Piles, ASTM STP 154, Atlantic City, N.J., pp.59-73.

Wong, J., (1992) "Timber Pile Lateral Test Program, Summary of Field Tests", Powertech
Labs Inc., July, 1992.




[60]

[61]

[62]

[63]

[64]

132

Yan, L. (1986), "Numerical Studies on Some Aspects with Pressuremeter and Laterally
Loaded Piles," M.A.Sc. Thesis, Dept. of Civil Engineering, University of British Columbia,

Vancouver, Canada.

Yan, L. (1990) "Hydraulic Gradient Similtude Method for Geotechnical Modelling Tests
with Emphasis on Laterally Loaded Piles" Ph.D. Thesis, Department of Civil Engineering,

University of British Columbia, Canada.

Yan, L. and Byrne, P.M. (1992), "Lateral Pile Response to Monotonic Pile Head Loading",
Canadian Geotechnical Journal, Vol. 29, pp. 955-970.

Yegian, M. and Wright, S.G. (1973), "Lateral Soil Resistance Displacement Relationships
for Pile Foundations in Soft Clay," OTC, paper No. 1893, Dallas, Texas, U.S.A.

Yoshida, 1. and Yoshinaka, R. (1972), "A Method to Estimate Modulus of Horizontal
Subgrade for a Pile," Soils and Foundations, Vol.12, No.3.




Appendix I - Shape Functions Used in The Numerical Model

The shape functions, M(£), M,(£), M,(E), N,(E), N,(E), are derived by considering (see Chapter 4):
{a}={w R ,/,w ‘”,u ol ,/,w w,.w //,u u _ (LD

/
A R B L |

w=bx +bx*+bx>+bx+bx+b, 12)

R
u=cx’+ex’rex+e, (1.3)

Differentiating w and  with respect to x:

w'=5b x*+4b,x>+3bx"+2b x+b, (L4)

w ' =20b x> +12b,x*+6b x+2b, (L.5)
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Using local coordinates such that x; = 0, x, = A, and define £ such that x = (1+£)(A/2), we can -
evaluate Equations (I.2) through (1.6) at x, and x; to solve for b, and ¢, in terms of {a}. Substituting

for b, and c, in Equations (I;2) through (I1.6), we can re-write these eduations in terms of {a}:

u'=3¢x +2ex+e, | (1.6)
w(E)=M, (D)), w '(8) =M, (£)la}; w (£) =M, (£)la} (L7)
u(E)=N, (EMla}; u'(8)=N,"(¢)la} _ (1.8)

where shape functions, M(£), M(£), M(E), N,(&), and N,(£) are given by

M (1,5)=(8-15E +10E°-3E°)/16
M (2,E)=(5-TE-6E2+10E°+E*-3E%)(A/32)

M (3,6)=(1-E-2£2+28° +E*-E°)(A Y64)
M (4,E)=0 | _
MD(S,E)zo 3 5 | (19) |
M (6,E)=(8+15E-10E°+3E%)/16
M (7,E)=(-5-TE+6E*+10E*-£*-3E%)(A/32)
My(8,E)=(1+E~2E-2E°+E*+E°)(A /64)
M (9,£)=0
M (10,£)=0
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M (1,E)=(-15+30E>-15E%)(2/16A)
M (2,8)=(-T-12E +30E*+4E°>~15E%)/16
M\(3.£)=(-1-4E +6E7+4E>-5E)(A/32)

M (4,E)=0
M (5,£)=0
M (6,£)=(15-30E>+15E%)(2/164) (L10)
M (7,E)=(-7+12F +30E>-4E*-15E%)/16
M\ (8,E)=(1-4E-6F7+4E7+5E%)(A/32)
M, (9,£)=0
M (10,£)=0
M,(1,E)=(60E -60E>)(4//16A%)
M, (2,5)=(-12+60E +12E*-60£°)(2/16A)
M,(3,£)=(~4+12E +12E%-20E%)/16
M, (4,£)=0 :
M,(5,£)=0
’ C(L1D)

M ,(6,E)=(-60F +60E>)(4//16A%)
M(7,£)= (12 +60F -12E*-60E>)(2/16A)
M, (8,E)=(-4-12F +12E2+20E%)/16
M,(9,£)=0 '

M,(10,£)=0
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N (1,£)=0

N (2,E)=0

N,(3,£)=0

N(4,E)=(2-3E+E%)/4

N(5.E)=(1-E-E2+E*)(A/8) : ,
NGB0 k o (1.12)
N(7,£)=0 ' '
N,(8,E)=0

Ny(9,8)=(2+3E-E°)/4

Ny(10,E) = (-1-E+EX+E*)(A/8)

N,(1,£)=0

N (2,£)=0

N,(3.E)=0

N, (4,E)=(-3+3E%)(1/24)

N,(5.8)=(-1-2E+3E7)/4 : S
N,6.E)=0 , | o (:I.1~3)
N(7,5)=0 '

N(8,5)=0 4

N,(9.5)=(3-3EH/24

N (10,E) = (-1+2E +3£%)/4
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Abstract

This document is the user's manual for the computer program CYCPILE. This program analyzes
- the response of single piles to cyclic and static lateral loads caused by earthquakes and lateral
ground movements. In this progrém, a finite element beam model is used for representing the
pile which, at the present, assumes a linear-elastic-perfectly-plastic stress-strain relationship.

The soil is represented by non-linear springs in the form of p-y curves. Pile gapping is taken into
account by either enforcing zero tensile pressures on the soil, or, by using the cyclic P-y curves

| ‘presented in Vazinkhoo (1996)..' Input loads may be given in terms of dis'placements' or forces
which can be specified at either one or more nodes, or, as free field displacements along the pile
length. P-delta effects are taken into account in the formulation of the finite element model. A
varymg axial load may be input at the top although settlement of the pile due t6 ari axial load 18

: not considered.

At this time, the model and the program are not capable of analyzing a fully dynamic problem
where inertia forces may have cons1derable effect on the results. Such capabilities are bemg

developed and will be available in a later version of the program.

This report contains detailed descnptlon of the structure and flow of the program CYCPILE. A

number of example problems are also presented for gu1dance
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Chapter 1. Introduction
1.1 Introduction .

-In seismically active areas, it is important to censider lateral loads in design and analysis of new
" and existing structures founded on piles. H1stor1cally, piles have been mostly des1gned for
carrying vertical loads.  The computer program CYCPILE has been developed to accurately
analyze the behaviour of piles under different lateral loading conditions. This program
constitutes part of a Master of Apphed Sc1ence requ1rements for the author at the Umver51ty of
British Columbia. Details of the method used in this program are presented in the thesis and a

technical paper.

In short, the method is composed of a finite element beam model for the pile and non-linear
springs, or P-y curves, for the soil. The user can input varying materials for the pile and the soil

- along the length of the pile. Axial loads can be mput at the top of the pile although pile
‘settlements and axial capacities are not calculated - Input axial loads are mcorporated in the
model to account for determining P-delta effects only. The Gaussian integration scheme (for a
discussioh of this integration technique the user is referred to Nakamura 1993) 1s used in solving
equations leading to the stiffness matrix of the Finite Element system Non- lmear soil properties

are determined using a tangent stiffness approach

By using the gaussian integration technique, the model is capable of c'alculating the deformed
shape andthe moments along the length of the pile very accuratety. The model is capable of |
analyzing the non-linear behaviour of the soil-pile interaction. The pile is assumed to have a
linear-elastic-perfectly-plastic stress-strain relationship. Pile gapping is modelled either by
assurhing _that soil cannot uhdergo tension, or, by hsing the cyclic P-y curvesv presented in
Vazinkhoo (1996).

The soil properties are given through the input of P-y curves"et certain depths and for each of the
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soil layers. Alternatively, the user can select the type of a P-y curve for a soil layer using the

Yan-Byrne (1992) or the API (1987) methods and the curves are calculated by the program.

The program has been checked and verified with fhe results of laboratory and ﬁéld,experiments
to ensure that the model and methodology used in the program will give accurate results to
practical problems. However, since in an actual situation other factors such as dynamic ef’fects
of the super-structure supported byvthe pile will be important, it is desirable to include these

problems in the model. Such capability is not available at this time, but is preséntly in the

development stage at the University of British Columbia. The dynamic effects can be

approximated by using a pseudo-static approach.

1.2 Purpose and Scope

The purpose of this documentation is to aid the user in the actual use of the computer program. -

The algorithms and the structure used in the program are also discussed. | ,

: Thé analytical model used in program CYCPILE is briefly discussed in Chépter 2 of Vazinkhoo

(1996). The derivation of the model is presented in Vazinkhoo (1996). Chapter 3 is devoted to

the discussion of the use of the computer program and contains the following: 1) A detailed

“description of the program and its capabilities including program flow and Stméture ; 2) the

input file format and all input variables ; -3) all output information; and, 4) problems that rhay be

encountered while running CYCPILE.

Some example problems are solved in chapter 4 to assist users in understanding the different
input and output options and variables. Since most of the examples are uSing actual test data, it

will give the user an idea of the accuracy of the program. .
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1.3 - Applications

The program is pfesently capable of analyzing any combination of the following:.

a.

b.

a o

= ® ™o

p— o

s o

Non-linear soil stress-strain and yielding through input of P-y curves
Automatic calculation of P-y curves based on either Yan-Byrne or the API method.

Soil-pile gapping

* Cyclic or monotonic loading

Vafying pile cross sections élong the pile length
Different pile materials along the pile length

Pile yielding | |

Free-field loading - -

Direct.loading at any node along the pile |
Specified displacements at any node along the pile

P-Delta effects from applied axial load
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Chapter 2. Analytical Model
2.1 Pile Model

The pile is répresented by a one-dimensional finite element model as shown in Figure 2.1. As

can be seen, the pile may have varying cross-section dimensions and applied loadings.

As shown in Figure 2.1 the pile is divided into separate elements which may have varying
lengths. The elements are connected to each other at the nodes. -Although the nodes are used as
reference points, almost all calculations and outputs are done at the Gaussian integration points
(see Nakamura (1993) for a discussion of the Gaussian integration technique). Both node and
element numbering start from the bottom up. Coordinates can be increasing or'deéfeasing with

depth. Negative coordinates are allowed. The finite element formulation is discussed in
Vazinkhoo (1996). |

The user generaily divides the pile into a number' of elements the length of which may vary with
depth. Since the finite element formulation used is fairly accurate, the number of elements’
néeded can be limited to a few elrementsAfor each layer or piie cross-section. However, if the pile
cross-section dimensions change with depth, the elément lengths should be small enough to
obtain good results. Experiehée aﬂd judgementA should be used in detefminiﬁg the element

lengths for a specific problem.

The axial deformations in the pile due to axial and lateral loads are calculated but care must be

© taken in their interpretation because soil resistance in the axial direction is not taken into
~a¢couﬁt. The effect of axiéll loads on lateral bending and bucklihg (P-delta effect) is
approximately considered. F igure 2.2 shows a comparison 6f results between an actual three
point bending test on a timber pile and the predicted behaviour u‘sihg CYCPILE. As can be seen,
the model compares very well with the lab tests. This Vanalysis is présented as én example

problem in section 4.1 of Chapter 4.
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22 Soil Model

The soil in the computer program CYCPILE is modelled as non-linear springs with the use ef P-
y curves as shown in Figure 2.1. P-y curves may be obtained in a number of different ways, e.g.,
the American Petroleum Institute (API) code for both clays and sands. However, Yan and Byrne
(1992), based on extensive laboratory model tests, have proposed a more fundamental and
representative method for obtaining P-y curves for sands. This method is quite different from
the API code and gives better results than the API method. Given the appropriate parameters,
the program CYCPILE is capable of automatically calculating the P-y curves for either of the
above methods. Of course, P-y curves may also be input simply as a set of points on the curve in
which case linear interpolation is used between points. The user also specifies the initial

modulus, E,, or E__, which is used as the uhloading portion.

Soil-pile gapping is either modelled by assumihg that the soil is not capable of carrying any

tensile forces or by using the cyclic P-y curves presented in Vazinkhoo (1996). Cbrriparison

with field tests show that the results are sufficiently accurate. A typical cyclic P-y curve based

on the Yan & Byrne (1992) P-y curve and the assumption of zero tension in the soil is shown on

Figure 2.3. Also shown on this Figure is a typical cyclic P-y curve constructed using the method
presented in Vazinkho_o (1996).
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The computer code for CYCPILE has been written in FORTRAN 77 and compiled with
Mlcrosoﬁ® Fortran Powerstatlon version 1.0 with Microsoﬂ Visual Work Bench® version 3.2
The machme used for developmg the program CYCPILE was an IBM*? compatible PC w1th an-

Intel®* 486DX33 micro processor. The minimum hardware requirements to-run _CYCPILEV are:

a. . a 386-based or higher CPU,
b. a math co- processor,
c. atleast 8.0 Mb of free Hard Disk space (Var1es dependmg on the size of problem),

d. 2 Mb of RAM (Extended).

* Due to the large number of arrays used and defined in this program, most FORTRAN compilers
will give an executable file that is much larger than the allowed 640K for DOS-based computers:
The compiler used for compiling CYCPILE (mentioned above), is capable of making the
executable file such that memory allocation for all arrays is done at run time rather than

including the required memory in the executable file.

CYCPILE has been tested with a variety of problems and is believed to be free from serious
defects. Troubles are usually found to be caused by user-oriented errors in input files or

mrsrepresentation of the phys1cal system Wthh results in unexpected response of the real

structure.

The program CYCPILE has been designed to work with any consistent system of units by

specifying the appropriate value for atmospheric pressure. ‘ Because of the integration technique

' Microsoft and Microsoft Visual Work Bench are trade marks of Microsoft Corporation.
2IBM is a trade mark of International Business Machines Corporation.

* Intel is a trade mark of Intel Corporation.
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used in this program, relatively few elements may be used to represent the pile accurately. It
must be cautioned, however, that under certain instances such as when modelling a tapered pile,
many more elements may be needed. Experience and judgement should be used in determining
the number of elements needed for a certain problem It should be ment1oned that processmg
time increases raptdly with increased number of elements. A trial and error process can be used

to find a suitable number for a particular problem.
3.1  Program Flow

The general flow of the program is shown in Figure 3.1. All program control, problem

Speciﬁcations, and all other information are input through two input files. One contains the input

. load history and the other contains all other data. All interpolations needed to obtain information

along the pile are performed at the start of the program.

The program uses the tangent modulus in stiffness calculatlons This allows for a marchmg
solution scheme. At each load step, the stiffness matrix for the pile is constructed and the A
problem is solved to obtain moments, shear and shape of the deformed pile which are printed to
the output files. This information is also saved in the memory and used as the starting condition
for the next load step at which time all parameters are adjusted and the stiffness matrix for this
load step is constructed. This process continues until processing termmates Convergence is
checked for each load step and the solution loop is executed until the convergence criteria has

been satisfied.

Often, especially when applying cyclic loads, the specified tolerance may not be reached due to
small errors in some portions of the pile where relatively very small displacements take place. In

calculating the tolerance these small errors are divided by a very small number and appear to be

large inaccuracies. Such large inaccuracies in the tolerance calculations are misleading and have

little effect on the overall accuracy of the actual problem For this reason, the program prompts

the user after every NITER iterations (set by the user in the input file) and the user can choose to

either continue with another NITER iterations, assume that the tolerance has been reached and
151
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Reé_d Input Data and FEcho to Screen

Obtain Gaussian Values and Appropriate Shape Functions for Each Element, Calculate Initial
Soil and Pile Parameters and Initialize all Vectors

rl

> Repeat for Each Time Step

[ I Input Forces Have Been Identified, Include Them in The Right-Hand-Side Matrix Here- '

——b[ Construct The Stiffness Matrix Taking Soil Pressures Into Account ’

If Iput Displacements Have Been Specified, Introduce Them Here as Boundary Conditions.
Also, Introduce All Other Boundary Conditions

Solve The Problem For The Given Conditions. Save Results for The Next
Lo ' Iteration / Tiine Step

Has Specified
Tolerance Been
-Achieved?

Yes

No
v

Update Stresses In The Pile, and Soil Pressures Acting on The Pile For
The New Displacements

Save Bending Moments, Deflected Shape, Reactions, Etc. For This Time Step
to Output File ‘

| END

-Figure 3.1 General flow ch;irt for program CS\(EI;ILE
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move on to the next time step, or, stop the execution of the program.

3.2 Program Structure

The computer program CYCPIL'E.'consists of a main routine and the following six subroutines:

SHAPES, STRESS, PSUP, GAUSS, DECOMP and SOLV.

The main routine is responsible for all input and output, initialization of all arrays, construction -

of the stiffness matrix and inclusion of boundary and end conditions.

Subroutine SHAPES obtains the values of the shape functions at each Gaussian integration point

for each element. These values are used in the formulation of the stiffness matrix.
Subroutine STRESS looks up the appropriate stress for a given strain level at a point in the pile.

Subroutine PSUP looks up the appropriate P-y curve. Soil-pile gapping is taken into account

here.

Subroutine GAUSS returns the appropriate Gaussian coordinates and integfation factors given

the number of desired Gaussian points.

Subroutine DECOMP decomposes the one-dimensionalized stiffness matrix so that it can be

solved with the SOLV subroutine.

Subroutine SOLV solves the decomposed one-dimesionalized stiffness matrix and stores the

solution in the right-hahd-side matrix.

The one-dimensional stiffness matrix is setup so that it only stores the lower half of the matrix
 that have non-zero values since the stiffness matrix is symmetrical as is often done in finite

element programs.

{53




Chapter 3. Program Setup

33 Current Program Capacities

All arrays in program CYCPILE are individu_a'lly defined for purposes of clari‘ty'. As mentioned
above, the compﬂer which we used allows for the memory allocation to take place at run time. |
This makes the size of the program smaller. Tihe‘e()mpiler makes use of an extended memory‘
manager (DOSXMSF . EXE) which should be present in the same sub-directory or in a sub-

d1rectory specified in the path statement in the AUTOE)GEC BAT file. This memory manager

“enables the use of extended memory and makes use of scratch files if it needs them

The program CYCPILE is capable of analyzing.any combination of the following:

- Non-linear soil stress- stram and y1eld1ng through input of P-y curves

Automatic calculatlon of P-y curves based on either Yan-Byrne or the API method.

IS

Soil-pile gapping

» Cyclic or monotonic loading

a o

Varying Vpile cross sections along the pile length
Different pile materials along the pile length
Pile yielding

= @ oo

‘ 'Free-ﬁeld'loading

—

Direct loading at any node along the pile

[

Specified Displacements at any node’

k. P-Delta effects from applied axial load

The solution of the dynamic problem is currently being developed and will be available in the

near future.

3.4 Description of the Input File

The‘input data can be given in free format. The example files contain the data using comma

separated fields. As mentioned earher any con51stent system of umts may be employed by

|5"~f
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specifying the atmospheric pressure in the units of choice. All numbering for nodes, elements,

layers, etc. are from the bottom to the top. However, the coordinates can increase or decrease

with depth. Negative coordinates are also allowed. The following describes the input file:

Line #

Varnable Name

Format

Description

1

TITLE

A80

TITLE OF THE PROBLEM

THE FOLLOWING LINE CONTROLS THE PROBLEM:

NUMBERS OF ELEMENTS ALONG THE

2 ELEMENTS 14
: PILE
2 SOIL LAYERS 14 NUMBER OF DIFFERENT SOIL LAYERS -
2 PILE MATS 14 . | NUMBER OF DIFFERENT PILE MATERIALS
2 BC NODES . 14 'NUMBER OF DIFFERENT NODES WITH
BOUNDARY CONDITIONS
2 INPUT PTS 14 NUMBER - OF POINTS IN THE INPUT
' HISTORY
2 CYC LOAD NODES 14 NUMBER OF NODES WITH INPUT LOAD
' . HISTORY
2 IS CYC Al = 'Y' IF LOADING TYPE IS TRUELY
CYCLIC,
='N' OTHERWISE
THIS IS USED FOR CALCULATION OF
API P-y CURVES, IF DEFINED
2 FREE FLD NODES 14 NUMBER OF NODES ASSOCIATED WITH
FREE FIELD INPUT : o
2 PA F156 ATMOSPHERIC PRESSURE ‘IN DESIRED
UNITS
2 STATIC VER LOAD F15.6 THE STATIC VERTICAL LOAD ON THE
: : PILE o
TOLERANCE F156 DESIRED TOLERANCE FOR THE PROBLEM
NITER 14

NUMBER OF ITERATIONS TO PROMPT

REPEAT THE FOLLOWING LINE FOR EACH NODE:

NODE

14

NODE NUMBER. NODES ARE NUMBERED
FROM BOTTOM TO TOP. THE TOTAL

‘NUMBER OF NODES IS ALWAYS ONE

PLUS TOTAL NUMBER OF ELEMENTS.
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3 X COORD(NODE) . . F15.6 | COORDINATE OF THE NODE IN THE .
_ L Lo VERTICAL DIRECTION
3 IS FF(NODE) 4 = | IF FREE-FIELD DISPLACEMENTS WILL
‘ : BE APPLIED AT THIS NODE
=0 OTHERWISE . '

REPEAT THE FOLLOWING LINE FOR EACH ELEMENT:

4 ELEM : 14 ELEMENT NUMBER

4 XSEC TYPE(ELEM) 2 . THE SHAPE OF THE PILE CROSS SECTION,
S THE CHOICES ARE:
- =1 -SOLID CIRCLE -

=2 -HOLLOW. CIRCLE
=3 .RECTANGLE

4 ~ OUT DIA(ELEM) F15.6 IF XSEC TYPE() = 1:
. = DIAMETER OF PILE
- IF XSEC TYPE() =2: :
= QUTSIDE DIAMETER OF PILE
IF XSEC TYPE() = 3:
= DEPTH OF PILE (IN DIRECTION OF
' : . BENDING)
4 IN DIA(ELEM) - F156 IF XSEC TYPE( =1:
: : , . =00

IF XSEC TYPE() =2

= INSIDE DIAMETER OF PILE
IF XSEC TYPE() =

= WIDTH OF PILE

4- MAT NUMELEM) 14  PILE MATERIAL FOR THIS ELEMENT

4 - IN LAYER(ELEM) I4 SOIL LAYER ASSOCIATED WITH THIS
’ S : ELEMENT \

REPEAT THE FOLLOWING LINES FOR EACH SOIL LAYER:

LAYER : 14 SOIL LAYER NUMBER

SOIL TYPE(LAYER) | a4 SOIL TYPE FOR THE LAYER:
' =CLAY, '

=SAND,

=USER;

THIS OPTION DEFINES HOW. -TO
CALCULATE P- -y CURVES FOR THE SOIL
LAYER.

156
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5 PY TYPE(LAYER)

- A4

METHOD OF CALCULATING P-y CURVES:
=YANB, FOR YAN & BYRNE APPROACH,
= APIC, FOR APPROACH USED IN THE
API CODE,
= USER, FOR USER SPECIFIED P-y
CURVES; :

" NOTE: THE YAN & BYRNE METHOD CAN

ONLY' BE SPECIFIED IF SOIL TYPE() =
SAND. THE APl CODE METHOD CAN
ONLY BE .SPECIFIED IF SOIL TYPE() =
SAND OR = CLAY.

IFPY TYPE() = YANB, ENTER THE FOLLOWING LINE:

6 GAMMA(LAYER)

F15.6

THE UNIT WEIGHT OF -SOIL. FOR THIS -
SOIL LAYER

6 DR(LAYER)

F15.6

THE RELATIVE DENSITY OF SOIL FOR
THIS SOIL LAYER (%) (USED TO CALC.
EMAX)

6 - EMAX(LAYER)

F15.6

THE MAXIMUM ELASTIC MODULUS OF

SOIL FOR THIS SOIL LAYER (NOT USED)

IFPY TYPE()=APIC AND SOIL TYPE() = SAND, ENTER THE FOLLOWING LINE:

6 GAMMA(LAYER) F156 | THE UNIT WEIGHT OF SOIL FOR THIS
| SOILLAYER
6 . DR(LAYER) F156 | THE RELATIVE DENSITY OF SOIL FOR
3 THIS SOIL LAYER (%)
6 ETA(LAYER) F156 | THE FACTOR ETA FROM API CODE FOR
THIS SOIL LAYER
6 . N HILAYER) F156 | THE FACTOR n hi FROM API CODE FOR
: THIS SOIL LAYER (COEFFICIENT OF
SUBGRADE MODULUS)
" CI(LAYER) "F156 | FACTOR C1 FROM THE API CODE
C2(LAYER) F156 | FACTOR C2 FROM THE API CODE
C3@LAYER) F156 | FACTOR C3 FROM THE APl CODE
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FOROTHER PY TYPE() AND SOIL: TYPE() NOT COVERED ABOVE, ENTER THE FOLLOWING LINES

(TYPE "USER" IS ALSO INCLUDED HERE):

6 © - GAMMA(AYER)

F15.6 THE UNIT WEIGHT OF SOIL FOR THIS
, : SOIL LAYER
6 NUM PY(LAYER) 14 NUMBER OF P-y CURVES IN THIS LAYER
6 NUM PY PTS(LAYER)- 14 . NUMBER OF POINTS TO BE ENTERED FOR
~ EACH P-y CURVE (50 MAXIMUM)
6a NODE PY(LAYERNUM PY) 14 'NODE NUMBER OF THE FOLLOWING P-y
CURVE
" 6a EMAX UNODE PY,NUM PY) F15.6 EMAX AT THIS NODE
6b Y PY IN(NODE PY, D) F10.4 THE Y-POINTS.OF THE P-y CURVE AT THIS
: , : NODE
6b , P PY(NODE PY, ]) F10.4 THE P-POINTS OF THE P-y CURVE AT THIS

. NODE

NOTE: REPEAT LINES 6a AND 6b NUM PY
TIMES. FREE-FIELD DEFLECTIONS WIL
BE INTERPOLATED, IF NECESSARY, FOR
ALL NODES REQUIRING FREE-FIELD

INPUT.

REPEAT THE FOLLOWING LINES FOR EACH PILE MATERIAL:

PILE MAT

14

PILE MATERIAL NUMBER

MAT TYPE(PILE MAT)

A4

DEFINES THE MATERIAL TYPE FOR SOME
PILE SEGMENT:
= ELPL, FOR AN ELASTO-PLASTIC
MATERIAL LIKE STEEL,
= WOOD, FOR WOOD,

= USER, THE STRESS-STRAIN CURVEIS
USER DEFINED BY THE USER.

IF MAT TYPE() =ELPL, ENTER THE FOLLOWING LINE:

- YOUNG'S ELASTIC MODULUS OF THE

8 E(PILE MAT) F15.6
MATERIAL
'8 YIELD STRS(PILE MAT) F15.6. YIELD STRESS OF THE MATERIAL

(£°%1




Chdpter 3. Program Setup

IF MAT TYPE() = WOOD, ENTER THE FOLLOWING LINE:

" F156 |

8 , E(PILE MAT) YOUNG'S ELASTIC MODULUS OF THE
: MATERIAL
8 YIELD STRS(PILE MAT) F15.6 YIELD STRESS OF THE MATERIAL IN

COMPRESSION

IFMAT TYPE(Q) = USER, ENTER THE FOLLOWING LINE (NOT AVAILABLE AT THIS TIME):

NUM SE PTS(PILE MAT)))

8 | NUM SE PTS(PILE MAT) 4 NUMBER OF POINTS ON THE SIGMA vs
: ~EPSILON CURVE (STRESS STRAIN’
CURVE) ‘ :
. NOTE: - INCLUDE THE ' NEGATIVE
PORTION O F THE CURVE HERE
g | E INIT(PILE MAT) F15.6 INITIAL YOUNG'S ELASTIC MODULUS
8a |  EPSILON(PILE MAT, (I, 1=1, 8F10.4 THE EPSILON-POINTS OF THE STRESS
NUM SE PTS(PILE MAT))) STRAIN CURVE
8b SIGMA(PILE MAT, (I,1=1, 8F10.4

THE SIGMA-POINTS OF THE STRESS
STRAIN CURVE

IF BC NODES IS NOT ZERO, FOR EACH BC NODES ENTER THE FOLLOWING LINE OTHERWISE SKIP

THIS LINE:

9 J - BC NODE®) I4 NODE NUMBER WITH BOUNDARY
CONDITION, I =1 TO BC NODES

9 NUM BCS@BC NODE(D)' 14 NUMBER ~OF DIFFERENT BOUNDARY

‘ CONDITIONS TO BE SPECIFIED
9 " BC(BC NODE(Q), 1,.J=1, 14 = 1,IF W=0 ‘
NUM BCS (BC NODE())) =2,IF W=0
: o =3,IF W=0

=4,IF U=0
= 5, IF U'=0

IF CYC LOAD NODES IS NOT ZERO, FOR EACH CYC LOAD NODES ENTER THE FOLLOWING LINE

OTHER WISE SKIP THIS LINE:

o | CYC NODE

THE NODE NUMBER WITH SPECIFIED.
LOAD HISTORY
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10 CYC LOAD TYPE(CYC NODE)

AS

=DISPL, FOR DISPLACEMENT LOADING
CONDITION S
= FORCE,

FOR FORCE LOADING
CONDITION : : o

SPECIFY THE STEP NUMBERS FOR WHICH OUTPUT IS DESIRED IN THE NEXT TWO LINES:

NUM OUTPUT STEPS))

815

12 CYC NODE OUT I5 NODE NUMBER FOR PRINTED OUTPUT AT
. - EVERY STEP ’
12 NUM OUTPUT STEPS I5 NUMBER OF DIFFERENT STEPS AT
' WHICH OUTPUT IS REQUIRED
13 OUTPUT STEP((L,I=1, STEP NUMBERS AT WHICH OUTPUT IS

REQUIRED

The input load history (CYC NODE) is given in a second file the format of which is:

Line _ Variable Name

1,NUM CYC PTS))

- Format Description
# _ _ .
1 ~_TITLEl A80 TITLE OF THE INPUT LOAD HISTORY.
2a - CYC NODE 5 NODE NUMBER FOR THIS . LOAD
. - HISTORY
2b (CYC HOR x(CYC NODE,D),I= 8F15.6 INPUT LOAD HISTORY. IF CYC LOAD

TYPE( CYC NODE) = DISPL, x = DISP IF
. IT=FORCE, x=LOAD :

REPEAT LINES 2a AND 2b FOR ALL
CYC NODE NUMBERS GIVEN IN INPUT
FILE

NOTE:

. THE NODE NUMBERS GIVEN HERE MUST CORRESPOND EXACTLY TO THE ONES

GIVEN IN THE INPUT FILE.
IF FREE FLD NODES IS NOT ZERO, FOR EACH CYC LOAD NODES ENTER THE FOLLOWING LINE
OTHER WISE SKIP THIS LINE:
4 FF NODE 14 THE NODE NUMBER WITH SPECIFIED
' . . FREE FIELD INPUT
4a FF DISP IN(FF NODE, (I,1= 8F10.4 THE HORIZONTAL DISPLACEMENTS AT
: 1, INPUT .PTS)) NODE "FF NODE"
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3.5. Program Qutput

The input file is echoed to the screen before the start of program. The step number, iteration
number and tolerance for that iteration is also echoed to the screen as the program works its way-

through the problem.

There are four Output files. One contains output at each load step at a specified node. This
output consists of load step number, deflection, calculated force and input force (if exists) at the
node, curvature and moment at the Gaussian points just above and just below the node, and,
shear forces calculated by numerically differentiating the moments. The second output file - '
contains outpnt at desired load steps for all points ’along the length of the pile. This output
consists of depth, curvature, moment, deflection, shear forces and calculated force at éll gaussian
points along the pile length. This information is repeatedly given at all load steps. The third
output file contains the stresses at all gaussian intégratinn points for desired load steps. The
fourth file contains the axial strains and displacements along the pile length for the desired load

steps.

3.6 Problems That May Be Encountered While Running CYCPILE

Although this program has been thoroughly checked and is believed to be free of errors, it is ‘
possible that something may have been overlooked. Most problems occur due to mistakes fn the
input file. Some numerical inconsistencies may occur at times if the step}size in the input load
history file is too large. ‘The magnitude of these inconsistencies depends on relatively how large
the step size is. In general one should avoid having large changes between successive load

increments especially when load reversal occurs.

Often, especially when applying cyclic loads, the specified tolerance may not be reached due to
small errors in some portions of the pile where felatively very small displacements take place. In
calculating the tolerance, these small errors are divided by a very small number and appear to be

large inaccuracies. These large inaccuracies in the tolerance calculations are misleading and
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have little effect on the overall accuracy of the actual problem.' For this reason, the program
. prompts the user after every NITER iterations (set by the user in the input file) and the user can
choose to either continue with another NITER iterations, assume that the tolerance has been

reached and move on to the next time step, or, stop the‘exe_cution of the program.
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The Validity of the current method of analysis of cyclic and static lateral loads for linear and non-
linear problems has been demonstrated under a separate cover (Vazinkhoo, 1996). The

 following examples are selected problems from the above validation process.

4.1 Examp le No. 1 _Three Point Bending Test on a Timber Pile-

In this example problem there are no soil layers. -1t is a laboratory test on a full size pileina .
three-point-bending test. This test was performed for BC Hydro at the University of British
Columbra as part of a study on seismic withstand of timber piles (Lee et al, 1992). The objective |
of this laboratory test was to understand the lateral bendmg behaviour of a pile under known and-
controlled conditions. Figure 4.1 shows a schemat1c of this problem Figure 4.2 shows the
various measured variables and quantmes along with a plcture of the setup. Figure 4.3 shows the
loading condition and comparison of results of the laboratory test and the prediction of the
program. Note that it appears that the prle material undergoes slight modulus degradation as it

yields. At present, the program does not have the capab111ty of taking the pile modulus

degradation into account. The input file, TIMB-N.IPT, is given on page 26 followed by the
output files, TIMB-N.DOT and TIMB-N MNT.
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3140 mm 5140 mm_

|

I .
T~ ‘ : 2.640

I
_ T
MOTION AT TOP OF PILE = 2.64 x DEFLECTION -

~ FIGURE 20 .
MAGNIFICATION OF DEFLECTION MEASUREMENT -

Figure 4.1 Schematic of pile in example problem no. 1. Aﬁef Lee et al (1992).
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Axial Load
M.O.E.

Location

Circ.

Top

Side

Vert Offset
Hor. Offset
Radius

Area mm~2 x E-3
I mm*4 x E-6

Transverse Load

Moment
Deflection

Bending Stress
Axial Stress

At Max
Vertical
Load
27.7 kN
70.7 kKN-m
206.0 mm
33.7 MPa
1.3 MPa
0.043 1/m

Physical Dimensions

Curvature
75.8 kN
9.7 GPa

1 2

mm 160 1140

mm 805 820

mm 18 27

mm 18 31

mm 0 9

mm 0 13

mm 128 131

51.6 53.5

212 228

3

2140
850
43
31
25
13
135
57-5
263

POSITION

4 5
3140 4140
870 880
43 54
29 29
25 36
11 11
138 140
60.2 61.6
289 302

At

Failure

24.4 kN

76.9 kN-m

378.0 mm

36.7 MPa

1.3 MPa

0.089 1/m
6 7 8
5140 6140 7140
905 925 940
52 52 34
39 37 32
34 34 16
21 19 14
144 147 150
65.2 68.1 70.3
338 369 393

8280
965
18
18

154
74.1
437

Fgme42thmwamthﬁMMmmmnwmnmhmemmmeNol.AﬁmL%eMﬂU%ﬁ)
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_75 ) - ;__;;.____________;._;____

75 | ' . Wi S, Wy AU WY S N

APPLIED TRANSVERSE
DEFLECTION (mm)

150 : : — - R W

TO '
FAILURE

—~+— Measured Test Results -
—@— CYCPILE Prediction

Vertical Load (N)

Displacement (m)

Figure 4.3 Input load history and results for example problem No. 1 |
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TIMB-N.IPT:

| TIMBER PILE LAB TEST CHECK o ‘ ‘
i 50,0,1,2,300,1,'Y’,0,101.325Ef03,75.8E+03,0.0001(100,,

| 1,0.0000,0
2,0.1656,0
3,0.3312,0
4,0.4968,0
5,0.6624,0
6,0.8280,0
7,0.9936,0
8,1.1592,0
9,1.3248,0
10,1.4904,0
11,1.6560,0
12,1.8216,0
13,1.9872,0
14,2.1528,0
15,2.3184,0
16,2.4840,0

17,2.6496,0
18,2.8152,0
19,2.9808,0
20,3.1464,0
21,3.3120,0
22,3.4776,0
23,3.6432,0
24,3.8088,0
25,3.9744,0
26,4.1400,0
27,4.3056,0
28,4.4712,0
29,4.6368,0
30,4.8024,0
31,4.9680,0
32,5.1336,0
33,5.2992,0
34,5.4648,0
35,5.6304,0
36,5.7960,0
37,5.9616,0 -
38,6.1272,0
39,6.2928,0
40,6.4584,0
41,6.6240,0
42,6.7896,0
43,6.9552,0
44,7.1208,0
45,7.2864,0
46,7.4520,0
47,7.6176,0

167




) Chapter 4. Example Problems

48,7.7832,0
49,7.9488,0
50,8.1144, 0
51,8.2800,0
.256000,0.
.257000,0.
.258000,0:
.259000,0.
.260000,0.
.261000,0.
.262000,0.
.263333,0.
.264667,0.
.266000,0.
.267333,0.
.268667,0.
.270000,0.
.271000,0.
.272000,0.
.273000,0.
.274000,0.
.275000,0.
.276000,0.
.276667,0.
.277333,0.
.278000,0.
.278667,0.
.279333,0.
.280000,0.
.281333,0.
.282667,0.
.284000,0.
.285333,0.
.286667,0.
.288000,0.
.289000, 0.
.290000,0.
.291000,0.
.292000,0.
.293000,0.
.294000,0.
.295000,0.
.296000,0.
.297000,0.
.298000,0.
.299000,0.
.300000,0..
.301143,0.
.302286,0.
.303429,0.
.304571,0.

~

RPRRRPRR R

FRRPRPRPRRPRPRPRPRPPRPRPRPRPRREPEPRRRP PR RPR R R RRRRRPRRPRS v s a8 sy~
CODOCOOOO

COOQOOC OO OOOOOODOCOOCOOOODODOOOOO ~ ~ s~ ~ 5 ~ s~
OO COOCODODTCTODODOOOO NEDTRTIRTRIIT

’ PFRrRRPRPRRRPRPRPRRRRERRPPRPRRPRPREPRERPRPRPEHEREBRERPREREPRRERES S S 5 8 8 8 8~
l_‘:_‘r_‘l—\:_‘f_‘l_dl—\:_‘r—‘?:-‘-~s-s,‘-------~,~A~sooooooooo.

SNOUMTERWNDEREOWONTAUTIERWNROWONIAOUTERWNDEPOWOWONIOUIBWNPEPOS S~ s 8~ ~ s s~ s s
St s n t s s s s s s s s s s s s s s s s s s s S s s s s s s s s s s s s s OO0 O0CODOCOO O

L I T R O T T e R e e e I R T R R R e R L R L e I I e L T T
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48,1,0.305714,0.0,1,0
49,1,0.306857,0.0,1,0
50,1,0.308000,0.0,1,0

1, 'ELPL'

8.9E+09,22.7E+06

1,2,1,3 '

50,3,1,3,4

19, 'DISPL'

10 ‘ -
10,30,120,240,260,270,271,275,280,300

[ 64
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TIMB-N.DOT: , '

STEP DISPLACEMENTS FORCE . CURVATURE - MOMENT MOMENT CURVATURE
LOWER LOWER ~ HIGHER - HIGHER
. : ELEMENT ELEMENT ELEMENT . ELEMENT

1 .75000E- 02 .00000E+00 .15192E-02 - .38054E+04 - .38450E+04 .14571E-02
2 -.15000E-01 .00000E+00 .30383E-02 - .76109E+04 - .76900E+04 .29142E-02
3 -.22500E- 01 . 00000E+00 .45575E-02 ° -.11416E+05 - -.11535E+05S .43713E-02
4 - .30000E-01 .00000E+00 - .60766E-02 - .15222E+05 -.15380E+0¢S .58284E- 02
5 -.37500E-01 .00000E+00 .75958E- 02 -.19027E+05 -.19225E+0S .72855E- 02
6 - .45000E-01 .00000E+00 .91150E-02 -.22833E+05 - .23070E+05 .87426E-02
7 - i52500E- 01 .00000E+00  .10634E-01  -.26638E+05 - .26915E+05  ,10200E-01
-8 -.60000E-01 .00000E+00 .12153E-01 -,30444E+05 - .30760E+05 .11657E-01
9 - .67500E-01 .00000E+00 .13672E-01  -.34249E+05 - .34605E+05 .13114E-01
10 -.75000E-01 ° .000OOE+00 :15192E-01 . -.38055E+05" -..38450E+05 .14571E-01
11 -.67500E-01 .00000E+00 ~ ,13672E-01 - -.34249E+0S - .34605E+05 L13114E-01
12 - .60000E-01 .00000E+00 .12153E-01 - .30444E+05 - .30760E+05 .11657E-01
13 -.S52500E-01 " .00000E+00 .10634E-01 - .26638E+05" - .26915E+05S ".10200E-01
14 -.45000E- 01 .00000E+00 L91150E- 02 -.22833E+05 -.23070E+05 ° .87426E-02
15 -.37500E- 01 .00000E+00 .75958E-02 -.19027E+05 -.19225E+05 .72855E-02
16 -.30000E-01 .00000E+00 .60766E-02 -.15222E+05 - .15380E+05 .58284E-02
17 - .22500E-01 .00000E+00 .4557SE-02 -.11416E+05. -.11535E+05 - .43713E-02
18  -.,15000E-01 .00000E+00 .30383E-02 -.76109E+04 -.76900E+04 .  .29142E-02
19 -.75000E- 02 .00000E+00 .15192E-02  .-.38055E+04 -.38450E+04  .14571E-02
20 .00000E+00 - .00000E+00 .74860E-17 - -.20961E-10 -.24362E-10 ©  .82076E-17
280 .45000E+00 © .00000E+00 -.12889E+01 .76625E+05 .77464E+05 - ,10454E+00
281 L457S50E+00 .00000E+00 -.13237E+01 .76625E+05 - .77464E+05 -.10627E+00
282 .46500E+00 .C0000E+00 . - .13587E+01 .76625E+05 .77464E+05 -.10802E+00
283 .47250E+00 .00000E+00 -.13934E+01 .76625E+05 .77464E+05 - .10978E+00
284 ° .48000E+0Q0 .00000E+00 - .14282E+01 .76625E+05 .77464E+05 - 11154E+00
285 .48750E+00 .00000E+00 - .14627E+01 .76625E+05 .77464E+05% - .11332E+00
286 .49500E+00 .00000E+0D -, 14974E+01 .76625E+05 . 77464 E+05 -, 11510E+00
287 .50250E+00 .00000E+00 - 15318E+01 © .76625E+05 [77464E+05 -.11690E+00"
288 .51000E+00 .00000E+00 - /15662E+01 .76625E+05 .77464E+05 -.11871E+00
289 .51750E+00 .00000E+00. - 16004E+01 .76625E+05, .77464E+05 . -, 12053E+00
290 .S2500E+00 .000Q0E+Q0. -, 16347E+01 .76625E+05 .77464E+05 - 12236E+00
291 .53250E+00 .00000E+00 L .16690E+01 .76625E+05 .77464E+05% -.12420E+00
292 .54000E+00 .00000E+00 -.17030E+01 .76625E+05 .77464E+05 - 12605E+Q0
293 .54750E+00 .00000E+00 -.17372E+01 .76625E+05 L77464B+05 . -.12791E+00
294 . ,55500E+00 .00000E+00 -.17710E+01 .76625E+05 .77464E+05 -.12978E+00
208 .56250E+00 .00000E+00 - .18049E+01 \76625E+05 .77464E+05 - .13167E+00
296 .S7000E+00 . .00000E+00 -.18386E+01 .76625E+05 .77464E+05 - 13356E+00
297 J57750E+00° .00000E+00 - .18724E+01 .76625E+05 .77464E+05 -, 13548E+00
208 .S&BEO0E+00 .00000E+00 -.19061E+01 .76625E+05 .77464E+05 -,13740E+00
299 L59250E+00 .00000E+00 - .19396E+01 .76625E+05 .77464E+0S - 13933E+00

300 .600Q0E+00 .. .00000E+00 - T~ .19732E+0L. L76625E+05 .77464E+05 -.14127E+00
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TIMB-NMNT:

DEPTH CURVATURE MOMENT DISPLACEMENTS FORCE

STEP No. 10

| PILE TIP DISPLACEMENT = -. 0750
.77683E-02 .52580E- 04 -.98913E+02 -.26374E-03 .00000E+00 |
.38215E- 01 .26042E-03 .- .48990E+03 -.12974E-02 - .00000E+00
..82800E-01 .56692E-03 -.10665E+04 -.28105E-02 .00000E+00
.12739E+00 .87093E°03 - .16384E+04 - 43225E-02 _ .00000E+00
.15783E+00 - .10742E-02 -.20208E+04 - /53541E- 02 .00000E+00

| .17337E+00 L11731E-02 - .22416E+04 - .58801E-02 .00000E+00

| .20381E+00 .13698E-02 -.26174E+04 -.69101E-02 .00000E+00
.24840E+00 .16725E- 02 -.31958E+04 -.84161E-02 .00000E+00
.29299E+00 .19734E-02 - J37707E+04 -.99187E-02 - .00000E+00
.32343E+00 .21668E-02 -.41402E+04 -.10943E-01 .00000E+00
.33897E+00 .22576E- 02 -.43812E+04 -.11464E-01 .00000E+00
.36941E+00 .24450E-02 - .47450E+04 © - .12485E- 01 .00000E+00 -+
.41400E+00 L27442E-02 -.53256E+04 -.13976E-01 .00000E+00
.45859E+00 .30415E-02 -.S9026E+04 -.15461E-01 .00000E+00
.74902E+01 .11801E- 02 - . 43816E+04 - 15550E-01 .00000E+00
.75348E+01 .10905E-02 -.40490E+04 - ,14449E-01 .00000E+00
.75794E+01 .10015E- 02 -.37183E+04 -.13345E-01 .00000E+00
.76 098E+01 .93397E-03 - .34676E+04 - .12590E-01 .00000E+00
.T6254E+01 .89761E-03 - .33831E+04 -.12205E-01 .00000E+00
.765E8E+01 L83226E-03 -.31368E+04 . -.11449E-01 .00000E+00
.77004E+01 .T4331E-03 -.28015E+04 -.10340E-01 .00000E+00
.77450E+01 .65536E-03 -..24701E+04 -.92303E-02 .00000E+00
.77754E+01 LS9185E-03 - .22307E+04 -.84716E-02 .00000E+00
.77910E+01 .8571SE-03 -.21316E+04 - .80842E-02 .00000E+00
.78214E+01 .49307E-03 -.18864E+04 -.73246E-02 .00000E+00
.78660E+01 .40738E-03 S 15586E+04 -,62115E-02 .00000E+00
L79L06E+01 .31956E-03 - 12226E+04 - .50975E--02 .00000E+00
.79410E+01 .25156E-03 °  -.96243E+03 -.43365E-02 .00000E+00
L79566E+01 L22612E-03 -, 87812E+03 - .39480E- 02 .00000E+00
.79870E+01 .17607E-03 . -.68376E+03 -/31866E-02 .00000E+00
.80316E+01 L69846E- 04 -, 27124E+03 -.20714E-02 .00000E+00
.80762E+01 - 94543E-05 .36715E+02 - 95602E-023 .00000E+00
.81066E+01 -.10174E-04 .39512E+02 -.19434E-03 .00000E+00
L81222E+01 - .22020E-04 .B6796E+02 .19434E-03 .00000E+00
LR1526E+01 - .65332E-04 L25751E+03 .95S99E-03 .00000E+00
.81972E+01 - .48002E-04 . 18921E+03 .20712E-02 .00000E+00
.82418E+01 -.82812E-05 - .32641E+02 .31864E-02 "~ .DO00O0E+00
L82722E+01 -.10571E-04 .41665E+02 .39479E-02 .00000E+00

DEPTH CURVATURE MOMENT DISPLACEMENTS FORCE

STEP No. 300

PILE TIP DISPLACEMENT = .6000
.77683E-02 -.10700E-03 L20129E+03 .17254E-02 .00000E+00
.38215E-01 - .52997E-03 L99697E+03 .84877E-02 .00000E+00
.82800E-01. - 115837E-02 .21703E+04 .18389E-01 ~ .00000E+00
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L12739E+00

79566 E+01
.79870E+01
.80316E+01
.80762E+01
.81066E+01
.81222E+01
.81526E+01
.81972E+01
.82418E+01
.82722E+01

-.17724E-02

.18118E-03
.11417E-03
.17370E- 03
.31384E-03
.11016E-03
.12280E- 03
.36434E-03
.26768E- 03

.46210E- 04
- .5907.1E- 04

.33341E+04

.70359E+03

.44338E+03
- .67457E+03
.12188E+04
.42781E+03
.48404E+03
- .14361E+04

.10551E+04
.18214E+03
.23284E+03

\7#2

.28288E-01

.22027E-01
L17777E-01
.11558E-01
.G3327E-02 .
-108408-02

- .10840E-02

.53325RK-02

.11553E-01

-.17774E-01

.22021E-01

.00000E+00-

.00000E+00
.00000E+00
.00000E+00
.00000E+00
.00000E+00
.00000E+00
.00000E+00
.00000E+00,
.00000E+00
.00C000E+00



Chapter 4. Example Problems

4.2 Example No. 2 Lateral Load Test on a Model Pile in The HGS Testing Dévice

This example problem is based on a laboratory test on an instrumented aluminum model pilé
embedded in dense sand. In this case, the loading was applied mohotonically. The stresses were
increased to field stress levels using the Hydraulic Gradient Similitude technique (Yan and
Byrne, 1992). Comparison is made between CYCPILE and test results as well as between
CYCPILE and LATPILE predictions. Figure 4.4 shows a schematic along with the different
variables for the problem. Figure 4.5 shows the lab test results, LATPILE and CYCPILE
predictiohs. As can be seen, the comparison between LATPILE and CYCPILE is excellent
while both predict the lab test results féirly well. The input file, FIXED-N.IPT is shown on page
35 followed by the two output files, FIXED-N.DOT and FIXED-N.MNT.
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—

| bendingstrains . - & regulator. alr pressure
( v : - ' - supply
_ - system
T Ialr pressure
chamber
I Ve water supply system
two way .:.: water regu'ator -‘illll'.Il.l.l.ll‘lIO....'...'--E .
plle loading | cyclic :
system —t—{zj Y |
SR ~l .
=== [ water disperser
load tkana |\ ! soil container
deflection ) sample{| modsl|. P
- %"2 i pite i/ i
data : i fiter ¢
acquisition '3 - :
. s stem 'é::::::;::::::."
Y 7 HELC Q__i : water
Shaking Table | & tank

: Note 1, 2 3 pore water pressure transducer #PWP1,#PWP2, #PWP3
- lateral soil stress transducer LATP

Soil Contalner

Dimension: 445x230x420mm

Figure 4.4 Schematic of the problem solved in example No. 2
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It

| 60 |
a) 4 [ —A— CYCPILE Prediction (Yan & Byrne P-y Curves)
2 ] ¢S Measured Test Data
~ ] | — — LATPILE Prediction (Yan & Byrne P-y Curves)
—c —
g . 4 | —— LATPILE Prediction (API P-y Curves)
- 40 — ‘
2 -
~ ]
= 3
= i
[+ -
.o 3
— 20 —
= 3
—
S i
b =
< -
— 4

] . I 1 1 J i ] l AL )l J 1 l 1 T ¥ N l I
0.0E+0 5.0E-4 1.0E-3~ 1.5E-3 v 2.0E-3
Lateral Pile Deflection at Loading Point (m) :

Pile Bending Moment - N-m

3 ) -1 0 B
b) . _Ol lllllllllllllllllll]llllllllIIlIlvlllll'lI

0.0

: ]

= 0.1

= ]

S ]

= ]

0.2 4

0.3 -

Figure 4.5 Comparisoh between lab test results, LATPILE and CYCPILE predictions
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FIXED-N.IPT:

CYCPILE CHECK
20,1,1,2,9,1,'Y',0,101.325E+3,0.0,0.05, 100
1,0.0,0

21,0.392,0 ,
1,2,0.00635,0.00473,1,1
20,2,0.00635;,0.00473,1,0
1, 'SAND', 'YANB'
-0.432E+06,75.0,0.0

1, ELPL :
0.70E+11,0.300E+09

1,1,4

21,1,2

21, 'FORCE"

9 .

"1,2,3,4,5,6,7,8,9
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FIXED-N.DOT:

STEP DISPLACEMENTS FORCE

1- .24001E-03 .8084SE+01
2 .58120E-03 .14240E+02
3 .93917E-03 .18553E+02
4 .12880E-02 .25026E+02
5 .16212E-02 .28422E+02
6 .18914E-02 .34476E+02
7 .21648E-02 .35921E+02
8 .21648E-02 .35921E+02
9 .24146E-02 L42639E+02

FIXED-N.MNT:

DEPTH CURVATURE
STEP No. 1
PILE TIP DISPLACEMENT = ‘.0000
.88853E-03 .13064E-12 -
.43710E-02 -.12614E-12
.94706E-02 .81171E-13 -
.14570E-01 .69113E-13 -
-18053E-01 -.58957E-12
-1%830E-01 -.20413E-12
L23312E-01 L67736E-12 -
.28412E-01 -.56927E-12
.33511E-01 -.28267E-12
.36994E-01 .34078E-11 -
-36757E+00 -.56678E-01
'.36976E+00 -.60295E-01
.37405E+00 -.67382E-01
.38033E+00 -.77760E-01
.3BA62E+ 00 .88138E-01
-39091E+00 -.95225E-01
DEPTH CURVATURE
STEP No. 9
PILE TIP DISPLACEMENT = .0000
.88853E-03 .27359E-07 T
.43710E-02 -.26419E-07
.94706E-02 .17012E-07
-14570E-01 -14493E-07 -
.18053E-01 -.12347E-06

L 26231E-12
L22377E-11
.77475E-12
.25709E-11
.21606E-11
.10729E-11
.12934E-10

.21512E+00
.22884E+00
<25574E+00
.29513E+00
-33452E+00
.36142E+00

.10C027E-06
-.64566E-07
.55005E-07
.46B62E-06

INPUT FORCE

.627C00E+01
+12700E+02
.19050E+02
.24400E+02
.29250E+02
. 33010E+02
36770E+02
«<38440E+02
«40110E+02

MOMENT DIs

.49582E-12 -
.47876E-12

30808E-12

MOMENT DIS

10384E-06 -

CURVATURE
LOWER
ELEMENT
.95225E-01
.20370E+00
. 31285E+00
L 40903E+00
-.49800E+00
-.56762E+00
.63805E+00
.63BOSE+00
.70055E+00

PLACEMENTS

28819E-18

.39089E-18
-45711E-18
+33041E-18
-15391E-17
.101S3E-18
.26413E-17
-32159E-17
.24086E-17
.89461E-17

.21507E-03
.21904E-03
.22597E-03
.23384E-03
«23864E-03
.23995E-03

PLACEMENTS

60349E-13

.B1849E-13
- .95770E-13
,G9436E-13
.32302E-12

MOMENT
LOWER
ELEMENT
.36142E+00
.77311E+00
.11874E+01
..15524E+01
.18901E+01
.21544E+01
.24217E+01
.24217E+01
.26589E+01

FORCE

.29060E-07 . .t
+39201E-07
.45472E-07
. 32599E-07
.15100E-06
.99310E-08
.25687E-06
.31006E-06
.23020E-06
.B4986E-06

.00000E+0CO
.00D00E+CO
.00000E+CO
.G0000QE+00
.0C000E+00
.00000E+00

FORCE

.60852E-02
.820B4E-02
.95270E-02
.68508E-02
.31690E-01

77

MOMENT
HIGHER
ELEMENT

. 00000E+00"
. 000D0E+00
. 00000E+00
.00000E+00
.00000E+00
.G0000E+00
.00000E+00
.00000E+00
.00000E+00

-000CCE+Q0
.00CCOE+QQ
.0CO0OE+0OD
.00000E+00
.00000E+00
.00000E+00
.00000E+00D
.00C00E+00
.00000E+00
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