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Abstract 

In the past twenty years, many researchers and practitioners have become interested in the behaviour 

of piles under lateral loading conditions. Although piles are generally 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 carry lateral loads. The ability to predict the performance of piles under lateral 

loading caused by earhquakes is very important and is the focus of this thesis. To date very few and 

limited modelling techniques have been developed based on data obtained from testing of full size 

piles. This is due to the high costs involved with performing comprehensive experiments on 

prototype piles. 

The response of piles to lateral loads may be analyzed using different methods ranging from 

complex 3-D finite element techniques to simple closed-form solutions for an elastic beam 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 

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

on the Hydraulic Gradient Similitude (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 

ii 



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. 
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Chapter 1 Introduction 

1.1 Introduction 

Historically, piles have been mostly designed to carry vertical loads. In seismically active areas, it 

is important to consider lateral loads and horizontal ground movements in the design and analysis 

of new and existing structures supported on piles. To date, numerous models have been developed 

to capture the behaviour of laterally loaded piles (Poulos, 1987; Yan, 1990) by various researchers. 

Unfortunately, very little test data have been available to calibrate and verify these models under 

field loading conditions until 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. Observation of performance of laterally loaded piles in recent earthquakes 

have indicated that in reality, piles generally perform much better than current models suggest (Lee 

etal, 1992, Naesgaard, 1992). 

A number of model tests at field stress 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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Chapter 1. Introduction 2 

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 model 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 the available information and current methodologies 

regarding the response of laterally loaded vertical piles, 

2. to develop a new model to capture the observed response of laterally loaded vertical 

piles to both monotonic and cyclic lateral loadings, and 

3. to calibrate and verify the model using recent 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. The 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 

The 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. Chapter 

2 provides a review of current literature with emphasis on laterally loaded vertical piles in granular 

materials, realizing that a wealth of information already exists for fine-grained soils. Further, more 

recent developments and testing is presented and discussed. 

A cyclic P-y curve model is developed in chapter 3 using the test data reviewed in Chapter 

2 in order to be able to accurately capture the behaviour of piles under cyclic lateral loading 

conditions. 

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

piles. The model is based on an advanced structural model to represent the pile. The soil is 

modelled using P-y curves based on the conclusions of the preceding chapters. 

Calibration and verification of the proposed model is presented in Chapter 4. The proposed 

model is validated by comparison with closed-form solutions and with the finite difference 

LATPILE solution. It is then verified by comparing with Hydraulic Gradient Similitude (HGS) tests 

(Yan, 1990; Yan and Byrne, 1992) and BC Hydro's laboratory tests on timber piles (Lee et al, 1992). 

Furthermore, the model is used to predict and compare the results of a set of full-scale experiments 

(Lee etal, 1992). 

Finally, in Chapter 6, 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 2 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. 

For 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 uncoupled, 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 
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Chapter 2 Review of Present Analytical... 5 

vertical piles in granular materials. Subsequently, 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 conjunction with the University of British Columbia performed a series of full scale 

lateral loading tests on single timber piles. 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 focussed on finding an acceptable design method for determining 

the lateral load carrying capacity of piles. The design methods for lateral loads are similar those for 

vertical loads. The critical 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 lateral 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 of maximum 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 response 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 simplification 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 

load-displacement behaviour of piles. This method assumes that 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, EI, (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 summarized by Poulos and 

Davis (1980). These solutions have been presented in the form of design charts and tables which 

have been used by many researchers and practitioners to date. The model has also been 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 account for soil non-

homogeneity, finite depth of soil layer and pile length. 

For most practical problems, it is very difficult to 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 the elastic continuum approach are its ease of use due to availability of 

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 handling 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, quasi-3D 

analysis (Desai, 1977; Kuhlemeyer, 1979; Baguelin et al, 1979; Randolph, 1981). The quasi-3D 

finite element formulations take advantage of the symmetry of the problem and expand the 

displacement field in terms of a Fourier series. The latter solution procedure is therefore more 

economical. 

During the solution process, the soil-pile system is broken up into elements of finite size. 

Each element can be assigned unique properties so that non-homogeneous and non-linear soil 

behaviour can be included. Sophisticated stress-strain and strength models can be used to model the 

soil-pile interface. 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 practise 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 parameters 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 versatile, 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 (see 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 represented, however, the 

pile is usually assumed to be a linear-elastic beam in a number of present implementations (Reese 

etal, 1977). 

The governing equation for this type of soil-pile system is derived from the classical 

Hetenyi's solution for a beam-column on an elastic foundation (Hetenyi, 1946). Here, soil reaction 

is taken as a linearly distributed load on the pile. The governing equation is in the form. 

D\ D2Y 
EI—+P—-P = 0 (2\) 

DZ* 'DZ1 

where P. = axial load on the pile, y = lateral deflection of the pile at a point, 2, along the pile length, 

P = soil reaction force per unit length, and EI 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 achievable. 

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

P=Khy (2.2) 

where Kh is called the coefficient of horizontal subgrade reaction modulus. Terzaghi (1955) 

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

P = khy (2.3) 

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

Terzaghi (1955) defined kh as: 

(2.5) 

which implies that kh varies linearly with depth. nh is defined as constant of subgrade reaction 

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

Terzaghi (1955). 
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Closed form solutions to Equation (2.1) are available for constant and linear variations of 

nh (Scott, 1981; Poulos, 1982). The availability of such solutions has resulted in great effort being 

spent on back calculating nh 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 widely used in the offshore industry for many 

years. The key element in this approach is being able to construct the nonlinear P-y curves 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 initial "elastic" portion, and a final horizontal portion representing an 

"ultimate" soil resistance. The other portions of the curves were empirically fitted to the shape of 

the experimental curves. 

The original Reese et al P-y curves have been 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 soil resistance, Pu, in sand: 

P u = ( C , + C 2 Z ) ) Y z (2.6) 

Pu = C3Dyz (2.7) 

where Ch C2, and C3 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, 

P = n ^ t a n h ( - ^ ) (2.8) 
A t i P 

In the above equation, Pu is taken as the lesser of Equations (2.6) and (2.7) 

2.2b, the empirical adjustment factor, A, is. 

A = 0.9 FOR CYCLIC LOADING, 

nhi is given in Figure 

(2.9) 
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A = 3 - 0 . 8 — :> 0.9 FOR STATIC LOADING 

and n. is a factor used to describe the pile shape effects. The recent version of API code (1987) has 

adopted this equation to describe P-y curves in sand. Note that this method does not include an 

initial "elastic" portion to represent the initial elastic behaviour of soil 

The limitation of the above method of P-y construction, other than ignoring the initial elastic 

behaviour of soil, is that Pu is not well defined (Kubo, 1966; Yoshida and Yoshinaka, 1972; Scott, 

1981; Ting et al, 1987; Reese et al 1988) for cohesionless soils. Ignoring the initial elastic behaviour 

of soil may lead to under-estimation of pile head response at small deflections. Using a Pu 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, Es, of soil, and the second segment being empirically defined as 

having a slope equal to EJ4. 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, Es, is to be evaluated 

nor the method to obtain it. 

Yan and Byrne (1992) have proposed a new method of P-y construction which was initially 

based on results of finite element studies (Yan, 1986). This method was later confirmed and 

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

Byrne, 1992). Their P-y curve consists of two segments, an initial "elastic" portion, and, a parabolic 

15 

(2.10) 
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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 

where a and p 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 Et. The intersection between the two segments is defined as the point where: 

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, EmcVC, 

(2.12) 

P 
(2.13) 

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

and a is function of relative density of the soil, such that 

a = 0.5(D)- 0 8 (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 that insitu testing tools provide a more direct assessment of pile 

performance in the field. The pressuremeter test is a tool which exerts a similar loading pattern on 

soil as does a laterally loaded pile. 

Generally speaking, two approaches have been taken in making use of the pressuremeter test 

results: 

• obtaining the horizontal modulus of soil reaction, Kh, 

• obtaining P-y curves from scaled pressuremeter curves. 

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

formulae for Kh from Menard pressuremeter modulus, Em. However, the Menard pressuremeter 

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

stress relief. 

In the second category, two approaches have been taken: 

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

certain factors (Robertson et al, 1984; Atukorala et al, 1986; Hughes, 1994), or, 
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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 

directly, but a theoretical assumption has to be made in order to interpret the side 

frictional reaction. Then, the P-y curve is constructed from the combined frontal 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 different loading 

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

Finite Element Method 

Because the modulus of subgrade reaction method is based on uncoupled Winkler springs, the P-y 

curves may be derived from 2D finite element analyses. This allows for a much more economical 

analysis of laterally loaded pile compared 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, their findings did 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 his 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: 1) 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 loading, the applied lateral load reverses direction and becomes negative. 

Research on pile response to lateral cyclic loading has been mainly focussed on piles 

embedded in clays. General observations are that pile head deflection under the same load increases 

with number of loading cycles and is more severe under two-way cyclic loading than under one-way 

cyclic loading (Reese et al, 1988). The difference in deflections can be attributed to the degradation 

of the pile-soil system. Theoretically, the difference may 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 pressures, changes in soil density, 

and rotation of principal stress directions. The effect of development of gaps, residual pressures 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 degradation 

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 of methods for modelling structural shake 

down (Pande et al, 1980; Aboustit and Reddy, 1980; Swane and Poulos, 1982). A summary of 

currently available analytical methods for cyclic response of piles has 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 should be taken in using these P-y curves as they 

are based on very limited field test data. 

Until recently, only a few well instrumented pile test data has been available to understand 

the cyclic response of piles in sands. Yan (1990), Dou (1991) and Panwalkar (1994) have carried 

out many HGST tests at field stress levels on model piles (single and groups of two) embedded in 

sand. Further, British Columbia Hydro and Power Authority in conjunction 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 understanding 

of pile-soil behaviour under static and cyclic lateral loadings and have suggested that many 

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

22 

2.3.1 Model Tests 

Due to their low cost and relative ease in setting up, laboratory model tests, as compared to field 

tests, have often been used for parametric studies Most model tests in the past were performed 

under lg stress conditions because of unavialability 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 lg model studies have been to better understand the factors affecting the subgrade 

reaction modulus, Kh. 

The centrifuge technique has been used over the past twenty years to increase the stress 

levels. These tests have generally been aimed at simulating previous field tests, namely, the 

Mustang Island full scale pile test. However, these tests have been limited in many ways and could 

not provide or support an analytical method that includes all the factors that significantly 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 study had 
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been done which could be used to develop a rational expression for obtaining P-y curves from 

fundamental soil parameters. To overcome this, he performed a series of well instrumented model 

pile tests using the Hydraulic Gradient Similitude Technique (Yan, 1990) to increase the soil stress 

levels to field scales. The advantage of the HGS Technique is lower costs as compared to the 

centrifuge technique. Also, the test set up is a lot simpler. 

The primary conclusion of his experiments confirmed his findings from earlier finite element 

parametric studies of P-y curve relationships for granular soils (Yan, 1986, 1990). 

Yan (1990) studied monotonic, one way and two way cyclic lateral loading on the model 

piles. From the monotonic tests, he concluded that the non-linear P-y curves could be represented 

by a two-segment, linear-parabolic curve as discussed in an earlier section. However, the behaviour 

of the soil-pile interaction may be different under small stress levels as indicated by his test results 

at a depth of one pile diameter, or, at very small HGS scale factors. As can be seen from Figure 2.3, 

the normalized P-y curves all collapse into a very narrow band except for those at depth of ID and 

HGS scale factor, N, of 1 (i.e. lg model test). Therefore a different failure mechanism governs the 

shape of the P-y curve at low stress levels and may prevail at very shallow depths.. 

The results of the one-way cyclic tests show that displacements tend to increase with the 

number of loading cycles. This is perhaps mainly due to mechanical degradation where residual, 

locked stresses tend to develop around the pile. The measured displacements generally consisted 

of a "plastic" part and an "elastic" portion as shown on Figure 2.4. The development of permanent, 

plastic strains confirm the existence of residual 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 in deflections is due 
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Figure 2.3: Normalized Experimental P-y Curves at Different Depths and Hydraulic Gradient 
Scale factors (N). After Yan (1990). 
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to soil densification around the pile from the applied cyclic shearing action (Oh-oka, 1976; Shaw 

and Brown, 1986; Leshchinsky and Rawlings, 1988). The deflection increases seem to be more 

towards the direction of first time loading. Similar 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 field lateral loading tests on piles are project oriented in practice. Due to high costs, only a 

few full scale pile load tests have been performed on fully instrumented piles from which soil-pile 

interaction behaviour along the pile has been evaluated. In most other cases, only pile response at 

pile head has been measured. A parametric study 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 

which 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 head response was modelled 

elastically using the Matlock and Reese (1960) method, the parameter nh 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 sand overlying a stiff clay deposit. From this 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 to under estimate the field 

measurements. Pu 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. It 

can be seen that these studies are not comprehensive and do not allow for a fundamental study. This 

table does not include the recent tests performed by BC Hydro (Lee et al, 1992) and Naesgaard 

(1992). These tests will be discussed in some detail next. 

As mentioned earlier, BC Hydro performed laboratory and field lateral 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 longer 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 boundary fixities and a range of moisture 

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 
cyclic 

natural soil, timber 
unistr'ed pil 

Gleser(1953) similar to above 
fixed and free 

steel pipe pile 
unistr'ed 

Wagner (1953) static and free head at 
G.L 

uninstr'ed timber pile 
in clay, silt, till 

Alizadeh & Davisson 
(1970) 

free head, stat. & 
one- way cyclic at 
G.L. 

natural fine silty 
sand, instr'ed piles 

Matlock and Reese 
(1956) method 

Cox etal (1974) free head, two-way 
cyclic, at 1ft above 
G.L. 

backfilled med to 
dense sand instr'ed 
pile 

developed Reese et al 
P-y curves 

Brown et al (1987) same as above same as above 
instr'ed pile 

examined Reese et al 
P-y curves 

Robinson (1979) free headed one-way 
cyclic at G.L. 

natural soil, timber 
pile, uninstr'ed pile 

Reese & Matlock 
(1956), nh kh values 

Davis (1987) same as above uninstr'ed pipe pile, 
backfill 

DMT P-y curve 
Robertson et al 
(1986) 

Table 2.2: A Summary of Field Pile Load Tests in Sand. After Yan (1990). 
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The loading was applied in a displacement controlled manner simulating a two-way cyclic, 

followed by a one-way cyclic, and then monotonic loading to failure. Figure 2.6 shows a typical 

loading sequence for the laboratory tests. The measured data included the axial load, lateral load, 

and lateral 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 portion, Madson, 1992). A typical plot of cyclic 

load-displacement measurements is shown on Figure 2.8. As can be inferred from both figures, the 

timber piles undergo material degradation beyond a displacement of about 140 mm. The modulus 

of elasticity decreases with the level of maximum previous loading but is not affected much by the 

number of loading cycles when the displacement amplitude is less than about 140 mm. The results 

of these tests showed considerable scatter consistent with behaviour of timber materials and 

cumulative frequency plots such as those shown on Figure 2.9 are used. Moment-curvature plots 

normalized to a constant pile diameter of 270mm and ranked according to their frequency of 

occurrence (Figure 2.10) were also 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 (Lee 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 timber piles to large horizontal displacements of about 1 m. The piles were driven 

through a soft silt (approximately 4m thick) into a loose to compact sand to silty sand, a total of 9m: 

The soft silt surrounding the pile was subsequently excavated to about 4 m deep to represent a 
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Figure 2.6: Applied Loading Sequence in BC Hydro's Timber Pile Laboratory Tests After Lee 
etal(1992). 
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Figure 2.9: Measured Transverse Deflections and Extrapolated Pile Cap Displacements from BC 
Hydro Laboratory Tests on Timber Piles. After Lee et al (1992). 
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Figure 2.10: Moment-Curvature Curves Adjusted to 270mm Pile Diameter from BC Hydro 
Laboratory Tests on Timber Piles. After Lee et al (1992). 
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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, 

• vertical displacement of the pile cap, 

• deflected shape of the timber pile using electro-level gauges, 

• strains in the timber pile using strain gauges, 

• applied moment at the pile cap using a specially made moment cell, 

• 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 deformed 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 

piles adjusted to a pile diameter of 270mm. Out of 3 piles tested to maximum displacement 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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Figure 2.11: Typical Input Displacement History for BC Hydro Field Tests. After Lee et al 
(1992). 
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Figure 2.13: Typical Measured Deformed Shapes as measured by electro-levels from BC Hydro 
Field Tests on Timber Piles. After Wong (1992). 
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Figure 2.14: Moment vs. Curvature Adjusted to Below the Pile Cap and to 270mm Pile 
Diameter from BC Hydro Field Tests on Timber Piles. After Lee et al (1992). 
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undergoing large lateral displacements. This generally confirms the results of the BC Hydro (Lee 

et al, 1992) laboratory tests. 

2.4 Summary 

Based on the above review, it is observed that soil-pile interaction 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 versatile method 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 provided 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 simple cyclic P-y curve model 

is developed using the test data presented by Yan (1990). 

In the following chapters a comprehensive 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 to 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 empirical relationships 

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 

categories: 1) two-way cyclic P-y curves, and 2) one-way cyclic P-y curves. In the following 

chapter a numerical model will be developed based on the empirical relationships presented in this 

chapter. 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 only study where accurate measurements of the pile deflections under cyclic loading have been 

made and reported for the derivation of soil-pile interaction P-y curves 

The Hydraulic Gradient Similitude test procedures are explained in detail in Yan (1990). 

The testing process consisted of both one-way and two-way cyclic loading of an instrumented 6.35 

mm diameter aluminum pipe pile embedded in uniform sand. The lateral load was applied at a 

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

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

It should be mentioned that the amount of experimental data is not as plentiful as one likes 

to have and the P-y curve formulation which will be presented here will also be of limited accuracy. 

It is hoped that this model will be updated and verified as more experimental information becomes 

available. 

Since monotonic loading is really a subset of cyclic loading, the various factors that affect 

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. 
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3.3 Two-way Cyclic Loading 

44 

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, the magnitude 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 deflections in this figure have been normalized 

to the maximum lateral load applied to the pile. It may be seen from the figures that the pile head 

deflection under a constant two-way cyclic loading decreases initially then increases with the 

number of loading cycles in both compression and tension directions. 

The above observations will be investigated by analyzing the measured cyclic P-y response 

along the pile. 

The experimental cyclic P-y curves at different depths for the above-mentioned pile are 

shown on Figure 3.3. It is seen that the general shape of the cyclic P-y curves is nonlinear and 

hysteretic. The curves are very soft near the surface and become stiffer with depth as the soil 

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

pile deflection axis with a bias in the first-time loading direction. The formation of gaps on both 

sides of the pile is evident on most of the experimental 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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clearly indicate that the magnitude of the gap is much less than the total soil displacement at that 

point. This would suggest that as the pile deflects, the soil yields and moves around the pile to fill 

in some of the gap 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 next. 

1. Loading segments (both 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 and 3 pile diameters, the P-y curves in the positive loading direction first 

become stiffer and then softer with number of cycles. However, 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 show continued stiffer response with number of loading 

cycles in both loading directions. 

Although it is difficult to see from Figure 3.3, the shape of the loading 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 (1990, 1992) formulation for the monotonic 

P-y curve which was presented in Chapter 2. The only soil properties in his formulation are the 

maximum Young's modulus, E ^ , and a, which depend on the soil's relative density, Dr. Therefore, 

for simplicity, it can be assumed that the cyclic loading procedure simply changes the E m a x of the 

surrounding soil by either densifying or loosening the soil. The E m a x of the soil may be back-

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

where D is the pile diameter, P is the soil reaction force, y is the pile deflection, B has a value of 

about 0.5, and a is a function of the relative density of the soil (Yan, 1986, 1990, 1992). Figure 3.4 

shows the variation of E m a x with number of cycles normalized to the initial value, E m a x b at each 

depth. As can be seen, during the first few cycles, the E m a x values all normalize very closely 

However, at the 25th cycle, the normalized E m a x values are very different for different depths. This 

is consistent with the observation from the cyclic 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 depths, 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: 

P 

E D 
max 

[1] 

E F,(l-ff) 

E 
= 1 +F (l-e 

n v 
[2] 

max / 



Figure 3.4: Variation of E m a x with Number of Cycles. Back-calculated from Measured Cyclic P 
y Curves (Yan, 1990). 
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where E m a x is the soil's maximum Young's modulus at each cycle, E m a x t is the E m a x at the first cycle, 

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

effective stress according to: 

F =4Ae P a L 3 J 

and, 

F =0.11e 

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 that the above empirical relationships will give the wrong P-y curves at depths less 

than three (3) pile diameters. This is important 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 diameter, the cyclic P-y curves soften with the number 

of loading cycles. At a depth of 2 pile diameters, 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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Figure 3.6: Variation of F n and F e with Effective Vertical Stress. 
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The predicted cyclic P-y curves for the various depths are shown on Figure 3.7. As can be 

seen, the predictions are very good for depths greater than 3 pile diameters. However, at shallower 

depths the predictions 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, respectively. We can then multiply Fn 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 

/7x) = tanh(x-2) [5] 

wherex 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 Figure 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 m a x , 

as would be expected. Although it is difficult to estimate the change in the unloading modulus with 

number of cycles from these measurements, it is evident that the unloading modulus would be 

approximately equal to E m a x . The variation of E i n a x with the number of cycles was discussed above. 
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3.3.3 Gap Segments 
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An examination of the cyclic P-y curves shown on Figure 3.3 reveals that the size of the gaps which 

form along the pile vary with depth. Relatively large gaps are observed at a depth of 2 pile 

diameters while there are virtually no gaps observed at 5 pile 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 shows linear 

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

o 

|max,min;y| " "Pa 

where 

A =0.025JV + 0.8 
n 

and, 

B =0.2AT + 6 

g a p -A-B(—) [6] 

[7] 

[8] 

as shown on Figure 3.11 where N 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 pile. 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 



Figure 3.9: Variation of Soil-Pile Gap with Stress Level. 
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Figure 3.10: Linear Approximations of Variation of the Gap with Soil Stress Level. 



Chapter 3 A Cyclic P-y Curve Model 

Figure 3.11: Variation of A„ and B n with Number of Cycles. 
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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-pile friction along the sides of the pile and seems to have a generally constant 

value at a given depth. Although the soil-pile friction is always present, its effect has been implicitly 

included in all formulations for other portions of the cyclic, and monotonic, P-y curves. Figure 3.12 

shows the variation of the residual soil reaction with the effective vertical stress. A best-fit line 

yields the dimensionless equation: 

P 
— = 0.10-0.50(—) - [9] 

E D Pa 
muc 

where Emax is the soil's maximum Young's modulus, Prcs is the residual soil reaction, D is the pile 

diameter, o'vo is the effective vertical stress and Pa is the atmospheric pressure. Obviously, Pres is 

equal to zero where the soil-pile gap is zero. 

Figure 3.8 shows the two-way cyclic P-y curves generated 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. 



Figure 3.12: Variation of the Residual Soil Reaction with Effective Vertical Stress. 
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3.4 One-Way Cyclic Loading 
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Figure 3.13 shows the time histories of applied lateral load and pile head deflections for a free head 

model pile under the one-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 one-way 

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 becomes smaller as the soil-pile system tends to become 

progressively more 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 very 

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 accumulation of plastic pile deflection 

under the cyclic loading. This conclusion is also supported by the above examination of the two-

way cyclic 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 curves 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 Time under Constant Amplitude One-Way 
Cyclic Loading. After Yan (1990). 



Chapter 3 A Cyclic P-y Curve Model 

Fi gure 3.14: Pile Head Response at Loading Point under Constant Amplitude One-way Cyclic 
Lateral Load. 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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N=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 curves. 

However, a number of differences can be observed in the P-y behaviour. One is that the shapes of 

one-way cyclic P-y curves do not deteriorate with number of cycles, 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 Equation (3.1) is not affected very much by the number of 

loading cycles. All P-y curves become more linear with number of cycles. In addition, the enclosed 

area of the hysteretic loop in the cyclic curves decreases with number of loading cycles. These 

indicate that the soil pile system under the one-way cyclic loading progressively becomes 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 one-way cyclic loading, we need to develop an 

unload-reload rule for the cyclic P-y curve formulations presented above. 

The modulus of the reload portion of the P-y curves shown on Figure 3.16 are initially much 

softer than the unload modulus and become stiffer with the number 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 the 

maximum applied load. This intersection point rises closer to the maximum applied load with each 

cycle. 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 difficult 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 

E 

E 

2 
Q. 

i 
c o 

(0 
o 
rr 
o 

E 

E 

z 

c o 

o> 
rr 
o 

2 

1.8 

1.6 -

1.4 -

1.2 -

1 -

0.8 -

0.6 

0.4 

0.2 

0 

-0.4 - \ 

-0.6 

-0.8 H 

-1 

2 

1 3 

1.6 

1.4 H 

1 

0.8 

0.6 

0.4 H 

0.2 

0 

-
-0.4 -

•0.6 -

4 3 

-1 

at depth of 1D 

first time loading 

1 st cycle 

— i — 
0.2 

—I— 
0.4 0.6 0.8 

Pile Deflection - y (mm) 

at depth of 2D 

first time loading 

1st cycle 25th cycle 

0.2 0.4 03 

Pile Deflection - y (mm) 
0.8 

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). 



Chapter 3 A Cyclic P-y Curve Model 71 

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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Figure 3.16: P-y Curves under One-way Pile Head Loading at a Depth of 5 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 3.17: Variation with Number of Cycles of Normalized P (Normalized with P max) At 
Intersection Point of the Reload Portion with the Unload Portion of the P-y Curve 
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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: 

^=Ap+B\*(N) [10] 
max 

where N is the number of cycles, Pintrsc, is the load at the intersection point between the reload and 

the unload portions of the P-y curve, Pmax is the maximum applied load for that cycle, and Ap and Bp 

are empirically fitted variables which depend on the effective vertical stress as shown on Figure 

3.18. Straight line approximations of the variables Ap and Bp yield the equations: 

A =0.77+0.72(—) [11] 
" Pa 

and, 

B =0.033-0.124(—) [12] 
' 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 assumption that the relationship is logarithmic. Due to the limited number of data points, Ap 

and Bp may be significantly different from that presented here. 
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Figure 3.18: Variation of Ap and Bp with the Effective Vertical Stress. 



Chapter 3 A Cyclic P-y Curve Model 

3.5 Summary and Conclusions 
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Pile response under applied cyclic lateral loads is an important aspect in the design of deep 

foundations. Although different analytical procedures exist for laterally loaded piles under 

monotonic conditions, the fundamental aspects of cyclic lateral loading are still poorly understood 

and very few analytical models are available at this time. The 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 under cyclic lateral pile 

head loading presented by Yan (1990) was studied. The experimental P-y curves were analyzed and 

various factors which influenced the pile response were investigated. An attempt was made to back-

calculate these influencing 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 model can be developed to help extrapolate the results of the 

experimental study to other applications. Empirical relationships were derived based on basic soil 

properties and observed cyclic P-y behaviour. The empirical relationships are in reasonable 

agreement with the measured test data. 

For the piles under the two-way cyclic loading, it was found that the cyclic P-y curves have 

four significant features that influence the pile response. These features are the loading segments, 

the unloading segments, the gap segments 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 m a x , 

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 loading cycles indicating densification of the soil 

surrounding the pile and thereby increasing the E m a x 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 E m a x of the soil, as would be theoretically expected. The residual soil 

reaction is probably due to side friction and varies proportionally with the confining stress. 

It was found that the only additional feature of the one-way cyclic P-y curves over the two-

way cyclic P-y curves is the unload-reload portion of the curves. Although the unload segment is 

still consistent with the E m a x of the soil, the reload segment was found to depend mostly on the 

maximum applied load at that cycle. The reload curve was found 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 chapters 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. 



Chapter 4 Numerical Model 

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 pile stress-

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 of the pile system. In this chapter, the original model is extended to include a number 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 

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 user generally divides the pile into a number 

of elements the length of which may be variable. As can be seen, the pile may have varying cross-

section dimensions and applied loadings along the length of the pile. Since 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. However, 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 contrast is real. 

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 account 

in this model. The effect of axial loads on lateral bending and buckling (P-A effects) is considered. 

The Gaussian integration technique (Nakamura, 1992) is used for the finite element 

representation of the pile. This 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 approximate this non-linear model and will be 

described in the next section. This solution scheme is capable of solving problems where load-

reversals need to be taken into account. It is assumed that the unloading modulus is equal to the 

maximum Young's modulus, Emao as defined by the user. Soil-pile gapping is modelled by assigning 

zero tensile strength at the soil-pile interface for all P-y curves except that presented in the previous 

chapter. For this P-y curve, the soil-pile gapping has been integrated into the P-y curve model as 

a function of pile deflection, depth and number of loading cycles. 
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4.3 Model Formulation 
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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 generalized or normal coordinates, r\, 

and E,: 

- A - xj+x, A 
x = x + — I; x = — ; dx = —d\ ; 

2 2 2 
d d 

y = — ii ; dy = — d\\ 
2 2 

(4.1) 

The degrees of freedom at each node are the lateral displacement, w, slope, w\ curvature, w'\ 

axial displacement, u, and its first derivative, w' (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}: 

1 \ I I II I I I I A • , . 
\a) = \wev»t,v»l,uful,vrJ,wJ,yvJ ,UJ,UJ) (4.2) 

Since moment is proportional to the second differential of displacements, let us approximate 

w with a fifth degree polynomial, and u with a third degree polynomial to maintain accuracy. That 

is, 

w =btx5 +8^* +b3x3 +btx2 +b5x + bs (4.3) 



Chapter 4 Numerical Model 82 
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Figure 4.2: A Pile Element Showing Variables and Sign Conventions. 
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u = clxi+c2x*+c3x + c^ (4.4) 

and the derivatives are obtained by differentiating the above equations. Eliminating b„ and cn 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,(l[), M2(^), N0d) and N,(%) such that 

w ( 0 = < « ) W ; w'tt)=Ml
Ttt){a}; w "(i) =M1\l){a) (4.5) 

« ( 0 = < ( O W ; u'U)=N1
T(l){a) . . _.. (4.6) 

The shape functions are derived and presented in Appendix I. 

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

external work, i.e. 

¥ ' , = ¥ , (Ai) 
Internal txttmal V ' / 

The total internal work done by an applied virtual strain, 6e, is given by. 

Int.mal J V / (4.8) 

vol 

where a is the stress and e is the strain, 

sections remain plane). 

From beam bending theory (for an Euler beam where plane 
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T =U'-yw 11+—(YV'y ( 4 9 ) 

Substituting u', w\ w" from 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 

T = { 6 a Y [' f ' 0 ( £ ) lNS*) - (1 - > M

2 ( e ) + M M W . r ( e r f t l (4.10) J - i J - i 2 

where A(r|) is the width of the pile perpendicular to the direction of lateral loading. The total 

external work done is due to all applied external loads. There are four different types of external 

loads that can be applied to the system (see Figure 4.3): 

1. lateral load, Q, at node j (the load applied 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, q(]w\), 

4. axial soil pressures along the element, p(u), p(\w\), 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, Q, at node j is given by: 

T „ t / = 2-*w(x=A) (4.11) 

If we express w(x=A) as 
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Figure 4.3: The Beam Element with Applied Loads. 
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w(x=L) = ie Yia}; 6w(x=A) = {egY{6a} (4.12) 

where 

{eQ} = {0,0,0,0,0,1,0,0,0,0} (4.13) 

and therefore we can write 

Vtxi] = {t,aY-Q-ie) (4.14) 

The external work done by axial load, P, at node j is given by: 

T „ „ = jP-8"(*=A) (4.15) 

If we express u(x=A) as 

U(,x=A) = {epYia); 6«(x=A) = iepY{b a) (4.16) 

where 

{ep} = {0,0,0,0,0,0,0,0,1,0} (4.17) 

and therefore we can write 

Wizir{6aY-P-{ep} (4.18) 

The external work done by lateral soil pressure, q(\w\), along the element is given by 
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a i 

* ^ = / -*(M)&(H )«fc = | - ? ( k l )6 ( k | ) ^ ( 4 1 9 ) 

0 - 1 

After some algebra and substituting for w from equation (4.5) we obtain 

i 
v . x l 3 = ^^[9(H)^-Moa)dl ( 4.20) 

2 J \w\ 

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

Therefore, 

T „ , ^ = { 6 ^ - [ f i ^ + ^ > - f J*(M )77" .«>4.] (4.21) 
2 J, \w\ 

Equating the internal and external work equations, we get 

i i 

^ / / o ( e -(il -WJDiMfiW'ii) {a}]b(ri)dldr\ 
- i - i ^ 

(4.22) 

and if we let 
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11 
{Y}=-^-^ f f o(t)[N (l)-(n - ) A f (? ) +M(l )M i

r (5 ) {A}]BFR )dldn 
4 i J . 2 

(4.23) 
+ —fq(W)—M0ft)dt 

2 - i l w l 

and 

{R}=Q{ee)+P{ep} (4 24) 

we can define 

{e) = {e r>})} = {Y }-{/<} = {o} (4.25) 

We can now calculate {a} by iteratively solving equation (4.25) using the Newton-Raphson method 

until {0} is equal to zero within a specified tolerance. As mentioned earlier, the Gaussian 

integration technique is used to solve for the integrals in equation (4.23). This means that £ and rj 

represent the Gaussian integration points in the x- and y-directions within the beam element, 

respectively (see Figure 4.2) not the nodes. 

The stress (o) and soil reaction (q) are obtained directly from the pile stress-strain and soil-

pile interaction P-y curves where q is used instead of P in the present formulation. Q is the applied 

lateral load at node j, and, P, is the applied axial load at node j. The free-field displacements 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 c?(M) (Byrne et al, 1984). 
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We can approximate {0{a}} by 

{e({a})} = {e({a°})}+-^i[{ f l}-{a°}] = {0} ( 4 2 6 ) 
d\a) 

where {a0} is the initial guess or the solution from the previous iteration for {a}. Therefore, 

W = {a->-(^)-'fe({a'>)> ( 4 2 7 ) 

where 

^ • [ v e ] (4.28) 

and, 

_ ii 

3a 4 ^ / 9e w . 2 

d Wua) ~ (ri -)Mu(l) + [ M ^ )M,r(S )]>}] + a (E )[Mx(X W'U )]a)b(n ( 4 29) 

i 
A rdg(\w\) 

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 left-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, {ag}, where 

(aj M w ^ ^ ^ ^ u . V / , ' , . . , ^ ; 1 , ^ t l ) w ^ ) ^ 1 ) « J ) ( 1 ) (4.30) 

and N is the total number of elements in the problem. Note that the size of the array {ag} is 5(7V+1) 

and the size of the global matrix, [V0J, is 5(iV+l) by 5(7V+1). For example, the terms in the 6th 

through 10th columns and 6th through 10th rows in [V0g] are the result of the term by term 

summation of the 6th through 10th columns and 6th through 10th rows of [V0] of the first element 

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

From Equations (4.2*7) and (4.28) we can write 

[Ve f].{ae-a;>=-{eJ (4.31) 

and solve for {ag - ag
0} and add to {ag} 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, 

{ag
0} is equal to the final calculated values from the previous time step. 

The values of q and o are obtained directly from the P-y and o-e curves, respectively, and 

the tangent modulus is used in calculating the derivatives. 

It should be mentioned here that when analyzing problems which include 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 
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A model was presented in this chapter for analyzing the response of vertical piles to lateral and free-

field loading conditions. No presumptions have been made regarding the stress-strain behaviour of 

the pile so any stress-strain model can be incorporated into the above 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 has been developed 

that uses the above model with the following assumptions: 

• the pile is linear-elastic-perfectly-plastic, 

• the soil-pile interaction P-y curves are uncoupled, 

• the unloading part of the P-y curves is linear with a modulus equal to the Emax of the 

soil, 

• 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 using 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 solutions. 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 where the capabilities of the two programs 

overlap. The model verification will be carried out in the following way: 

1. comparison with closed-form solutions for a rigid beam on an elastic foundation 

(Scott, 1981), 

2. comparison with LATPILE for monotonic loading, and, 

3. comparison with LATPILE for monotonic free-field 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) test results from 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 
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4. prediction of results from BC Hydro's (Lee et al, 1992) field 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. i , 

¥ 7 7 7 <5 , ) 

where k is the modulus of elasticity of the subgrade. Figure 5.1a compares equation (5.1) 

with CYCPILE results obtained using for a 6. lm long beam, a foundation modulus of 84 kPa, load 

P equal to 134 kN, and a/1 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 solution 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=A+Bx (5.2) 
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where 
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*, Kl kl kl1 

* [ « ( — + —)-(— + —)] 
2 3 3 4 

K V V 2 V 3 V 2 V V 2 

[(— + — ) ( — + — ) - (*, / + — ) ( — + — ) ] 
2 3 2 3 2 3 4 

(5.3) 

and 

V 1 

P - i l ( J t + ) 
« — L -

• + 

(5.4) 

where k, and A, are defined as 

k = k{ +fc2x (5.5) 

Similar to the constant-modulus foundation problem, CYCPILE gives an exact answer to the 

problem of linear-modulus foundation as the theoretical deflected shape of the rigid beam is still a 

linear function. Using results obtained from CYCPILE Figure 5.1b shows 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. 
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5.3 Finite Difference Solutions 
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For non-linear soil behaviour, CYCPILE will be checked against another model in the areas where 

this model is known to be accurate. This model is a finite difference formulation which uses an 

equivalent elastic approach and has been incorporated into the computer program LATPILE (Reese, 

1980; Byrne and Janzen, 1984), as discussed earlier. LATPILE is capable of analyzing vertical piles 

with lateral monotonic loads at the top and with free-field movements along the length 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 gapping and dynamic effects. 

However, SPASM is also limited to linear-elastic piles (no yielding) which is not any more suitable 

for comparing 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 uniform 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 



Chapter 5 Model Verification and Validation 97 

and 5.0m) assuming a relative density of 75% for the sand. The pile used was a pipe pile with an 

outer diameter of 0.273 m, inner diameter of 0.2637 m and a modulus of elasticity of 300 GPa which 

give an EI of 10.6 MN-m 2. Figure 5.2 compares the moments and deflections calculated by the two 

programs. As can be seen, the comparison is very good, although 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 on Figure 5.3. 

A similarly good comparison is obtained in this case. 

The observed differences would be expected because the two programs have different basic 

assumptions for the pile behaviour. However, the differences are very small and we can conclude 

that CYCPILE is capable of duplicating the calculations 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 soil reaction 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 test setup is shown on Figure 5.4. These tests were 

modelled with CYCPILE using the actual physical dimensions shown but with the unit weight of 

sand increased by the HGS scale factor, N, for the particular test (Yan and Byrne, 1992). 

Figure 5.5a compares the calculated 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 

and bending moments for a fixed head pile and show that CYCPILE's predictions are very good, 

although there are minor differences. The differences in these cases can be attributed to the fact that 

in reality it is very difficult to test a pile under a "true" fixed head condition. This problem will be 

encountered again when considering 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 those 

calculated by CYCPILE. 

Generally speaking, the above comparisons are excellent, confirming that the basic 

assumptions on which CYCPILE is based introduce little error in predicting the soil-pile interaction 

behaviour. Therefore, the accuracy of predicted 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 comparison with the measure data. The observation that CYCPILE'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 modelled 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, Emax, 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 and 

mechanical degradations as discussed in an earlier chapter. Although CYCPILE is currently 

incapable of modelling material degradation, the mechanical degradation is accounted for in the 

unload-reload and soil-pile gapping assumptions. 

Figure 5.7 shows the applied loading and measured pile head deflections 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 direction. The differences here can be attributed to the assumption 

in the 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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Figure 5.7: Applied Lateral Pile Head Loading and Measured Pile Head Deflections under Two-
way Constant Amplitude Cyclic Loading. After Yan (1990). 
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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 

noting that CYCPILE correctly predicts the permanent 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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Figure 5.9: Applied Pile Head Loading and Measured Pile Head Deflections under Constant 
Amplitude One-way Loading. After Yan (1990). 
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Figure 5.10: CYCPILE Prediction of The Pile Head Deflections under Constant Amplitude One­
way Loading. 
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on average. This MOR was about twice as much as the yield stress of 22.7 MPa. Interestingly, the 

recommended MOR by the Canadian Standards Association (CSA) CAN/CSA-086.1-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 moment-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 the CYCPILE 

analysis. 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 percentile 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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5.5.2 BC Hydro Full Scale Field Tests on Timber Piles 
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The BC Hydro Full Scale Field Tests on Timber Piles were discussed in chapter 2 although not all 

of their results were presented there. In summary, three size 14 piles were tested with an attempt 

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 the analyses 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 m a x values were estimated from the 

relative densities as shown by Yan (1992). The displacement-controlled loading pattern was one­

way cyclic 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 comparison 

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 moment 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 on Figure 5.16. 

It can be easily seen that the pile caps were not effectively held against 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 bottom of the pile cap adjusted 

to 270mm diameter pile as shown on Figure 5.17. In fact, if we adjust the moments further based 

on rigid body motions and.statics, we find that the moment-curvature curves fall within a narrow 

range, consistent with CYCPILE predictions and laboratory test results as shown on Figure 5.18. 

The rotation of the pile cap would induce an additional moment in the moment cell, mounted on the 

side of the pile cap, due to the additional eccentric loading and the weight of the pile cap. This 

additional moment can be calculated from the plots of the deflected shapes (Figure 5.16) and the 

knowledge of the weight of the pile cap (89 kN). The adjusted moments can be roughly 

approximated by multiplying the moments shown on Figure 5.17 by one minus the slope of the 

measured pile deflection within the pile cap. 

In this case, it is very difficult to obtain a point by point comparison between the predicted 

and measured deformed shapes of the test piles due to the variability of timber and soil materials. 

However, it is envisaged that the effects of pile 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 S u m m a r y 

The proposed model on which the computer program CYCPILE is based was first checked with 

closed-form solutions and 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 test 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 regions 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 model 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 (API, 1987; Matlock, 1970; Reese et al, 1974) and granular soils 

(Yan, 1990; Yan and Byrne, 1992). 



Chapter 6 Summary and Conclusions 

Although to date a great deal of research effort has focussed on the analysis of laterally loaded piles, 

no comprehensive model had been developed to capture the behaviour of these piles based on 

experimental 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 subjected to lateral loads. A review of the available test data 

indicated that soil-pile interaction is highly non-linear and is dependent on various factors such 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, those 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 cyclic P-y curve model was developed based on available test data. A new numerical 

model was also developed for the analysis of laterally loaded vertical piles which incorporated the 

new cyclic P-y curve model. The proposed numerical model employs a robust finite element 

formulation for modelling the pile. P-y curves are used to represent the soil. The computer program 

CYCPILE was developed to perform the numerical analysis based on this model. 

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

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 

122 
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that for granular soils in general, 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 piles 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 from superstructure and surrounding ground, 

5. include pile group interaction, and, 

6. effect of vertical side friction. 

Research on dynamic effects from superstructure and surrounding ground is ongoing at UBC 

(Dou, 1991; 1996; Khan, 1995). Also, some experimental research on pile group interaction has 

been performed at U B C (Panwalkar, 1994). These data suggest that pile group interaction can 

possibly be accounted for by applying an additional free-field movement to 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 presented here. Panwalkar's (1994) research has shown that the 

amount of free-field movement depends primarily on the distance between each pair of piles being 

considered and the direction of loading which is consistent with observations of other researchers 

(Poulos & Davis, 1987). With more model test data now available, the effect of pile groups can be 

included in the numerical model in the future. However, some field testing would still be required 

in order to verify such a model. 
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Appendix I - Shape Functions Used in The Numerical Model 

The shape functions, MJ&), M 2 ( Q , NJg), N,(^), are derived by considering (see Chapter 4): 

{a) = {wrwt,wt ,ul,ul,M>J,wJ,w/,uJ,uJ"} (1.1) 

w=bix5+b1xA+b3x3+b4xi+bsx+b6 (12) 

« =clxi+c1x1+c3x+c4 

Differentiating w and u with respect to x. 

y> 1 =5blxA+4b1x3+3b3x2+2b1x+bs (14) 

w" = 2Qblxi + l2b2x2+6b3x+2bA (15) 

(1.3) 
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Using local coordinates such that x, = 0, Xj = A, and define ^ such that x = (l+c;)(A/2), we can 

evaluate Equations (1.2) through (1.6) at x, and xy to solve for hn and cn in terms of {a}. Substituting 

for bn and c „ in Equations (1.2) through (1.6), we can re-write these equations in terms of {a}: 

U ' =3C{X2+2CIX+C3 

w ( 0 = < ( E ) W ; w ' ( 0 = M , r ( O U ; w " « ) =M 2
r (F.)U (1.7) 

where shape functions, M0{Z,\M,{1,\M2{%), N0{1\ and N,{Q are given by 

(1.6) 

«(o=tfor(oM; U/a)=Nl
Ta){a) (i.8) 

M 0 ( l , O = (8-15E + 105 J -3E 5 ) /16 

M 0 ( 2 , O = (5-7e-65 J + 10t 3 + 5 4-35 s)(A/32) 

M 0 ( 3 , O = ( l -5 -25 2 +25 3
 + 5 4 -5 5 )(A 2 /64) 

^ 0 ( 4 , O = 0 

MB(S,Z) = 0 

M 0 ( 6 , O = (8 + 15t-10? 3+3E 5)/16 

M 0 ( 7 > O = (-5-75+6? J
 + 10? 3 - t 4 -3E s ) (A/32) 

M 0 ( 8 , O = (l+5-2F. J-2F. 3 + 5 4
+ ?

s ) ( A 2 / 6 4 ) 
M„(9 ,O = 0 

M 0 ( i o , o = o 
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M I ( l , O = (-15+305 2-15C 4)(2/16A) 

M , ( 2 , 0 = ( -7 -12e +30F.2+4?3-1554)/16 

M 1 ( 3 1 0 = ( - l -4?+6? 2
+ 4? 3 -5E 4 ) (A/32) 

^ , (4 ,0 = 0 

A/,(5,O = 0 

•W1(6,O = (15-305 2 + 15E4)(2/16A) 

A^,(7,O = (-7 + 12C+305 2-45 3-155 4)/16 

M 1 ( 8 , 0 = (l-45-65 2+4E 3+5? 4)(A/32) 

M,(9 ,O = 0 

^ , ( 1 0 , 0 = 0 

M 2 ( l ,I) = (601 -605 3)(4//l6A 2) 

M 2 ( 2 , 0 = (-12+605+1252-6053)(2/16A) 

A/ 2 (3,O = (-4 + 12E+1252-20C3)/16. 

A/ 2 (4,O = 0 

^ , (5 ,0 = 0 

M 2 ( 6 , 0 = (-605 +60t3)(4//16A2) 

M 2 ( 7 , 0 = (12+60?-12? 2-605 3)(2/16A) 

-^2(8,5) = (-4-125 +1252+2053)/16 

M2(?,L) = 0 
M 2(10,5) = 0 
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W0(l,O = 0 

tf0(3,o = o 

AT0(4,O = (2-3E+E3)/4 
JV0(5,O = ( l - £ - 5 2 + E3)(A/8) 

JV0(6,?) = 0. '(1-12) 

^ 0 (8,O = 0 

Ar0(9,O = (2+3E-53)/4 
^ 0(10,O = ( - l - 5 + 5 2 ^ 3 ) ( A / 8 ) 

JV,(2,O = 0 
JV,(3,£) = 0 

^ 1(4,0 = (-3+3E2)(l/2A) 
JV1(5,0 = (-l-25+35 J)/4 
#,(6,0 = 0 
#,(7,0 = 0 
#,(8,0 = 0 

# l(9,0 = (3-3? 2)/2A 

JV1(10,O = (-l +25+35 J)/4 

(1.13) 
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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 program, 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 displacements 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 

varying axial load may be input at the top, although settlement of the pile due to an axial load is 

not considered. 

At this time, the model and the program are not capable of analyzing a fully dynamic problem 

where inertia forces may have considerable effect on the results. Such capabilities are being 

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

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

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

1.1 Introduction 

In seismically active areas, it is important to consider lateral loads in design and analysis of new 

and existing structures founded on piles. Historically, piles have been mostly designed 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 Applied Science requirements for the author at the University 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 input at the top of the pile although pile 

settlements and axial capacities are not calculated. Input axial loads are incorporated in the 

model to account for determining P-delta effects only. The Gaussian integration scheme (for a 

discussion of this integration technique the user is referred to Nakamura, 1993) is used in solving 

equations leading to the stiffness matrix of the Finite Element system. Non-linear soil properties 

are determined using a tangent stiffness approach. 

By using the gaussian integration technique, the model is capable of calculating the deformed 

shape and the moments along the length of the pile very accurately. 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 

assuming that soil cannot undergo tension, or, by using the cyclic P-y curves presented in 

Vazinkhoo (1996). 

The soil properties are given through the input of P-y curves at 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 the results of laboratory and field 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 effects 

of the super-structure supported by the pile will be important, it is desirable to include these 

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

The analytical model used in program CYCPILE is briefly discussed in Chapter 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 structure ; 2) the 

input file format and all input variables ; 3) all output information; and, 4) problems that may 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. . 

H3 
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1.3 Applications 

The program is presently capable of analyzing any combination of the following: 

a. Non-linear soil stress-strain and yielding through input of P-y curves 

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

c. Soil-pile gapping 

d. Cyclic or monotonic loading 

e. Varying pile cross sections along the pile length 

f. Different pile materials along the pile length 

g. Pile yielding . . . 

h. Free-field loading 

i. Direct loading at. any node along the pile 

j. Specified displacements at any node along the pile 

k. P-Delta effects from applied axial load 
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2.1 Pile Model 

The pile is represented by a one-dimensional finite element model as shown in Figure 2A. 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 decreasing with 

depth. Negative coordinates are allowed. The finite element formulation is discussed in 

Vazinkhoo (1996). 

The user generally 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 

needed can be limited to a few elements for each layer or pile cross-section. However, if the pile 

cross-section dimensions change with depth,.the element lengths should be small enough to 

obtain good results. Experience and judgement should be used in determining 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 

account. The effect of axial loads on lateral bending and buckling (P-delta effect) is 

approximately considered. Figure 2.2 shows a comparison of results between an actual three 

point bending test on a timber pile and the predicted behaviour using CYCPILE. As can be seen, 

the model compares very well with the lab tests. This analysis is presented as an example 

problem in section 4.1 of Chapter 4. 
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2.2 Soil Model 

The soil in the computer program CYCPILE is modelled as non-linear springs with the use of 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 m a x , which is used as the unloading portion. 

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

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

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 Vazinkhoo (1996). 



Chapter 2. Analytical Model 

Def lec t ion , y (mm) 

1.0 
Def lec t ion , y (mm) 

Figure 2.3 A typical cyclic p-y curve used in CYCPILE based on Yan & Byrne's method 
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The computer code for CYCPILE has been written in FORTRAN 77 and compiled with 

Microsoft® Fortran Powerstation version 1.0 with Microsoft Visual Work Bench® version 3.21. 

The machine used for developing the program CYCPILE was an IBM®2 compatible PC with an 

Intel®3 486DX33 micro processor. The minimum hardware requirements to run CYCPILE are: 

a. a 386-based or higher CPU, 

b. a math co-processor, 

c. at least 8.0 Mb of free Hard Disk space (varies depending on the size of problem), 

d. 2 Mb of R A M (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 

misrepresentation of the physical system which 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 

1 Microsoft and Microsoft Visual Work Bench are trade marks of Microsoft Corporation. 

2 IBM is a trade mark of International Business Machines Corporation. 

3 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 mentioned that processing 

time increases rapidly 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 calculations. This allows for a marching 

solution scheme. At each load step, the stiffness matrix for the pile is constructed and the 

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 terminates. 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 
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Solve The Problem For The Given Conditions. Save Results for The Next 
1 ' Iteration / Time Step 

-Yes-

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

Figure 3.1 General flow chart for program CYCPILE 
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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 CYCPILE 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 integration 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-hand-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. 
\$3 
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33 Current Program Capacities 

All arrays in program CYCPILE are individually defined for purposes of clarity. As mentioned 

above, the compiler which we used allows for the memory allocation to take place at run time. 

This makes the size of the program smaller. The compiler makes use of an extended memory 

manager (DOSXMSF.EXE) which should be present in the same sub-directory or in a sub­

directory specified in the path statement in the AUTOEXEC.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: 

a. Non-linear soil stress-strain and yielding through input of P-y curves 

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

c. Soil-pile gapping 

d. Cyclic or monotonic loading 

e. Varying pile cross sections along the pile length 

f. Different pile materials along the pile length 

g- Pile yielding 

h Free-field loading 

i. Direct loading at any node along the pile 

j- 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 earlier, any consistent system of units may be employed by 
\5H 



Chapter 3. Program Setup 

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: 

L i n e # V a r i a b l e N a m e F o r m a t D e s c r i p t i o n 

1 T I T L E A 8 0 T I T L E O F T H E P R O B L E M 

T H E F O L L O W I N G L I N E C O N T R O L S T H E P R O B L E M : 

2 E L E M E N T S 14 N U M B E R S O F E L E M E N T S A L O N G T H E 

P I L E 

2 S O I L L A Y E R S 14 N U M B E R O F D I F F E R E N T S O I L L A Y E R S 

2 P I L E M A T S 14 . N U M B E R O F D I F F E R E N T P I L E M A T E R I A L S 

2 B C N O D E S 14 N U M B E R O F D I F F E R E N T N O D E S W I T H 

B O U N D A R Y C O N D I T I O N S 

2 I N P U T P T S 14 N U M B E R O F P O I N T S I N T H E I N P U T 

H I S T O R Y 

2 C Y C L O A D N O D E S 14 • N U M B E R O F N O D E S W I T H I N P U T L O A D 

H I S T O R Y 

2 IS C Y C A l = ' Y ' IF L O A D I N G T Y P E IS T R I T E L Y 

C Y C L I C , 

= ' N ' O T H E R W I S E 

T H I S IS U S E D F O R C A L C U L A T I O N O F 

A P I P-y C U R V E S , IF D E F I N E D 

2 F R E E F L D N O D E S 14 N U M B E R O F N O D E S A S S O C I A T E D W I T H 

F R E E F I E L D I N P U T 

2 P A F 1 5 . 6 A T M O S P H E R I C P R E S S U R E I N D E S I R E D 

U N I T S 

2 S T A T I C V E R L O A D F 1 5 . 6 T H E S T A T I C V E R T I C A L L O A D O N T H E 

P I L E 

2 T O L E R A N C E F 1 5 . 6 D E S I R E D T O L E R A N C E F O R T H E P R O B L E M 

2 N I T E R 14 N U M B E R O F I T E R A T I O N S T O P R O M P T 

R E P E A T T H E F O L L O W I N G L I N E F O R E A C H N O D E : 

3 N O D E 14 N O D E N U M B E R . N O D E S A R E N U M B E R E D 

F R O M B O T T O M T O T O P . T H E T O T A L 

N U M B E R O F N O D E S IS A L W A Y S O N E 

P L U S T O T A L N U M B E R O F E L E M E N T S . 
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3 X C O O R D ( N O D E ) . • F15.6 • C O O R D I N A T E O F T H E N O D E I N T H E , 
V E R T I C A L D I R E C T I O N 

3 IS F F ( N O D E ) 14 = 1 IF F R E E - F I E L D D I S P L A C E M E N T S W I L L 
B E A P P L I E D A T THIS N O D E 
= 0 O T H E R W I S E , 

R E P E A T T H E F O L L O W I N G L I N E F O R E A C H E L E M E N T : 

4 E L E M 14 E L E M E N T N U M B E R 
4 X S E C T Y P E ( E L E M ) 12. T H E S H A P E OF T H E P I L E C R O S S S E C T I O N , 

T H E C H O I C E S A R E : 
= 1 - S O L I D C I R C L E 
= 2 - H O L L O W C I R C L E 
= 3 - R E C T A N G L E 

4 O U T D I A ( E L E M ) F15.6 IF X S E C T Y P E ( ) = 1: 
= D I A M E T E R O F P I L E 

IF X S E C T Y P E ( ) = 2: 
= O U T S I D E D I A M E T E R OF P I L E 

IF X S E C T Y P E ( ) = 3: 
= D E P T H OF P I L E (IN D I R E C T I O N O F 

B E N D I N G ) 

4 I N D I A ( E L E M ) F15.6 IF X S E C T Y P E ( ) = 1: 
= 0.0 

IF X S E C T Y P E ( ) = 2: 
= I N S I D E D I A M E T E R OF P I L E 

IF X S E C T Y P E ( ) = 3: 
= W I D T H OF P I L E 

4 • M A T N U M ( E L E M ) 14 P I L E M A T E R I A L F O R THIS E L E M E N T 
4 I N L A Y E R ( E L E M ) 14 SOIL L A Y E R A S S O C I A T E D W I T H T H I S 

E L E M E N T 

R E P E A T T H E F O L L O W I N G L I N E S F O R E A C H SOIL L A Y E R : 

5 L A Y E R 14 SOIL L A Y E R N U M B E R 

5 SOIL T Y P E ( L A Y E R ) A 4 SOIL T Y P E F O R T H E L A Y E R : 
= C L A Y , 
= S A N D , 
= U S E R ; 

THIS O P T I O N D E F I N E S H O W T O 
C A L C U L A T E P-y C U R V E S F O R T H E SOIL 
L A Y E R . 

\5b 
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5 P Y T Y P E ( L A Y E R ) A 4 M E T H O D O F C A L C U L A T I N G P-y C U R V E S : 
= Y A N B , F O R Y A N & B Y R N E A P P R O A C H , 
= A P I C , F O R A P P R O A C H U S E D I N T H E 

A P I C O D E , 
= U S E R , F O R U S E R S P E C I F I E D P-y 

C U R V E S ; 

N O T E : T H E Y A N & B Y R N E M E T H O D C A N 
O N L Y B E . S P E C I F I E D IF SOIL T Y P E ( ) = 
S A N D . T H E A P I C O D E M E T H O D C A N 
O N L Y B E S P E C I F I E D IF SOIL T Y P E ( ) = 
S A N D O R = C L A Y . 

IF P Y T Y P E O = Y A N B , E N T E R T H E F O L L O W I N G L I N E : 

6 G A M M A ( L A Y E R ) F15.6 T H E U N I T W E I G H T O F SOIL F O R T H I S 
SOIL L A Y E R 

6 D R ( L A Y E R ) F15.6 T H E R E L A T I V E D E N S I T Y O F SOIL F O R 
THIS SOIL L A Y E R (%) ( U S E D T O C A L C . 
E M A X ) 

6 E M A X ( L A Y E R ) F15.6 T H E M A X I M U M E L A S T I C M O D U L U S O F 
SOIL F O R THIS SOIL L A Y E R ( N O T U S E D ) 

IF P Y T Y P E ( ) = A P I C A N D SOIL T Y P E ( ) = S A N D , E N T E R T H E F O L L O W I N G L I N E : 

6 G A M M A ( L A Y E R ) F15.6 T H E U N I T W E I G H T O F SOIL F O R THIS 
SOIL L A Y E R 

6 D R ( L A Y E R ) F15.6 T H E R E L A T I V E D E N S I T Y O F SOIL F O R 
THIS SOIL L A Y E R (%) 

6 E T A ( L A Y E R ) . F15.6 T H E F A C T O R E T A F R O M A P I C O D E F O R 
THIS SOIL L A Y E R 

6 N H I ( L A Y E R ) F15.6 T H E F A C T O R n hi F R O M A P I C O D E F O R 
THIS SOIL L A Y E R ( C O E F F I C I E N T O F 
S U B G R A D E M O D U L U S ) 

6 C l ( L A Y E R ) F15.6 F A C T O R C1 F R O M T H E A P I C O D E 
6 C 2 ( L A Y E R ) •F15.6 F A C T O R C2 F R O M T H E A P I C O D E 
6 C3 ( L A Y E R ) F15.6 F A C T O R C3 F R O M T H E A P I C O D E 
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F O R O T H E R P Y T Y P E ( ) A N D SOIL T Y P E ( ) N O T C O V E R E D A B O V E , E N T E R T H E F O L L O W I N G L I N E S 
( T Y P E " U S E R " IS A L S O I N C L U D E D H E R E ) : 

6 G A M M A ( L A Y E R ) F15.6 T H E U N I T W E I G H T O F SOIL F O R T H I S 
SOIL L A Y E R 

6 N U M P Y ( L A Y E R ) 14 N U M B E R O F P-y C U R V E S I N T H I S L A Y E R 

6 N U M P Y P T S ( L A Y E R ) • 14 N U M B E R OF P O I N T S T O B E E N T E R E D F O R 
E A C H P-y C U R V E (50 M A X I M U M ) 

6a N O D E P Y ( L A Y E R , N U M P Y ) 14 N O D E N U M B E R O F T H E F O L L O W I N G P-y 
C U R V E 

6a E M A X U ( N O D E P Y , N U M P Y ) F15.6 E M A X A T THIS N O D E 
6b Y P Y I N ( N O D E PY,.T) F10.4 T H E Y-POINTS.OF T H E P-y C U R V E A T T H I S 

N O D E 

6b P P Y ( N O D E P Y , J) F10.4 T H E P-POINTS OF T H E P-y C U R V E A T T H I S 
N O D E 

N O T E : R E P E A T L I N E S 6a A N D 6b N U M P Y 
T I M E S . F R E E - F I E L D D E F L E C T I O N S W I L 
B E I N T E R P O L A T E D , IF N E C E S S A R Y , F O R 
A L L N O D E S R E Q U I R I N G F R E E - F I E L D 
I N P U T . 

R E P E A T T H E F O L L O W I N G L I N E S F O R E A C H P I L E M A T E R I A L : 

7 P I L E M A T 14 PILE M A T E R I A L N U M B E R 
7 M A T T Y P E f P I L E M A T ) • A 4 D E F I N E S T H E M A T E R I A L T Y P E F O R S O M E 

PILE S E G M E N T : 
= E L P L , F O R A N E L A S T O - P L A S T I C 

M A T E R I A L L I K E S T E E L , 
= W O O D , F O R W O O D , 
= U S E R , T H E S T R E S S - S T R A I N C U R V E IS 

U S E R D E F I N E D B Y T H E U S E R . 

IF M A T T Y P E Q = E L P L , E N T E R T H E F O L L O W I N G L I N E : 

8 E ( P I L E M A T ) F15.6 Y O U N G ' S E L A S T I C M O D U L U S O F T H E 
M A T E R I A L 

8 Y I E L D S T R S ( P I L E M A T ) F15.6. Y I E L D S T R E S S OF T H E M A T E R I A L 
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IF M A T T Y P E Q = W O O D , E N T E R T H E F O L L O W I N G L I N E : 

8 E ( P I L E M A T ) F15.6 Y O U N G ' S E L A S T I C M O D U L U S O F T H E 
M A T E R I A L 

8 Y I E L D S T R S ( P I L E M A T ) ; F15.6 Y I E L D S T R E S S O F T H E M A T E R I A L I N 
C O M P R E S S I O N 

IF M A T T Y P E Q =. U S E R , E N T E R T H E F O L L O W I N G L I N E ( N O T A V A I L A B L E A T T H I S T I M E ) : 

8 N U M S E PTS(PTLE M A T ) 14 N U M B E R OF P O I N T S O N T H E S I G M A vs 
. . . E P S I L O N C U R V E ( S T R E S S S T R A I N 

C U R V E ) 
N O T E : I N C L U D E T H E N E G A T I V E 
P O R T I O N 0 F T H E C U R V E H E R E 

8 E INIT(PILE M A T ) F15.6 INITIAL Y O U N G ' S E L A S T I C M O D U L U S 

8a E P S T L O N ( P I L E M A T , (I, I = 1, 
N U M S E P T S ( P I L E M A T ) ) ) 

8F10.4 T H E E P S I L O N - P O I N T S OF T H E S T R E S S 
S T R A I N C U R V E 

8b S I G M A ( P I L E M A T , (I, I = 1, 
N U M S E P T S ( P I L E M A T ) ) ) 

8F10.4 T H E S I G M A - P O I N T S OF T H E S T R E S S 
S T R A I N C U R V E 

IF B C N O D E S IS N O T Z E R O , F O R E A C H B C N O D E S E N T E R T H E F O L L O W I N G L I N E O T H E R W I S E SKIP 
THIS L I N E : 

9 B C N O D E ( I ) 14 N O D E N U M B E R W I T H B O U N D A R Y 
C O N D I T I O N . I = 1 T O B C N O D E S 

9 N U M B C S ( B C NODE(I ) ) 14 N U M B E R OF D I F F E R E N T B O U N D A R Y 
C O N D I T I O N S T O B E S P E C I F I E D 

9 B C ( B C N O D E ( I ) , J, J=l, 
N U M B C S ( B C NODE(I) ) ) 

14 = 1, IF W = 0 
= 2, IF W = 0 
= 3, IF W " = 0 
= 4, IF U = 0 
= 5, IF U ' = 0 

IF C Y C L O A D N O D E S IS N O T Z E R O , F O R E A C H C Y C L O A D N O D E S E N T E R T H E F O L L O W I N G L I N E 
O T H E R W I S E SKIP THIS L I N E : 

10 C Y C N O D E 14 T H E N O D E N U M B E R W I T H S P E C I F I E D . 
L O A D H I S T O R Y 
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10 C Y C L O A D T Y P E ( C Y C N O D E ) A 5 = D I S P L , F O R D I S P L A C E M E N T L O A D I N G 
C O N D I T I O N 

= F O R C E , F O R F O R C E L O A D I N G 
C O N D I T I O N 

S P E C I F Y T H E S T E P N U M B E R S F O R W H I C H O U T P U T IS D E S I R E D I N T H E N E X T T W O L I N E S : 

. 12 C Y C N O D E O U T 15 N O D E N U M B E R F O R P R I N T E D O U T P U T A T 
E V E R Y S T E P 

12 N U M O U T P U T S T E P S 15 N U M B E R O F D I F F E R E N T S T E P S A T 
W H I C H O U T P U T IS R E Q U I R E D 

13 O U T P U T S T E P ( ( I , I = 1, 
N U M O U T P U T STEPS)) 

815 STEP N U M B E R S A T W H I C H O U T P U T IS 
R E Q U I R E D 

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

Line 
# 

Variable Name Format Description 

1 T I T L E 1 A 8 0 T I T L E OF T H E I N P U T L O A D H I S T O R Y 

2a C Y C N O D E 15 N O D E N U M B E R F O R T H I S L O A D 
H I S T O R Y 

2b ( C Y C H O R x ( C Y C N O D E , I), I = 
1 , N U M C Y C PTS)) 

8F15.6 I N P U T L O A D H I S T O R Y . IF C Y C L O A D 
T Y P E ( C Y C N O D E ) = D I S P L , x = DISP IF 
IT = F O R C E , x = L O A D 

R E P E A T L I N E S 2a A N D 2b F O R A L L 
C Y C N O D E N U M B E R S G I V E N I N I N P U T 
FILE 

. N O T E : T H E N O D E N U M B E R S G I V E N H E R E M U S T C O R R E S P O N D E X A C T L Y T O T H E O N E S 
G I V E N I N T H E I N P U T F I L E . 

IF F R E E F L D N O D E S IS N O T Z E R O , F O R E A C H C Y C L O A D N O D E S E N T E R T H E F O L L O W I N G L I N E 
O T H E R W I S E SKIP THIS L I N E : 

4 FF N O D E 14 T H E N O D E N U M B E R W I T H S P E C I F I E D 
F R E E F I E L D I N P U T 

4a FF DISP IN(FF N O D E , (1,1 = 
1, I N P U T PTS)) 

8F10.4 T H E H O R I Z O N T A L D I S P L A C E M E N T S A T 
N O D E "FF N O D E " 

\60 
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3.5.- Program Output 

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 output 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 all 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 integration 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 Mav 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 in 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 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. These large inaccuracies in the tolerance calculations are misleading and 
1*1 
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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 execution of the program. 



Chapter 4. Example Problems 

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 Example No. 1 Three Point Bending Test on a Timber Pile 

In this example problem there are no soil layers. It is a laboratory test on a full size pile in a 

three-point-bending test. This test was performed for BC Hydro at the University of British 

Columbia 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 bending behaviour of a pile under known and 

controlled conditions. Figure 4.1 shows a schematic of this problem. Figure 4.2 shows the 

various measured variables and quantities along with a picture 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 pile material undergoes slight modulus degradation as it 

yields. At present, the program does not have the capability 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. 

63 
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m 8280 mm 

3140 mm m 5140 mm 

I ) 2.64 6 

MOTION AT TOP OF PILE = 2.64 x DEFLECTION 
J 

FIGURE 20 
MAGNIFICATION OF DEFLECTION MEASUREMENT 

Figure 4.1 Schematic of pile in example problem no. 1. After Lee et al (1992). 
\6<j 
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Transverse Load 
Moment 
Def l e c t i o n 
Bending Stress 
A x i a l Stress 
Curvature 

At Max 
V e r t i c a l 

Load 
27.7 kN 
70.7 kN-m 

206.0 mm 
33.7 MPa 
1.3 MPa 

0.043 1/m 

At 
F a i l u r e 

kN 
kN-m 
mm 

24.4 
76. 9 

378.0 
3 6.7 MPa 
1.3 MPa 

0.089 1/m 
Axial Load 

M.O.E. 
75.8 kN 
9.7 GPa Physical Dimensions 

POSITION 

Location mm 160 
Circ.mm 805 
Top mm 18 

Side mm 18 
Vert Offset mm 0 
Hor. Offset mm 0 

Radius mm 128 
Area mm"2 x E-3 51.6 

I mm"4 x E-6 212 

2 3 4 5 6 7 8 
1140 2140 3140 4140 5140 6140 7140 820 850 870 880 905 925 940 27 43 43 54 52 52 34 31 31 29 29 39 37 32 9 25 25 36 34 34 16 13 13 11 11 21 19 14 131 135 138 140 144 147 150 53.5 57.5 60.2 61.6 65.2 68.1 70.3 228 263 289 302 338 369 393 

8280 
965 
18 
18 
0 
0 

154 
74.1 
437 

Figure 4.2 Variables and other information about pile in example No. 1. After Lee et al (1992) 
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w 
w ^ oz a 

150 

- o 

O 

<L> 
> 

-7E+4 

-6E+4 

-5E+4 

-4E+4 • 

-3E+4 ^ 

Measured Test Results 

C Y C P I L E Prediction 

0.00 
-| i i i—i—i—i—i—i—i—p 

0.10 0.20 

Displacement (m) 
0.30 

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 
50,0,1,2,300,1, 'Y',0,101.325E+03,75.8E+03,0.0001,100 
I, 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 
II, 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 
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48,7.7832,0 
49,7.9488,0 
50,8.1144,0 
51,8.2800,0 
1,1,0.256000,.0.0,1,0 
2,1,0.257000,0.0,1,0 
3,1,0.258000,0.0,1,0 
4,1,0.259000,0.0,1,0 
5,1,0.260000,0.0,1,0 
6,1,0.261000,0.0,1,0 
7,1,0.262000,0.0,1,0 
8,1,0.263333,0.0,1,0 
9,1,0.264667,0.0,1,0 
10 , 1 0 .266000 0. 0 1 0 
11 , 1 0 .267333 0. 0 1 0 
12 , 1 0 .268667 0. 0 1 0 
13 , 1 0 .270000 0. 0 1 .0 
14 -1, 0 .271000 0. 0 1 0 
15 1, 0 .272000 0. 0 1 0 
16 1, 0 .273000 0. 0 1 0 
17 1, 0 .274000, 0. 0 1 0 
18 1, 0 .275000, 0. 0 1 0 
19 1, 0 .276000, 0. 0 1 0 
20 1, 0 .276667, 0. 0, 1, 0 
21 1, 0 .277333, 0. o , 1 0 
22 1, 0 .278000, 0. 0, 1, 0 
23 1, 0 .278667, 0. 0, 1, 0 
24 1, 0 .279333, 0. 0, 1, 0 
25 1, 0 .280000, 0. 0, 1 0 
26 1, 0 .281333, 0. 0, 1, 0 
27 1, 0 .282667, 0. 0, 1, 0 
28 1, 0 .284000, 0. 0, 1, 0 
29 1, 0 .285333, 0. o , r , 0 
30 1, 0 .286667, 0. 0, 1, 0 
31 1, 0 .288000, 0. 0, 1, 0 
32 1, 0 .289000, 0. 0, 1, 0 
33 1, 0 .290000, 0. 0, 1, 0 
34 1, 0 .291000, 0. 0, 1 0 
35 1, 0 .292000, 0. 0, 1 0 
36 1, 0 .293000, 0. 0 1 0 
37 1, 0 .294000, 0. 0 1 0 
38 1, 0 .295000, 0. 0 1 0 
39 1, 0 .296000 0. 0 1 0 
40 1, 0 .297000 0. 0 1 0 
41 1, 0 .298000 0. 0 1 0 
42 r l , 0 .299000 0. 0 1 0 
43 , 1 0 .300000 0. 0 1 0 
44 , 1 0 .301143 0. 0 1 0 
45 , 1 0 .302286 0. 0 1 0 
46 , 1 0 .303429 0. 0 1 0 
47 , 1 0 .304571 0. 0 1 0 
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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 
10,3 0,120,240,260,270,271,275,280,3 00 

[61 
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TIMB-N.DOT: 

STEP DISPLACEMENTS 

1 - .75000E 02 
2 - . 15000E 01 
3 - .22500E 01 
4 •.30000E 01 
5 -.37500E 01 
6 - .45000E 01 
7 - .52500E 01 
-8 - .60000E 01 
9 -.67500E 01 

10 •.75000E 01 
11 -.67500E 01 
12 •.60000E 01 
13 -.52500E 01 
14 -.45000E 01 
15 •.37500E- 01 
16 -.30000E 01 
17 -.22500E 01 
18 -.15000E- 01 
19 - .75000E 02 
20 .OOOOC^ 00 

FORCE 

. OOOO0E+00 

. OOOOOE+00 

. OOOOOE+00 

. 0000OE + 00 

. 00000E+O0 

. 00000E+00 

. 00000E+00 

. 00000E+00 

. 00000E+00 

. 00000E+00 

. 00000E + 00 

. 00000E+00 

.00000E+00 

. 00000E+O0 

. 00OOOE+O0 

. OOOOOE+00 

. 00000E+O0 

. 0000OE+00 

. OOOOOE+00 

.OOOOOE+00 

CURVATURE 
LOWER 

ELEMENT 
. 15192E-02 
. 30383E-02 
. 45575E-02 
.60766E-02 
.75958E- 02 
.91150E-02 
. 10634E-01 
. 12153E-01 
. 13672E-01 
.15192E-01 
. 13672E-01 
. 12153E-01 
. 10634E-01 
.91150E-02 
.75958E- 02 
.60766E-02 
. 4S575E- 02 
. 30383E-02 
.15192E-02 
.74860E-17 

MOMENT 
LOWER 
ELEMENT -

. 38054E+04 

.76109E+04 

. 11416E+05 

. 15222E+05 

. 19027E+05 

.22833E+05 

. 26638E+05 

. 30444E+05 

. 34249E+05 

. 380S5E+05 

. 34249E+05 

. 30444E + 05 

.26638E+05-

.22833E+05 

.19027E+05 

. 15222E+05 

. 11416E+05. 

.76109E+04 

. 380S5E + 04 

.20961E-10 

MOMENT 
HIGHER 
ELEMENT 

. 38450E+04 

.76900E+04 

. 11535E+05 

. 15380E + 05 

. 19225E+05 

.23070E+05 

. 26915E+05 

. 30760E+05 

. 34605E+05 

. 38450E + 05 

. 34605E+0S 

. 30760E + 05 

.26915E+05 

.23070E+05 

. 19225E+05 

. 15380E + 05 

. 11535E+05 

.76900E+04 

. 38450E + 04 

. 24362E-10 

CURVATURE 
HIGHER. 
ELEMENT 

. 14571E- 02 

.29142E-02 

.43713E- 02 

. 58284E- 02 

.72855E-02 

. 87426E- 02 

. 10200E-01-

. 11657E- 01 

. 13114E-01 

. 14571E- 01 

. 13114E-01 

. 11657E- 01 

. 10200E-01 

. 87426E- 02 

.72855E-02 
, 58284E-02 
. 43713E- 02 
. 29142E-02 
. 14571E- 02 
. 82076E-17 

280. 
281 
282 
283 
284 
285 
286 
2 87 
288 
289 
290 
291 
292 
293 
294 
29 5 
296 
297 
298 

. 299 
300 

.45000E+00 

. 4S750E + 00 

. 46500E+00 

. 47250E+00 

.48000E+00 

.48750E+00 

. 49500E+00 

.5 0250E+00 

.51000E+00 

.51750E+00 

.5250 0E+00 

.53250E+00 

.54000E+00 

.54750E+00 

.55500E+00 

.56250E+00 

.57000E+00 

.'57750E + 00' 

.58500E+00 

. 59250E+00 

.60000E+00 

. 0000OE+O0 

. 00000E+00 

. O0O00E+00 

. OOOOOE+00 

. OOOOOE+00 

. 00000E+00 

. 00000E+00 

. OOOOOE+00 

. 00OO0E+00 

. 00000E + 00. 

. oooqoE+oo. 

. 00000E+00 

. 00000E+00 

. 00000E + 00 

. 00000E + 00 

. 00000E+00 

. OOOOOE+00 

. 00O00E+00 

. OOOOOE+00 

. 00OO0E+00 

. 00000E+00 

.12889E+01 
.. 13237E+01 
.13587E+01 
.13934E+01 
.14282E+01 
.14627E+01 
. 14974E+01 
. 15318E+01 
.15662E+01 
.'16004E+01 
. 16347E+01 
. 16690E+01 
. 17030E+01 
. 17372E+01 
.17710E+01 
.18049E+01 
.18386E+01 
.18724E+01 
.19061E+01 
.19396E+01 
. 19732E+01. 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.76625E+05 

.77464E+05 

.77464E+05' 

.77464E+05 

. 77464E+05 

.77464E+05 

.77464E+05 

. 77464E+05 

.'77464E+05 

.77464E+05 

.77464E+05 

.77464E+05 

.77464E+05 

. 77464E+05 

..77464E+05 

. 77464E+05 

.77464E+05 

.77464E+05 

.77464E+05 

.77464E+05 

.77464E+05 

.77464E+05 

. 10454E+00 

. 10627E+00 

. 10802E+00 

. 10978E + 00 

. 11154E + 00 

. 11332E+00 

. 11510E+00 

. 11690E+00' 

. 11871E+00 

. 12053E+00 

. I2236E + 00 

. 12420E+00 

.12605E+00 

. 12791E + 00 

. 12978E + 00 

. 13167E+00 

. 13356E+00 

. 13548E+00 

. 13740E + 00 

. 13933E + 00 

. 14127E + 00 
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TIMB-N.MNT: 

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 • .000OOE+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 . 11731E 02 -.22416E+04 -.58801E 02 .00000E+00 
20381E+00 . 13698E 02 • . 26174E + 04 - .69101E 02 .OOOOOE+00 
24840E+00 . 16725E 02 - . 31958E+04 - . 84161E 02 .00000E+00 
29299E+00 .19734E 02 - .37707E+04 - .99187E 02 • .0O000E+O0 
32343E+00 . 21668E 02 • . 41402E+04 - . 10943E 01 .OOOOOE+OO 
33897E+00 .22576E 02 - . 43812E + 04 - . 11464E 01 .0O000E+00 
36941E+00 .24450E 02 '-' . 47450E+04 - . 12485E 01 .00000E+OO 
41400E+00 .27442E 02 -.53256E+04 • . 13976E 01 .OOOOOE+00 
45859E+00 . 30415E 02 - . 59026E+04 - . 1S461E 01 . OOOOOE+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 
76098E+01 .93397E- 03 -.34676E+04 - . 12590E-01 .OOOOOE+00 
76254E+01 .89761E 03 -.33831E+04 -.12205E- 01 .OOOOOE+00 
76558E+01 . 83226E-03 -.31368E+04 . - . 11449E 01 .OOOOOE+00 
77004E+01 .74331E 03 -.28015E+04 - .10340E 01 . OOOOOE+00 
77450E+01 . 65536E 03 -..24701E+04 - .92303E 02 . OOOOOE + 00 
77754E+01 . 59185E 0 3 - . 22307E+04 - . 84716E 02 .OOOOOE+00 
77910E+01 .55715E 03 - . 21316E+04 - . 80842E 02 .OOOOOE+00 
78214E+01 .49307E 03 -.18864E+04 - .73246E 02 .OOOOOE+00 
78660E+01 .40738E 03 -' . 15586E+04 • .62115E 02 .OOOOOE+00 
79106E+01 . 31956E 03 -.12226E+04 - . 50975E 02 . OOOOOE+'OO 
79410E+01 . 25156E 03 .- .96243E+03 - . 43365E 02 .OOOOOE+00 
79566E+01 . 22612E 03 - . 87812E+03 -.39480E 02 .00000E+00 
79870E+01 . 17607E 03 -.68376E+03 - .'31866E 02 .O0000E+00 
80316E+01 '. 69846E 04 -.27124E+03 - . 2 07 14 E 02 .OOOOOE+00 
80762E+01 - .94543E 0 5 .36715E+02 - .95602E 03 . OOOOOE+00 
81066E+01 - . 10174E 04 .39512E+02 - . 19434E 03 .00000E+00 
81222E+01 • . 22020E 04 .86796E+02 . 19434E 03 .00000E+00 
81526E+01 - .65332E 04 .25751E+03 . 95599E 03 .OOOOOE+OO 
81972E+01 - . 48002E 04 '.189 21E+03 . 20712E 02 . OOOOOE+00 
82418E+01 - . 82812E 0 5 • .32641E+02 . 31864E 02 .OOOOOE+OO 
82722E+01 • .1057 IE 04 .41665E+02 . 39479E 02 .OOOOOE+00 

DEPTH CURVATURE MOMENT DISPLACEMENTS FORCE 

STEP No. 300 

PILE TIP DISPLACEMENT - .6000 

.77683E-02 

. 38215E-01 

.82800E-01-

. 107 00E-03 

. 52997E-03 

. 11537E-02 

.20129E+03 

.99697E+03 

.217 03E+04 

. 17254E- 02 

. 84877E- 02 

. 18389E-01 

. OOOOOE+OO 

. OOOOOE+00 

. OOOOOE+00 
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. 12739E + 00 . 17724E-02 , 33341E+04 .28288E-01 . OOOOOE+00-

.79S66E+01 

.79870E+01 

. 80316E+01 

. 80762E + 01 -

. 81066E+01 

. 81222E + 01 

. 81526E+01 

. 81972E+01 

. 82418E+01 

. 82722E+01 

.-18118E- 03 

. 11417E- 03 

. 17370E- 03 

. 31384E-03 

. 11016E-03 

. 12280E-03 

. 36434E-03 

. 26768E-03 

. 46210E-04 

. 59071E- 04 

.70359E+03 

.44338E+03 

.67457E+03 

. 12188E+04 

. 42781E+03 

. 48404E+03 

. 14361E+04 

. 10551E+04 

. 18214E+03' 

.23284E+03 

• 01 . 22027E-
. 17777E- 01 
. 11555E-01 
. 53327E-02 
. 10840E-02 
. 10840E-02 
. 53325E ;02 
. 11553E-01 
. 17774E-01 
. 22 02'lE.- 01 

. OOOOOE+00 

. 00000E+00 

. OOOOOE+00 

. 00000E+00 

. 00000E + 00 

. OOOOOE+00 

. 00000E+00 

. 00000E+00, 

. 00000E+00 

. OOOOOE+00 

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

This example problem is based on a laboratory test on an instrumented aluminum model pile 

embedded in dense sand. In this case, the loading was applied monotonically. 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 

predictions. As can be seen, the comparison between LATPILE and CYCPILE is excellent 

while both predict the lab test results fairly well. The input file, FIXED-NIPT is shown on page 

3 5 followed by the two output files, FTXED-N.DOT and FIXED-N.MNT. 

f ? 3 
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bending strains air regulator 

pile loading 
system 

load 
deflection 

data 
acquisition 
system 

two way 
cyclic 

air pressure 
, chamber 

/ 
water regulator 

water supply system 

sand 
sample 

\ 

2 
l 3 

model! 
pile ! / 

water disperser 
soil container 

Shaking Table 
water 
tank 

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

Soil Container Dimension: 445x230x420mm 

Figure 4.4 Schematic of the problem solved in example No 2 
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a) 
60 - , 

C3 

-o 
o 

<Z3 

40 

20 - \ 

—A— CYCPILE Prediction (Yan & Byrne P-y Curves) 

O Measured Tesi Data 

— — LATPILE Prediction (Yan & Byrne P-y Curves) 

A LATPILE Prediction (API P-y Curves) 

0.0E+0 5.0E-4 1.0E-3 1.5E-3 

Lateral Pile Deflection at Loading Point (m) 
2.0E-3 

b) 

Pile Bending Moment - N-m 
-3 -2 -1 0 1 

-0.1 I 111111 11111 I • 11 111 • 11 

0.0 - \ 

o.i H 

0.2 A 

0.3 —' 

Figure 4.5 Comparison between lab test results, LATPILE and CYCPILE predictions 
W-5 
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FIXED-NIPT: 

C Y C P I L E CHECK 
2 0 , 1 , 1 , 2 , 9 , 1 , ' Y ' , 0 , 1 0 1 . 3 2 5 E + 3 , 0 . 0 , 0 . 0 5 , 1 0 0 
1 , 0 . 0 , 0 
2 1 , 0 . 3 9 2 , 0 
1 , 2 , 0 . 0 0 6 3 5 , 0 . 0 0 4 7 3 , 1 , 1 
2 0 , 2 , 0 . 0 0 6 3 5 , 0 . 0 0 4 7 3 , 1 , 0 
1 , ' S A N D ' , ' Y A N B ' 
0. 4 3 2 E + 0 6 , 7 5 . 0 , 0 . 0 
1, ELPL 
0 .70E+11,0 .300E+09 
1 , 1 , 4 
2 1 , 1 , 2 
21, ' F O R C E ' 

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

TEP DISPLACEMENTS FORCE INPUT FORCE CURVATURE MOMENT MOMENT 
LOWER LOWER HIGHER 
ELEMENT . ELEMENT ELEMENT 

1- .24001E 03 . 80845E+01 .62700E+01 •.95225E01 . .36142E+00 . '. OOOOOE+00* .00O0OE+0O 
2 .58120E 03 .14240E+02 . 12700E+02 -.20370EtOO .77311E+00 !O00O0E+00 .00000E+00 
3 .93917E 03 .18553E+02 . 19050E+02 -.31285E+00 .11874E+01 .00000E+00 .00000E+OD 
4 .12880E 02 .25026E+02 .24400E+02 -.40903E+00 •.15524E+01 .OOOOOE+00 .000O0E+O0 
5 .16212E 02 .28422E+02 .29250E+02 - . 49.800E + 00 .18901E+01 .00000E+00 .00000E+00 
6 .18914E 02 .34476E+02 .33010E+02 - .56762E+00 .21544E+01 .OOOOOE+00 .OOOOOE+00 
7 .21648E 02 .35921E+02 .36770E+02 -.63805E+00 , .24217E+01 .00000E+00 .00000E+00 
8 .21648E 02 .35921E+02 .38440E+02 - .63805E+00 '. 24217E+01 .00000E+00 .00000E+00 
9 .24146E 02 .42639E+02 .40110E+02 - .70055E+00 .26589E+01 .00000E+00 .00000E+00 

FIXED-N.MNT: 

CURVATURE DISPLACEMENTS 

PILE TIP DISPLACEMENT 

.88853E-03 

. 43710E-02 

.94706E-02 

. 14570E-01 

.18053E-01 

.19830E-01 

.23312E-01 

.28412E-01 

.33511E-01 

.36994E-01 

.13064E-12 

.12614E-12 

. 81171E-13 

.69113E-13 

.58957E-12 

.20413E-12 

.67736E-12 

.56927E-12 

.28267E-12 

. 3407 8E-11 

- .49582E-12 
.47876E-12 

- .30808E-12 
- .26231E-12 
.22377E-11 
.77475E-12 

- .25709E-11 
.21606E-11 
.10729E-11 

- .12934E-10 

.28819E-18 

.39089E-18 

.45711E-18 

.33041E-18 

.15391E-17 

.10153E18 

.26413E-17 

.32159E-17 

.24086E-17 

.89461E-17 

.29060E-07 . 

.39201E-07 

.45472E-07 

.32599E-07 

.15100E-06 

.99310E-08 

. 25687E-06 

. 31006E-06 

.23020E-06 

. 84986E-06 

.36757E+00 

.36976E+00 

.37405E+00 

.38033E+O0 

.38662E+00 

. 39091E+00 

- .56678E-01 
• .60295E-01 
- .67382E-01 
- -77760E-01 
- .88138E-01 
- .95225E-01 

.21512E+00 

.22884E+00 

.2557.4E + 00 

. 29513E + 00 

. 33452E+00 

.36142E+00 

.21507E-03 

.21904E-03 

.22597E-03 

.23384E-03 

.23864E-03 

. 23995E-03 

.OOOOOE+00 

.OOOOOE+00 

.O00O0E+O0 

.OOOOOE+00 

.00000E+00 

.OOOOOE+00 

DEPTH 

STEP NO. 9 

CURVATURE DISPLACEMENTS 

PILE TIP DISPLACEMENT 

.88853E-03 

. 43710E-02 

.94706E-02 

.14570E-01 

. 18053E-01 

.27359E-07 
- .26419E- 07 
.17012E-07 
.14493E-07 

- .12347E-06 

- . 10384E-06 
.10027E-06 

• . 64566E-07 
- .55005E-07 

. 46862E-06 

- .60349E-13 
.81849E-13 

• .95770E-13 
.69436E-13 
.32302E-12 

.60852E-02 

.82084E-02 
95270E-02 
.68508E-02 
.31690E-01 
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