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1. INTRODUCTION 

                                                                                          Chapter 1  

1.1 Overview 

Global demands for energy have been increasing over the last few decades and a major 

challenge of the modern era will be supplying this need, as oil and gas reserves begin to 

decline. Consequently, the demand for clean and cost effective alternative energy sources 

has been increasing. In particular, wind power is gradually becoming a significant 

renewable energy resource from both an economical and environmental stand-point.  

In recent years, many countries have set targets for using renewable energy resources. 

According to the “Global Status Report on 2011” these targets now exist in 98 countries 

(REN, 2011). Canada is now the 9th largest producer of wind energy in the world with a 

current installed capacity of more than 5GW, which is equal to 2.3% of Canada’s total 

energy demand. In addition, more than 6GW of wind energy projects are already 

contracted to be built in Canada over the next five years. Ontario is expected to install 

more than 5600 MW of new wind energy by 2018, creating 80,000 “person-years” of 

employment.  

In common with offshore platforms and wind turbines, towers, radio antenna, sign posts 

and other tall structures, can all be subjected to significant lateral loads from 

environmental agents, such as, ice flows, wind or sea waves. In most of these cases, the 

horizontal load is applied above ground level and thus an additional moment acts on the 
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Wind Speed Time-History, Cif = 0.04 

 

 
Wind Speed Histogram and Normal Distribution 

 

Figure  4-16. Mean Wind Speed of 4.6 m/s 
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Wind Speed Time-History, Cif = 0.02 

 

 
Wind Speed Histogram and Normal Distribution 

 

Figure  4-17. Mean Wind Speed 7.1 m/s 
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Table 4-2 shows that zero crossing counting, E(0) from the power spectral density may 

not provide satisfactory results. Figure 4-20 shows three random time-histories with three 

different irregularity factors, Cif. The time-histories obtained in the wind tunnel are 

visibly more irregular than that shows below with the lowest irregularity factor. The very 

low values of irregularity factor, Cif, indicate that a narrow-band assumption is not valid 

for the wind tunnel field and peak counting from the moments of the power spectral 

density will not correlate well with number of cycles and therefore should not be used. 

 
Figure  4-20. Time-Histories with Different Irregularity Factor (Dirlik, 1985) 

Cif = 0.99 

Cif = 0.74 

Cif = 0.27 
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Figure  4-21. The Rainflow Method (Dirlik, 1985) 

 

In this research, counting the number of cycles (fluctuations) in the wind speed time 

history is crucial. In Figure 4-22 a time-history of wind from the hotwire in test PRT-

MM60-4 is given. The superimposed red line in the record represents the mean value of 

wind speed at any loading interval for the stepped increments. The rainflow counting 

method is used to break the irregular time-history of the wind speed recorded by the 

hotwire anemometer into numbers of cycles of different amplitudes, with their start times 

and duration.  
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Figure  4-22. Time-History of Wind Speed Test PRT-MM60-4 

 

The result of cycle counting in accordance with the rainflow method is given for test 

PRT-MM60-4 in Table 4-3. The results of other tests are presented in Appendix C.  
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In Table 4-3(a), cycle amplitude, cycle mean value, start time and duration of each cycle 

is presented. Total number of cycles is the summation of cycle number. The full results 

for test PRT-MM60-4 are presented in Table 4-3(b). 

Table  4-3(a). Detail of Rainflow Counting for Mean Wind Speed 3.4 m/s in Test PRT-MM60-4 

Cycle Amplitude 0.08 0.11 0.14 0.09 0.12 0.23 0.26 0.20 0.00 0.28 0.07 

Cycle M.Value 1.67 1.64 2.29 2.45 2.46 2.43 2.45 2.42 2.47 2.47 2.61 

Cycle Number 0.5 0.5 1 1 1 1 1 1 1 1 1 

Start Time 121 122 127 134 143 137 131 150 153 146 157 

Cycle Duration 2 2 2 2 2 6 4 2 2 12 2 

Continued 

Cycle Amplitude 0.04 0.13 0.06 0.35 0.02 0.68 0.44 0.40 0.11 0.09 

Cycle M.Value 2.35 2.41 2.38 2.46 2.69 2.22 2.46 2.42 2.71 2.68 

Cycle Number 1 1 1 1 1 0.5 0.5 0.5 0.5 0.5 

Start Time 160 165 172 163 178 123 155 174 176 177 

Cycle Duration 2 4 2 12 2 64 38 4 2 6 

 

Table 4-3(b). Total Number of Rainflow Cycles in Test PRT-MM60-4 

Voltage Mean Wind Speed (m/s) Duration (sec)  Total Number of  cycles 

0.5 0.7 0-60 9.5 

1.0 1.3 61-120 18 

1.5 3.4 121-180 17.5 

2.0 4.6 181-240 18.5 

2.5 6.1 241-300 16.5 

3.0 7.1 301-360 18.5 

3.5 8.5 361-420 20 

4.0 9.4 421-480 21 

4.5 10.99 481-540 16.5 
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Since the “quasi-static” approach is applicable, the drag force directly correlates with the 

wind speed and it will be acceptable to determine the cyclic loads from the rainflow 

method in our further discussions in Chapter 4 and for the accumulated rotation of the 

pile in Chapter 5. It should be noted that the same procedure was undertaken for data 

from the strain gauge; comparison with the total number of cycles from the hotwire and 

the strain gauge derived loads showed good agreement.  

As shown in Table 4-3(a), any cycle (or group of cycles) obtained from the rainflow 

counting has its own amplitude and mean value. Since we are interested in the effects of 

cyclic loads, the amplitudes of the cycles along with their mean values will be 

investigated. The amplitude is defined as half of the distance between a peak and trough 

in a cycle; in the other words amplitude is equal to half of the cycle range. 

Figures 4-23 to 4-25 show histograms of cycle amplitudes for three wind speed intervals 

for test PRT-MM60-4. Rayleigh probability distributions have been fitted, with the aid of 

the distribution fitting toolbox in MATLAB, to the histograms obtained from the rainflow 

method to give an insight into the range of cycle amplitudes in the random wind flow. 

The bins are defined in accordance with Scott’s bin rule. A Rayleigh distribution was 

chosen due to simplicity and previous use in some research works studying fatigue 

analysis under random cyclic loads (Wirsching & Light, 1980 and Dirlik, 1985). As can 

be seen, the small amplitude cycles have significant weights in the density of the cycles 

obtained from the rainflow counting method from the wind tunnel flow.  
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Figure  4-23. Probability Distribution of Cycle Amplitude for Mean Wind Speed of 3.4 m/s 

 

 

 
Figure  4-24. Probability Distribution of Cycle Amplitude for Mean Wind Speed of 7.11 m/s 

 

HA1/3= 0.26 

HA1/10 = 0.38 

HA1/3= 0.44 

HA1/10= 0.7 
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Figure  4-25. Probability Distribution of Cycle Amplitude for Wind Speed of 9.4 m/s 

 

Since the relative proportions of the cycle (fluctuations) amplitudes in the wind and the 

associated loads are important, some measures of the differences between the different 

Rayleigh distributions of loading and response will be sought. 

One approach will be to adopt a method that the offshore oil and gas industry uses for 

wave loading of platforms to characterize the Rayleigh distributions and provide loading 

information for the plate tests. The mean, largest 1/3 of the cycles (HA1/3), and largest 

1/10 of the cycles (HA1/10) of the wind speed fluctuations (cycles) for each wind speed 

are tabulated in Table 4-4. Two statistical parameters: skewness, βs, and kurtosis, βk, can 

also be used to characterize the Rayleigh distributions of the cycle amplitudes. The values 

of kurtosis and skewness shown in Table 4-4 are approximately within the range that 

Goda (2010) suggested for ocean waves (3<βk<9 and 0<βs<2). 

 

 

HA1/3 = 0.48 

HA1/10 = 1.21 
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Table  4-4. Statistical Parameters for Cycle Amplitudes in Test PRT-MM60-4 

Voltage 
Mean 
Wind 
Speed 

Mean value 
of Rayleigh 
Distribution 

Variance of 
the 

Rayleigh 
Distribution 

Kurtosis 
βk 

Skewness 
βs 

HA1/3 HA1/10 

0.5 0.7 0.11 0.003 8.41 2.65 0.128 0.186 
1 1.3 0.12 0.004 9.02 2.49 0.142 0.205 

1.5 3.4 0.22 0.013 4.69 1.43 0.259 0.379 
2 4.6 0.30 0.02 4.08 1.42 0.355 0.517 

2.5 6.1 0.36 0.035 2.88 0.74 0.422 0.625 
3 7.1 0.40 0.044 2.90 0.86 0.438 0.691 

3.5 8.5 0.39  0.042 1.93 0.28 0.464 1.178 
4 9.4  0.40 0.045 5.04  1.45 0.479 1.214 

4.5 10.99 0.77 0.164 2.22 0 0.911 1.333 

 

The skewness is a measure of the asymmetry of the probability distribution of a random 

variable. A positive skewness indicates that the tail on the right side is longer than the tail 

on the left side, and the bulk of the values lie to the left of the mean. In a similar way, 

kurtosis is a descriptor of the shape of the probability distribution of a random variable, 

and measures the “peakedness” of the distribution. In the other words, a high kurtosis 

distribution has a sharper peak, and longer, fatter tails, while a low kurtosis distribution 

has a more rounded peak, and shorter, thinner tails. The variations of the skewness and 

kurtosis with mean wind speed are plotted in Figure 4-26. It can be seen that both 

skewness and kurtosis decrease with increasing wind speed, which indicates that cycle 

amplitudes with the values closer to the mean value occur more often, the proportion of 

smaller cycles reduces and the length of the tail reduces (hence the number and 

magnitude of extreme values reduce).  
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Figure  4-26. Skewness and Kurtosis of Cycle Amplitudes for Test PRT-MM60-4 

 

In the offshore literature, the term “significant wave height” (HA1/3) is used as a means 

to introduce a well-defined and standardized statistic to denote the characteristic height of 

the random waves in a sea state. It is defined in such a way that it corresponds to what an 

observer will see when estimating visually the average wave height. This has been found 

to be a very useful design aid for offshore engineering. The significant wave height is 

found to be a function of the zeroth moment (M0) of the Rayleigh distribution. This 

concept may also be useful to see the variations of the characteristic cycle amplitudes of 

the wind field with mean wind speed.  

Figure 4-27 shows the variations of the characteristic cycle amplitudes with mean wind 

speed and it can be seen that higher characteristic cycle amplitudes occur for increasing 

mean wind speeds. The ratio of HA1/3 and HA1/10 is seen to increase for greater wind 

speeds, which agrees with the observations of the skewness decreasing with wind speed; 

βs = -0.98ln(U) + 2.6 
R² = 0.94 

βk = -2.8ln(U) + 8.3 
R² = 0.93 
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hence there is a link between these different parameters characterizing the Rayleigh 

distribution.  

 
Figure  4-27. Cycle Amplitude Variations with Mean Wind Speed for Test PRT-MM60-4 

 

4.3 Summary 

The focus of this chapter was providing information on the characteristics of the random 
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estimated and the Gaussian distribution showed a good fit of the histograms of wind 

speed for different wind speed intervals.  

The total number of cycles in the wind record was obtained from the rainflow counting 

method. The amplitude of cycles was also investigated and it was shown that the 

skewness and kurtosis of the cycle amplitudes decrease with higher mean wind speeds. It 

was understood that a narrow-band assumption for the wind history may not lead to 

proper estimation of the number of cycles. 

  



 

5. RESPONSE OF PILES TO LATERAL LOADS 

                                                                                          Chapter 5 

5.1 Overview 

This chapter focuses on the lateral behavior of piles in response to static and random 

variable amplitude cyclic loads. The lateral behavior of piles is affected by a number of 

parameters, such as, initial soil condition, groundwater level, geometry and flexural 

rigidity of the pile, and the characteristics and eccentricity of the lateral load. Different 

concepts and methods for analysis of the laterally loaded pile have been previously 

explained in Chapter 2.  

Two well-known general solutions for laterally loaded piles are: subgrade reaction 

modulus (commonly known as the p-y method) and the elastic continuum approach. 

These two methods were initially developed for flexible piles, rather than rigid ones. 

Leblanc et al. (2010) hinted that the majority of monopiles serving as foundations for 

wind turbines are well within the range of rigid pile behavior. Thus it appears that the p-y 

method may be extensively used for analysis of laterally loaded piles, without 

considering their flexural rigidity (Leblanc et al., 2010). This has been suggested as one 

important disadvantage for the current design methodology of laterally loaded piles.  

In some portions of the literature, terms such as, shaft or pier have been used to 

emphasize the rigidity of the pile. Poulos & Hull (1989) suggested equation 5.1 for 

evaluating the transition limits from rigid to flexible behavior for laterally loaded piles. In 
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the current research, small scale piles were used with Λ equal to 2, 24, and 389 for short, 

medium and long pile, respectively (see equation 5.1). In geotechnical engineering, a 

shallow foundation is defined to have depth over diameter ratio (D/B) less than 2.5, a 

caisson foundation has 2.5<D/B<5, and a deep foundation (pile) has a D/B over 5; this 

classification suggests that our models lies in a range of caisson foundations, although 

Agaiby et al. (1992) consider short rigid piles to have D/B in the range of 2.6 to 9.     

(Rigid) 4.8 ≤ Λ = 𝐸𝑠𝐷4

𝐸𝑝𝐼𝑚
≤ 388.6 (Flexible)      (5.1)  

Where, Es is soil Young’s modulus, Ep is pile Young’s modulus, Im is moment of inertia 

of the pile cross section, and D is pile length. 

In this research, the main focus has been on the effects of the characteristics of random 

variable amplitude cyclic lateral loads on the behavior of rigid piles. Moreover, the 

effects of the pile geometry and load-eccentricity have been investigated through a series 

of static tests. The problem of the accumulated ground-line displacement/rotation under 

random variable amplitude cyclic loads is also discussed in this chapter, along with the 

“ratcheting” behavior of the piles.  

5.2 Static Response of Piles to Lateral Loads 

A series of ground-line and moment static tests were performed to characterize the 

response of model piles to static loads. These tests were also used as a basis for better 

understanding of the random variable amplitude cyclic tests. The effects of load-

eccentricity and geometry of the piles are addressed in this section.    



CHAPTER 5.                                                                                                           114 
 

 
 

5.2.1 Hyperbolic Representation of Load-Displacement 

Semi-empirical hyperbolic representation of the load - displacement curve has been used 

for this study for the interpretation of pile responses to lateral loads (e.g. Manoliu et al., 

1985; Agaiby et al., 1992; Achmus et al., 2009). Classic solutions for laterally loaded 

piles, such as, Brinch Hansen (1961), Broms (1964), Reese et al. (1974) and Meyerhof & 

Ranjan (1972) are also compared with this approach. In this work, the capacity will be 

obtained from fitting a hyperbola to the load - displacement curve. Hyperbolic capacity is 

obtained from an upper-bound solution for laterally loaded piles. In other words, 

hyperbolic capacity will not be reached in practice and it only comes into play at 

excessive displacements. The load-displacement relation can be characterized with 

equation 5.2 to obtain the hyperbolic capacity, Hh and initial stiffness, Ki. 

𝑦𝑠
𝐻� = 𝑎 + 𝑏𝑦𝑠         (5.2)    

Where, 1/a is equal to initial stiffness, Ki, ys is ground-line displacement, H is horizontal 

force, and 1/b is equal to hyperbolic capacity, Hh (the limit of equation 5.3). By 

rearranging equation 5.2 the load -displacement relation can be shown in a different form 

(equation 5.3): 

𝐻 =  𝑦𝑠
(1

𝐾𝑖� + 𝑦𝑠
𝐻ℎ� )�         (5.3) 

In this method, Ki shapes the initial pseudo-linear portion of the load-displacement curve 

and Hh controls the final projection of the curve. Agaiby et al. (1992) commented on the 

hyperbolic representation of a load-displacement relation as an objective tool, which is 

compatible with the assumptions made when calculating the ultimate capacity using the 
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simple two-dimensional models reviewed in Chapter 2 (e.g. Hansen, 1961; Broms, 1964). 

It should be noted that the hyperbolic capacity is a projected load that is never achieved, 

much like the stress conditions assumed around a shaft when calculating the ultimate 

capacity.    

5.2.2 Location of the Zero Rotation Point  

Before proceeding to the load - displacement characteristics, the zero-rotation depth, (Zr), 

should be obtained to calculate the ultimate capacity of the laterally loaded pile. The zero 

rotation point is the ground depth where the rigid pile rotates. The depth of zero rotation 

point, Zr, affects the ultimate capacity of pile obtained from any classic solution (e.g. 

Broms, 1964). Zr can be precisely determined by placing stress cells within the soil body 

along the entire length of a flexible pile. By interpolation between stress cell 

measurements, Zr is the depth that zero change in stress is observed. Theoretically, by 

considering the force and moment equilibrium on the pile and using postulated on-pile 

force profiles, Zr, can be estimated (Guo, 2008). The on-pile force profile differs from 

one approach to another (e.g. Brinch Hansen, 1961; Broms, 1964; Reese et al., 1971).  

Zr was obtained from the pile equilibrium of forces and moments and found to be 

between 7 and 8 cm for the moment and ground-line tests on the medium size pile. Zr/D 

can also be estimated to be approximately 0.8 by trial & error using the procedure 

presented in Chapter 3 for the wind tunnel tests. It should be mentioned that Zr/D is 

higher for the ground-line tests. Agaiby et al. (1992) studied the impact of e/D on Zr. By 

increase the eccentricity of load, Zr will move to shallower depths. As shown in Chapter 

2, Zr/D varies from 0.79 for a ground-line test to 0.70 for a test with eccentricity of 20. 



CHAPTER 5.                                                                                                           116 
 

 
 

Changes in the location of the Zr can be correlated with reduction in pile lateral capacity 

while the eccentricity of load increases. 

Broms (1964) replaced the passive stresses below the Zr, with a concentrated load at the 

pile tip as shown in Figure 5-1. It was assumed that the passive soil pressure in front of 

the pile acts over the entire depth and he suggested equation 5.4 for the ultimate capacity 

of a laterally loaded pile, Hu.  

𝐻𝑢 = 0.5 𝛾𝐵𝐷3𝐾𝑃/(𝑒 + 𝐷)        (5.4) 

Where, KP = Rankine maximum passive coefficient, e is the load eccentricity, γ is soil 

unit weight, D is the pile length, B is the pile diameter, and H is the horizontal force. 

Equation 5.4 shows the relationship between the load eccentricity and the ultimate 

capacity.    

 
 

Figure  5-1. Simplified Broms Yield Stress Distribution (Agaiby et al., 1992) 
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5.2.3 Static Ground-line Tests  

Figures 5-2 through 5-4 depict the evaluation of parameters a and b and the fitted curves 

for the static ground-line tests. Results of the ground-line tests are given for the three 

sizes of pile. Generally, there is a close agreement between the response obtained from 

the experiments and the fitted hyperbolas. The slope of the fitted line in the transformed 

plot, gives the hyperbolic capacity and the intercept of the fitted line is equal to the value 

of the initial stiffness. 
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(a) Transformed Plot of Experimental Data 

 

 
(b) Comparison of Hyperbolic Curve and Test Results 

 

Figure  5-2. Hyperbolic Evaluation of Short Pile in Ground-line Testing 
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(a) Transformed Plot of Experimental Data 

 

 
(b) Comparison of Hyperbolic Curve and Test Results 

 

Figure  5-3. Hyperbolic Evaluation of Medium Pile in Ground-line Testing 
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(a) Transformed Plot of Experimental Data 

 

 
(b) Comparison of Hyperbolic Curve and Test Results 

 

Figure  5-4. Hyperbolic Evaluation of Long Pile in Ground-line Testing 
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Values of the hyperbolic capacity and initial stiffness for the static ground-line tests are 

shown in Table  5-1:  

Table  5-1. Hyperbolic Parameters of Static Tests 

Ground-Line Tests 

Short Pile Medium Pile Long Pile 

Ki (N/mm) Hh (N) Ki (N/mm) Hh (N) Ki (N/mm) Hh (N) 

14.0 10.4 18.7 18.0 37.2 91.0 

  

Values obtained for the hyperbolic capacity of piles can be compared with values 

obtained from classic solutions, i.e. Hansen (1961) or Broms (1964). Figure 5-5 presents 

the ratio of the 4 ultimate capacity solutions, (Hu), over the hyperbolic capacity, Hh, with 

D/B ratio.    

 
Figure  5-5. Comparison of Hyperbolic Capacity with Other Solutions for Laterally Loaded Piles 
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calculated from the classic solutions, except for the ultimate capacity from the Meyerhof 

& Ranjan (1972) method (equation 2.23). Most of the classic solutions consider no lateral 

pressure at the ground-line, so low values for short model pile were expected. Also, these 

solutions are using simplifying assumptions, such as, neglecting the shear stresses along 

the side of the pile and two-dimensional consideration of a three-dimensional problem. It 

can be seen that the Meyerhof & Ranjan (1972) interpretation is in closer agreement with 

the hyperbolic capacities, while the Hansen (1961) and Reese et al. (1974) have the same 

ratio for the large pile, this is not the case for two other piles (equations 2.21, 2.24 and 

2.25). As can be observed in Figure 5-6, Reese et al. (1974) and Hansen (1962) do not 

follow a linear trend with depth and show close agreement at deeper depths. On the other 

hand, Meyerhof & Ranjan (1972) method and Broms (1964) method (equation 2.22) 

follow a linear trend with depth and their ratios over the hyperbolic capacity remain 

almost constant. The reason the Meyerhof & Ranjan (1972) approach gives higher values 

compared to the other solutions may arise from neglecting the active Coulomb force in 

the solution. Broms (1964) is the most conservative solution and predicts half of the 

hyperbolic capacity for all of the model piles. Agaiby et al. (1992) suggested the Hansen 

(1961) solution be used for estimation of pile lateral capacity. 

Agaiby et al. (1992) showed that classic solutions give closer values to the hyperbolic 

capacity in dense sands compared to loose sands. All of these solutions are based on yield 

stress mobilization along the length of the pile at the soil-pile interface. The variation of 

yield stress in Ottawa sand (Dr= 34%) with depth is shown in Figure  5-6 based on the 

above classic solutions. Figure 5-6 also confirms good agreement between Reese et al. 
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(1974) and Hansen (1962). Hansen (1962) is preferred over the Reese et al. (1974) 

solution due to the simplicity of the equation and the low number of input parameters.  

 
Figure  5-6. Yield Stress in Sand vs. Depth from Classic Solutions 

 

The initial stiffness parameter, Ki, helps define the initial part of the load-displacement 

response. Equation 5.5 (Agaiby et al., 1992) provides a solution for estimating Ki based 

on the eccentricity of load, e, geometry of the pile, D/B, and soil modulus at the pile tip, 

Es. The sand modulus measured with the oedometer test was found to be equal to Es = 

1111.1σv'0.1923 and details of the test were given in Chapter 3.  
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𝐷
� 𝐼2�

�         (5. 5) 

Where, I1 and I2 are two influence factors given by equations 5. 6 and 5.7 as below: 
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Where, B = Pile diameter, D = Pile length and e = load eccentricity. Values of Ki 

obtained from equation 5.5 are given in Table  5-2.  

Table  5-2. Theoretical Initial Stiffness for Model Piles in Ground-line Tests 

Ground-line 

Short Pile Medium Pile Long Pile 

Ki (N/mm) Ki (N/mm) Ki (N/mm) 

13.9 19.2 29.7 

 

The results presented in Table  5-2 are in general agreement with the experiment results 

previously presented in Table  5-1, except for the long pile, which has a higher initial 

stiffness when obtained from the experimental tests.  

The effect of the pile length, D, can also be investigated by considering values of Hh 

obtained for the ground-line static tests. Instead of pile length, D, usually its ratio over the 

diameter of the pile, B, is considered for the investigation of the effects of the pile 

geometry on its ultimate capacity. In Figure 5-7, the hyperbolic capacity obtained from 

the ground-line static tests has been plotted with D/B ratio. This plot shows the increase 

in the capacity of the pile under lateral loading with the increase in pile length for the 

ground-line static tests. The same trend is also expected for the moment tests, although 

because of sizing limitations the long pile was not tested.  

In Figure 5-7, a second order polynomial is fitted to the plot of the hyperbolic capacity 

variations with ratio of the pile length over its diameter, D/B. Although a number of 

functions can be fitted as effectively through 3 points, a polynomial trend is consistent 

with the simplified Broms (1964) solution as in equation 5.4. It is noted that some other 
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studies fitted a linear function (Agaiby et al., 1992). Note that this trend is not necessarily 

representative of flexible piles.   

 
Figure  5-7. Effect of Pile Geometry on Hyperbolic Capacity of Piles in Ground-line Tests 

 

Figure 5-8 illustrates the variations of Ki with D/B in the static ground-line tests. 

 
Figure  5-8. Effect of Pile Geometry on Initial Stiffness of Piles in Ground-line Tests 
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A linear function is fitted to three points in Figure 5-8, which shows the effect of D/B 

ratio on initial stiffness of the piles. The theoretical line is plotted using equation 5.5 

which gives the initial stiffness of the pile under lateral loading. It can be seen that the 

long pile shows higher initial stiffness in the experiment. There is reasonable correlation 

between the experimental and theoretical results. 

5.2.4 Static Moment Tests  

In Figure 5-9 and 5-10, hyperbolic representation of the moment test results is given for 

the short and medium piles. For these two tests, the theoretical values are also compared 

with the experimental results. Unfortunately, the geometry of the static test box did not 

accommodate the large pile for the moment tests. The variations of the hyperbolic 

capacity and initial stiffness are plotted on the same graph with their theoretical values.  
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(a) Transformed Plot of Experimental Data 

 

 
(b) Comparison of Hyperbolic Curve and Test Results 

 

Figure  5-9. Hyperbolic Evaluation of Short Pile in Moment Testing 
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(a) Transformed Plot of Experimental Data 

 

 
(b) Comparison of Hyperbolic curve and Test Results 

 

Figure  5-10. Hyperbolic Evaluation of Medium Pile in Moment Testing 
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Table 5-3 summarizes the hyperbolic parameters for the static moment tests.  

Table  5-3. Hyperbolic Parameters for Static Moment Tests 

Short Pile Medium Pile 

Ki (N/mm) Hh (N) Ki (N/mm) Hh (N) 

2.8 0.85 4.1 7.7 

 

Reductions in the ultimate capacity of a pile with increase in the load-eccentricity were 

expected, as discussed earlier in this chapter. This reduction is mainly due to change in 

the Zr location. Broms (1964) simplified solution is used in Figure 5-11 to compare 

theoretical values of the ultimate capacity with the hyperbolic capacity obtained in the 

moment tests.  

 
Figure  5-11. Comparison of Hyperbolic Capacity with Broms Simplified Solution (1964) for the Moment 

Tests 
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It can be seen that Broms simplified solution as presented in equation 5.4, underestimates 

the ultimate capacity. The underestimation of the hyperbolic capacity by Broms (1964) is 

also noticed in the ground-line static tests. The underestimation might be linked to the 

empirical multiplier in Broms solution (equation 2.22). Kishida & Nakai (1977) 

suggested that the multiplier was obtained empirically and it can take as high as 8.7 for 

friction angle of 45 ͦ. Moreover, the sizing effects were ignored in this study and it might 

have certain effects on the results.  

The initial stiffness decreases with increase in the load eccentricity. Figure 5-12 

illustrates the reduction of initial stiffness, Ki, with eccentricity ratio over the pile length, 

(e/D). Theoretical values have been calculated from equation 5.5. 

 
Figure  5-12. Variation of Initial Stiffness with e/D 
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5.3 Random Variable Amplitude Cyclic Loading 

The main goal of this research is to study the lateral behavior of piles under random 

variable amplitude cyclic lateral loads. The boundary layer wind tunnel laboratory at 

Western University was used to generate wind as a source of random variable amplitude 

cyclic load on the small scale models as described earlier in Chapter 3. Wind can be a 

significant source of environmental load on infrastructure. For some infrastructure, such 

as wind turbines (either offshore or onshore), wind pressure is the dominant load to be 

dealt with in the design, since significant wind loads are applied to the structure for 

almost the entire service life. 

Stationary load processes with random variable amplitudes are usually idealized as cyclic 

loads. This is the common practice in structural engineering due to benefits of 

simplifying the dynamic analysis. Counting the number of loading cycles in the random 

time-history was explained in Chapter 2 and 4. Cuellar et al. (2009) used the term “lateral 

cyclic quasi-static load” for investigation of the wind effects on offshore wind turbines. 

Even with the quasi-static assumption, the effect of the number of loading cycles is an 

important issue to be investigated. In some research, the cyclic load has been imposed by 

centrifugal methods or via a loading actuator, thus, the cyclic loads tend to have constant 

amplitude and counting loading cycles is trivial.  

In this research, the number of “random” variable amplitude loading cycles is obtained by 

using the rainflow cycle counting methods as explained in Chapter 4 and various 

approaches have been taken to characterize the nature of the cycles. In geotechnical 

engineering, the p-y method is the common approach for analysis of laterally loaded 
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piles. For the case of cyclic loads, the p-y method does not take into the account the 

direct effects of the number of loading cycles.  

5.3.1 Hyperbolic Interpretation of the Cyclic Results 

Tests were performed in the BLWTL at Western University for the short and medium 

model piles. The long pile did not reach “visual” failure as explained in Chapter 3. Tests 

were performed in 30-second, 60-second, and 90-second loading intervals for the 

medium pile and 30-second and 60-second loading intervals for the short pile. Figure 5-

13 shows the incremental wind speed increases for tests on the medium pile. Similar 

wind speed increases were executed for the short pile up to “failure”.  

 
Figure  5-13. Wind Speed Increments for Tests on Medium Pile 
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Summarized information from the wind tunnel testing is presented in tables, such as 

Table 5-4, which presents results obtained from test PRT-MM60-4. The results of all 

other tests are presented in Appendix C. The first column of Table 5-4 represents the 

mean wind speed at each increment (step) and is used here as a reference wind speed. 

This table also gives the mean values of the laser displacement transducers, pitots, 

hotwire anemometer, accelerometer and strain gauge. These values will be used to 

calculate the drag forces, rotation, and displacement of the model pile according to the 

procedures explained in Chapter 3. 

Table  5-4. Results of Wind Tunnel Test PRT-MM60-4 

Mean Wind 

Speed (m/s) 

Laser 22cm 

(cm) 

Laser 31cm 

(cm) 

Laser 26cm 

(cm) 

Pitot 

33cm 

(m/s) 

Pitot 

25cm 

(m/s) 

Hotwire 

(m/s) 

Accelerometer 

(% of g) 

Strain Gauge 

(%) 

0.7 2.55 2.57 2.57 1.24 0.74 0.52 0.0% 0.00E+00 

1.3 2.55 2.57 2.57 1.99 1.27 1.14 2.9% 6.37E-04 

3.4 2.53 2.54 2.54 3.82 3.37 2.39 10.3% 3.00E-03 

4.6 2.48 2.48 2.48 5.16 4.62 3.15 14.8% 5.36E-03 

6.1 2.39 2.36 2.37 6.61 6.06 4.05 17.1% 9.09E-03 

7.1 2.26 2.19 2.22 7.79 7.11 4.72 18.7% 1.38E-02 

8.5 2.09 1.95 2.01 9.20 8.48 5.54 18.5% 1.96E-02 

9.4 1.78 1.55 1.64 10.14 9.39 6.08 18.2% 2.41E-02 

10.9 1.26 0.83 1.01 11.88 10.87 6.94 16.9% 3.33E-02 

11.1 0.69 0.28 0.33 12.08 11.10 7.10 15.8% 3.54E-02 

 

In practice, many building codes are based on a “quasi-static” assumption for calculation 

of the forces from the wind pressure exerted on structures. The background portion of the 

response is “quasi-static”, while the resonant portion is related to the dynamic 

characteristics of the structure. For structures with a natural frequency high enough to 
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avoid resonance the quasi-static portion of the response is the most important and 

dominant part. Using the quasi-static assumption, the force acting on any structure can be 

calculated from the drag equation 5.8 (ibid equation 2.6): 

FD = 0.5 ρa CD AF U2(t)        (5.8) 

Where, U(t) is the instantaneous wind speed, which can be broken into two components. 

Since acquiring instantaneous wind speed is cumbersome and not practical, the drag force 

is calculated separately for the mean wind speed and fluctuating part. Drag force, FD, 

based on mean wind speed for a constant wind speed period is used throughout this 

thesis. Values of wind speed were obtained from the pitot that was level with the centroid 

of the plate (Pitot 25cm in Table 5-4). The horizontal load, H, applied to the pile is 

assumed to be equal to the drag force, FD. The moment on the pile can be obtained by 

considering the centroid of the plate as the resultant point of action of the horizontal 

force. Table 5-5 presents horizontal load, H, applied bending moment, M, rotation angle 

of the pile, θ and ground-line displacement, ys for each reference wind speed in the wind 

tunnel test PRT-MM60-4.  
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Table  5-5. Horizontal Force and Applied Bending Moment in Test PRT-MM60-4 

Voltage 

(V) 

Wind Speed 

(m/s) 

Applied 

Moment (N.m) 

Horizontal 

Force (N) 

θ 

(Degree) 
ys (mm) 

0.5 0.74 0.00 0.01 0.00 0.00 

1 1.27 0.02 0.03 0.00 0.00 

1.5 3.37 0.05 0.23 0.02 0.03 

2 4.62 0.11 0.43 0.09 0.13 

2.5 6.06 0.16 0.75 0.23 0.32 

3 7.11 0.24 1.03 0.44 0.61 

3.5 8.48 0.33 1.46 0.74 1.03 

4 9.39 0.43 1.79 1.29 1.80 

4.5 10.9 0.6 2.40 2.27 3.18 

4.5 11.10 0.63 2.50 3.40 4.76 

 

Again, the results of all other tests are also presented in Appendix C.  

Figure 5-14 and 5-15 depict hyperbolic representations of the short pile tests with 30-

second and 60-second loading intervals. The results of the wind tunnel tests on the short 

pile are also compared with static test results.  
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(a) Transformed Plot of Experimental Data 

 

 
(b) Hyperbolic Curve and Test Results 

 

Figure  5-14. Hyperbolic Evaluation of Wind Tunnel test PRT-SM30-1 
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(a) Transformed Plot of Experimental Data 

 

 
(b) Hyperbolic Curve and Test Results 

 

Figure  5-15. Hyperbolic Evaluation of Wind Tunnel Test PRT-SM60-1 
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Table 5-6 summarizes the hyperbolic parameters obtained from the tests on the short pile 

in the wind tunnel, as well as the static tests for comparison. Table 5-6 shows that initial 

stiffness, Ki, decreases for the short pile for the wind load tests, compared to the value 

from the static test. Also this reduction continues to occur for increasing total numbers of 

load cycles. Moreover, with an increase in the total number of load cycles and the range 

of loading cycles (determined from rainflow counting), the hyperbolic capacity of the 

short pile, Hh, also decreases. Table 5-6 also tabulates the ratio of initial stiffness 

obtained in the wind tunnel, Kiw, to the static initial stiffness Kis, and the ratio of 

hyperbolic capacity in the wind tunnel, Hhw, to the static hyperbolic capacity, Hhs. 

  
Table  5-6. Summary of Wind Tunnel Test on Short Piles and Comparison with Static Tests 

Test  
Total Number of 

Cycles (NTotal) 
Hh (N) Ki (N/mm) Kiw / Kis Hhw/Hhs 

Static - 0.85 2.85 - - 

PRT-SM30-1 30 0.54 2.37 0.83 0.6 

PRT-SM60-1 51 0.42 2.19 0.77 0.5 

 

Figures 5-16 to 5-18 present the results of the wind tunnel tests on the medium pile.  



CHAPTER 5.                                                                                                           139 
 

 
 

 
(a) Transformed Plot of Experimental Data 

 

 
(b) Hyperbolic Curve and Test Results 

 

Figure  5-16. Hyperbolic Evaluation of Wind Tunnel Test PRT-MM30-2 
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(a) Transformed Plot of Experimental Results 

 

 
(b) Hyperbolic Curve and Test Results 

 

 
Figure  5-17. Hyperbolic Evaluation of Wind Tunnel Test PRT-MM60-4 

ys/H = 0.29ys + 0.386 
R² = 0.96 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

y s
 /H

 (m
m

/N
) 

ys (mm) 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

0.0 1.0 2.0 3.0 4.0 5.0 

H
 (N

) 

ys (mm) 

Hyperbolic 
Function 

Test Results 



CHAPTER 5.                                                                                                           141 
 

 
 

 

 
(a) Transformed Plot of Experimental Results 

 

 
(b) Hyperbolic Curve and Test Results 

 

Figure  5-18. Hyperbolic Evaluation of Wind Tunnel Test PRT-MM90-1 
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Again the hyperbolic capacity, Hh and the initial stiffness, Ki can be obtained from 

Figures 5-16 through 5-18. Table 5-7 gives the summary of the hyperbolic parameters for 

the tests on the medium pile. The static test result is also presented and can be used to 

estimate the reductions in the hyperbolic parameters.  

Table  5-7. Comparison of Initial Stiffness and Hyperbolic Capacity in Wind Tunnel Testing on Medium 
Pile 

Test 
Total Number of 

Cycles (NTotal) 
Ki  (N/mm) Hh (N) Kiw / Kis Hhw/Hhs 

static - 4.1 7.7 - - 

PRT-MM30-2 91 3.06 4.18 0.75 0.55 

PRT-MM60-4 156 2.59 3.42 0.61 0.44 

PRT-MM90-1 261 1.76 3.30 0.43 0.43 

 

As shown in Table 5-7, with increasing total numbers of loading cycles, Hh decreases. 

The initial stiffness also decreases.  

The reduction in the hyperbolic capacity is observed in tests on the medium pile, in a 

similar fashion for the short pile and the rate of decrease in the hyperbolic capacity with 

greater total number of loading cycles is fairly consistent. On the other hand, the initial 

stiffness, Ki, does not follow the same trend observed for the short pile and reduces 

slightly in the tests on the medium pile.  

By assigning the static test a nominal single cycle of load, the variation of Ki and Hh can 

be plotted for the short pile. Figures 5-19 and 5-20 tabulate variations of Ki and Hh, 

respectively.  
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Figure  5-19.Variation of Initial Stiffness with Total Number of load Cycles for the Short Pile 

 

 
Figure  5-20. Variation of Hyperbolic Capacity with Total Number of Load Cycles for the Short Pile 
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Figure  5-21.Variation of Initial Stiffness with Total Number of Load Cycles for Medium Pile 

 

 
Figure  5-22. Variation of Hyperbolic Capacity with Total Number of Load Cycles for Medium Pile 
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there is a loss of information in the rainflow counting process and the results should be 

treated with some caution. 

The largest 1/3 of the cycles (HA1/3), and largest 1/10 of the cycles (HA1/10), were 

introduced in Chapter 4. It is of interest to consider the effects of the largest of the 

rainflow counting (RFC) number of cycles with greater amplitudes than HA1/3 and 

HA1/10 on the hyperbolic capacity. Table 5-8 shows the number of RFC cycles with 

greater amplitudes than HA1/3 and HA1/10, for all wind tunnel tests.  

Table  5-8. Number of Cycles with Amplitude Greater than HA1/3 & HA1/10 

Test (N)HA1/3 (N)HA1/10 
PRT-SM30-1 4 3 
PRT-SM60-1 9 4 
PRT-MM30-2 22 8.5 
PRT-MM60-4 41 10 
PRT-MM90-1 57 24 

 

Figure 5-23(a) & (b) shows the variations of hyperbolic capacity for short piles with 

respect to (N)HA1/3 and (N)HA1/10, respectively. Comparing Figure 5-20 with Figure 5-23 

(a) and (b) it can be concluded that (N)HA1/10 gives better fit quality.  

Similar consideration for the medium pile was given using the parameter to improve the 

fitting quality. Since, the S-N curve relation is not available for laterally loaded piles 

under different mean load values, we can consider different interpretations. Figure 5-24 

(a) and (b) shows the variations of hyperbolic capacity for the medium pile with respect 

to (N)HA1/3 and (N)HA1/10. 
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(a) Variations of Hyperbolic capacity vs. (N)HA1/3 for Short Pile 

 

 
(b) Variations of Hyperbolic capacity vs. (N)HA1/10 for Short Pile 

 
Figure  5-23. Variations of Hyperbolic Capacity with Respect to Different Interpretation for Number of 

Cycles 
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(a) Variations of Hyperbolic Capacity vs. (N)HA1/3 for Medium Pile 

 

 
(b) Variations of Hyperbolic Capacity vs. (N)HA1/10 for Medium Pile 

 
Figure  5-24.Variations of Hyperbolic Capacity with Respect to Different Interpretation for Number of 

Cycles 
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The hyperbolic capacity obtained for both sizes of pile in the wind tunnel tests have also 

been normalized as can be seen in Figure 5-25, using a load factor, Lf in equation 5.9. 

𝐿𝑓 =  𝑒/𝐷
𝛾𝐷3

                (5.9)  

Where, D is pile diameter, e is load eccentricity and γ is soil unit weight.   

 
Figure  5-25. Normalized Hyperbolic Capacity for Wind Tunnel Tests 
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(Hcyc/Hmax), the displacement accumulation rate is relatively insensitive to the cyclic load 

level (i.e. amplitude of cyclic load). However, the displacement accumulation increases 

linearly with an increase of the cyclic load ratio. Moreover, Agaiby et al. (1992) 

suggested that metastable behavior occurs if the displacement exceeds the displacement 

correspondent to 70 % of hyperbolic capacity, Hh.  

It should be noted that variations of the initial stiffness or hyperbolic capacity of these 

piles have not been formulated in a conventional analysis method such as the p-y method. 

General recommendation for the case of cyclic load is a 10 % reduction for the soil 

resistance (DNV, 2007). The current tests indicate about 50 % reductions in stiffness and 

strength of the pile-soil system and variations with total number of cycles from the 

rainflow method, although it should be noted that the wind tunnel tests were taken to 

complete failure and thus the effects of geometric changes (increasing rotation) are 

included. As was discussed earlier, there was no attempt to address scaling issues and 

size effects were also not taken into account in this study. 

It is worth mentioning that some other studies have observed the densification of loose 

sands under the effects of cyclic load. For instance, Cuellar et al. (2009) studied the 

behavior of piles at small-scale and defined two distinct phases as explained in Chapter 2. 

They believe that densification or rearrangement occurs as a function of soil relative 

density and causes the subsidence of sand around the pile.  This “densification” was not 

the main subject of this study, although some observations during the testing program 

suggested soil subsidence does occur around the pile vicinity. 
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An additional, constant wind speed test was performed in the wind tunnel as shown in 

Figure 5-26. The test includes eight loading intervals at a mean wind speed of 4.5 m/s. 

The loading intervals were separated from each other with non-loading relaxation 

intervals of approximately 30 seconds long.  Figure 5-26 presents time-history of ground-

line displacement and horizontal force during the test (note that this did not reach failure). 

It can be seen that 48% of final ground-displacement occurred during the first loading 

interval, and this suggests that the first cyclic loading interval stiffens the lateral behavior 

of piles (Agaiby et al, 1992). 
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Figure  5-26. Constant Wind Speed Test Result 

 

5.3.2 Accumulated Displacement 

The lateral behavior of piles under random cyclic wind load has been studied from the 

point of view of capacity in the previous section. As is suggested in Chapter 2 for pile 

foundations, often the more stringent limit state is serviceability. Serviceability can be 

satisfied by limiting either the rotation or the ground-line displacement. There are 
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numerous recommendations that define ultimate capacity as some magnitude of 

displacement or rotation. The p-y method and elastic continuum approach are favored 

design and analysis approaches, because they incorporate displacement parameters for 

calculating the pile ultimate lateral capacity. However, neither of them can fully 

incorporate the role of cyclic loads in the reduction of the capacity or the increase in the 

ground-line displacement. For the case of cyclic loading, accumulated 

rotation/displacement is an important point of interest for many studies, including this 

research. It has been explained previously that displacement of a laterally loaded pile is a 

function of pile geometry, load eccentricity and initial soil condition. Moreover, in the 

case of random variable amplitude cyclic loading, special attention should be given to the 

characteristics of the load itself. One of the disadvantages of current design methodology 

is that the displacement obtained is independent of the number of loading cycles, which is 

a basic characteristic of the lateral load. The problem of accumulated 

displacement/rotation is complex and there is no globally accepted method available. The 

accumulated displacement and rotation is therefore studied here for the model piles under 

random variable amplitude cyclic wind load, to give general understanding and 

observations to be used in further works. 

Some researchers suggest a degradation parameter, t, to be implemented in various 

solutions to take into account the effects of cyclic load (e.g. Little & Briaud, 1988; Lin & 

Liao, 1999; Long & Vanneste, 1994). In this research, the accumulation of the ground-

line displacement is studied with considering load intervals and measuring the 

accumulation of the ground-line displacement in that load interval with respect to total 

number of cycles from rainflow method.  
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In Figure 5-27 the load-displacement curves for static, 30-second load interval (PRT-

MM30-2), 60-second load interval (PRT-MM60-4), and 90-second load interval (PRT-

MM90-1) on the medium pile have been plotted for comparison. The Figure shows how 

the medium pile behaves under random wind loads. Essentially, by increasing the 

duration of load application, the total number of loading cycles is increased. It is expected 

that lower displacements/rotation will occur under static test conditions. It can be 

concluded in general terms that the greater the number of total loading cycles, the greater 

the displacement/rotation. 

 
Figure  5-27. Load-Displacement Curve for Medium Pile in Sand 

 

Figure 5-28 shows the load-displacement curves for static, 30-second load interval (PRT-

SM30-1) and 60-second load interval (PRT-SM60-1) tests have been plotted for 

comparison for the short piles.  The same trend is observed for the short pile tests that 

occurred for the medium piles.  
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Figure  5-28. Load-Displacement Curve for Short Pile in Sand 
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results of the reported full scale pile tests. This is very important particularly for the p-y 

method that gives the deflection, y, at any depth along the pile.  

 
Figure  5-29. Degradation Parameter for Test PRT-MM30-2 

 

 
Figure  5-30. Degradation Parameter for Test PRT-MM60-4 
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Figure  5-31. Degradation Parameter for Test PRT-MM90-1  
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displacements occur with general cycle accumulation or coincide with larger amplitude 

cycles in the wind load records. 

Figures 5-32 shows the plots of horizontal force vs. ground-line displacement for 

different mean wind speeds in test PRT-MM60-4. Figure 5-32 shows a general increase 

in ground-line displacement, ys, with time at each wind speed and increasing rates with 

greater mean wind speed. Moreover, some load and unload cycles are evident in each 

time period for a single mean wind speed. Some of these have a typical elastic unload 

gradients with reducing ys, whilst others show increasing displacement during unloading.  
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(a) Mean Wind Speed of 3.4 m/s     (b) Mean Wind Speed of 4.6 m/s   

    
(c) Mean Wind Speed of 6.1 m/s    (d) Mean Wind Speed of 7.1 m/s 

   

(e) Mean Wind Speed of 8.5 m/s    (f) Mean Wind Speed of 9.4 m/s 
 

Figure  5-32. Load – Ground-line Displacement Curves for Test PRT-MM60-4 
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Figure 5-33 shows the plots of horizontal force vs. acceleration for different mean wind 

speed in test PRT-MM60-4. It can be seen that at earlier mean wind speed general 

increase occurs in acceleration with load cycles. At higher mean wind speed, general 

acceleration variations occur around a mean value, with no significant accumulation 

being observed. Moreover, accelerations are higher with greater average wind speeds, but 

values are relatively static for last three wind speeds. These observations suggest that soil 

stiffness is relatively even on either side of the pile later in the tests.  
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(a) Mean Wind Speed of 3.4 m/s     (b) Mean Wind Speed of 4.6 m/s   

  

     
 (c) Mean Wind Speed of 6.1 m/s     (d) Mean Wind Speed of 7.1 m/s 

 

   
(e) Mean Wind Speed of 8.5 m/s    (f) Mean Wind Speed of 9.4 m/s 

 
Figure  5-33. Load – Acceleration Curves for Test PRT-MM60-4 
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Figure 5-34 shows the plots of horizontal force vs. strain (of the base of the pole) for 

different mean wind speeds in test PRT-MM60-4. Again, general increase in strains with 

increasing average wind speeds is observed. For the first few mean wind speeds, initial 

increases in strain occur and then this settles down to variations around the mean value. 

For later mean wind speeds, the data just shows variations around the mean; however, the 

highest mean wind speed shows more accumulation and suggests possible breakdown of 

the soil structure.    
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a) Mean Wind Speed of 3.4 m/s     (b) Mean Wind Speed of 4.6 m/s    

   
(c) Mean Wind Speed of 6.1 m/s     (d) Mean Wind Speed of 7.1 m/s 

 

   
(e) Mean Wind Speed of 8.5 m/s    (f) Mean Wind Speed of 9.4 m/s 

 
Figure  5-34. Load – Strain Curves for Test PRT-MM60-4 
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We can investigate the accumulation of ground-line displacement from fitting Rayleigh 

functions to the histograms of ground-line displacement fluctuations. The variations of 

the skewness and kurtosis of the wind speed fluctuations (cycle amplitudes) were studied 

with increasing mean wind speed in Chapter 4. The range of kurtosis was between 9 and 

2 and the range of skewness was between 2.65 and zero. Figure 5-35 shows that the 

skewness and kurtosis of ground-line displacement fluctuations remain almost unchanged 

and they do not follow the same trend that was previously observed for amplitude of 

cycles in the wind speed time-history. Hence, the distribution of ground-line 

displacement fluctuations is almost insensitive to mean wind speed value. 

 
Figure  5-35. Skewness and Kurtosis of Ground-line Displacement Fluctuations for Test PRT-MM60-4 
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Figure  5-36. Variations of HA1/3 & HA1/10 for Ground-line Displacement Fluctuations in Test PRT-

MM60-4 
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Figure  5-37. Variations of HA1/10 of Ground-line Displacement Fluctuations with Cycle Amplitudes in 

Test PRT-MM60-4 

 

Observations from Figure 5-36 and 5-37 suggest that greater fluctuation of the ground-

line displacement occurs with higher cycle amplitudes. The significance of load mean 

value can be understood by considering the ground-displacement as an “incremental 

damage” at each load interval. Table 5-9 shows the incremental damage at each load 

interval for test PRT-MM60-4.  

Table  5-9. Damage Accumulation for Test PRT-MM60-4 
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Figure 5-38 shows the incremental damage with respect to mean load level.  

 
Figure  5-38. Accumulation of Damage with Mean Load Level 
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Figure  5-39. Ground-line Displacement and Wind Speed Fluctuations for Mean Wind Speed of 7.1 m/s for 

test PRT-MM60-4 
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Figure  5-40. Ground-line Displacement and Wind Speed Fluctuations for Mean Wind Speed of 8.5 m/s for 

test PRT-MM60-4 
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Figure  5-41. Ground-line Displacement and Wind Speed Fluctuations for Mean Wind Speed of 9.4 m/s for 

test PRT-MM60-4 
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Similar trends to Figure 5-39 can be seen in Figure 5-41, although it can be seen that 

some high amplitude cycles do not cause a sudden increase. Correlations between wind 

speed fluctuations and ground-line displacement are equal to 0.5 in this time interval. It 

should be noted that, in all three loading intervals, the correlation coefficient is above 0.9 

between total number of cycles and ground-line displacement. However, observations 

made during testing suggest that ratcheting does occur. 

A flow around soil mechanism for pipeline uplift in very loose sands has been proposed 

by Deljoui (2012). This mechanism is depicted in Figure 5-42 and shows a mechanism 

similar to the Randolph & Houlsby mechanism (1984) for soft clay, but displaying more 

asymmetry. 

 

 
Figure  5-42. Pipeline Uplift Mechanism (Deljoui, 2012) 

 

Force-displacement curves for pipeline uplift following peak loads show considerable 

fluctuations, which have been attributed to formation and shedding of a series of shear 

Wind Force 
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bands ahead of the pipeline as mechanisms become successively less kinematically 

optimal (Randolph & Houlsby, 1984). Hence, although there is a weak correlation 

between peak loads and displacements, this may be more to do with the soil deformation 

mechanism evolution.  

5.5 Summary 

The behavior of laterally cyclically loaded piles has been studied in this chapter. 

Different factors, such as, the geometry of the pile, load eccentricity and the 

characteristics of the lateral loads were addressed through a series of static and random 

variable amplitude cyclic tests.  

The wind tunnel was used in this research to create stationary, variable amplitude cyclic 

loads. Variations of the initial stiffness and hyperbolic capacity with the total number of 

loading cycles were investigated and reductions were observed to occur with greater 

number of cycles.  

It was found that load-eccentricity will reduce initial stiffness and hyperbolic capacity of 

laterally loaded piles, moreover the pile length will improve the behavior of piles under 

lateral loads. 

Some of the findings are qualitative and can be used as verification of other studies. 

Although current studies give valuable information especially for understanding the 

behavior of piles under wind random loads, this needs further validation at larger scale. 

The observations suggest that the fluctuations in the ground-line displacement 

(ratcheting) is more prone to occur in higher amplitude cycles.  Moreover, the higher 

amplitude cycles occur in higher mean wind speed. 
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The test results confirm that increasing number of loading cycles leads to an increase in 

the ground-line displacements of a pile. The effects of random variable amplitude loads 

were found to be significant on initial stiffness and hyperbolic capacity of model piles. 

Also, the accumulation of ground-line displacement shows good relation with mean load 

value.   

 

 



 

6. CONCLUSIONS  

                                                                                          Chapter 6 

6.1 Summary of Research 

Piles are frequently used as a foundation for numerous offshore and onshore 

infrastructures, which are subjected to significant lateral random variable amplitude 

cyclic loads from natural sources. Current design approaches do not take into account 

some important aspects of the problem, such as, the nature of the cyclic loads and the 

accumulation of ground-line displacement with cycling.   

In this research, a novel wind tunnel testing program was designed to partially address 

the shortcomings of current design methodology of piles under random variable 

amplitude cyclic lateral loads. Small scale models were tested in the wind tunnel, which 

is a robust tool for generating random variable amplitude scaled boundary layer wind 

fields. It should be noted that the results from this study should be used with some 

caution since the material behavior only reflects loose sand conditions and the scaling 

effects are currently undetermined.   

A semi-empirical hyperbolic representation was used to describe the load-displacement 

relations of the model piles. The model was tested under static and cyclic load conditions 

with different eccentricities.  The effects of random variable amplitude cyclic loads on 

the initial stiffness and hyperbolic capacity were investigated. In addition, the 

accumulation of ground-line displacements was studied, and a degradation parameter was 
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obtained to address the accumulation of ground-line displacements with numbers of 

cycles obtained from the Rainflow counting method. Using the results obtained from the 

static tests, the effects of load-eccentricity and pile geometry on the hyperbolic 

parameters were also studied. Finally, comparison was made between the experimental 

results and theoretical interpretations for ultimate capacity and initial stiffness. This 

chapter provides the main conclusions from the research project and some suggestions for 

future research work.   

6.2 Key Study Findings 

 The drag coefficient varied for the plate from 0.96 to 1.17 for different mean wind 

speeds. 

 The plate drag coefficient was relatively insensitive to the wind speed, although 

variations of up to 40% of the mean value were observed in the stochastic time-

histories. 

 The variation of the peak factor with wind speed was negligible and the value 

remained almost constant at around 3.5.  

 The value for gust factor was obtained for different wind speed; the gust factor 

was found to be 1.5 and almost independent of mean wind speed. 

 The turbulence intensity remained almost constant for different wind speed at 

around 0.15.   

 Good agreement was observed between wind speed histograms and the Gaussian 

probability distribution. 
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 Counting zero crossings and peaks was found to be less suitable for cycle 

counting in the wind speed time-history due to a very low coefficient of 

irregularity (i.e. it is a wide band phenomenon).  

 In general, the semi-empirical hyperbolic representation of the load-displacement 

curve demonstrated good agreement with the experimental results.  

 The hyperbolic capacities were higher than the ultimate capacity obtained from 

the Broms (1964) solution; the Meyerhof & Ranjan (1974) method gave closer 

agreements with the hyperbolic capacity in the ground-line tests.  

 Good agreement was found between the experimental values of initial stiffness 

and the values obtained from the theory of Agaiby et al. (1992) for small and 

medium piles in the ground-line tests.  

 Hyperbolic capacity and initial stiffness were found to increase with larger pile 

lengths. 

 Load eccentricity causes a reduction in both initial stiffness and hyperbolic 

capacity.  

 Reductions in both initial stiffness and hyperbolic capacity occurred under 

random variable amplitude cyclic loads when compared to the static test results.  

 The initial stiffness and hyperbolic capacity reduce with greater total numbers of 

cycles obtained from Rainflow counting. 

 Comparison of the load-displacement curves in static and random variable 

amplitude cyclic tests show that ground-line displacements are greater for random 

variable amplitude cyclic tests. 
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  The degradation parameter, which accounts for the accumulation of the ground-

line displacement, varied between 0.01 and 0.13.  

 The above degradation parameters are higher than the predictions of Agaiby et al. 

(1992), based on constant amplitude cyclic loads.  

 Based on observations from the test results, the ratcheting behavior often occurs 

with the high amplitude cycles in the wind speed time-history. 

6.3 Future Works 

The problem of random variable amplitude cyclic loads seems to be very crucial in the 

design of infrastructures working under the effects of loads from environmental sources, 

such as, wind or sea waves. It is believed that more research works is needed to study 

several aspects of random variable amplitude cyclic loads.  

For further work, different scales need to be investigated, and more attempts are needed 

to reconcile wind and soil scales for further tests.  

Although it might be of interest to test under longer loading intervals, this will lead to 

study the behavior of piles under more number of cycles, and capture the probable 

stabilization in the pile behavior.  

In this research, Rayleigh distribution was used for studying cycle amplitudes, it might be 

of interest to consider other distributions, such as, Weibull or Dirlik in further studies. 

Leblanc et al. (2010) suggest that Miner’s law might be used for estimation of the 

degradation of soil under effects of random variable amplitude cyclic loads. Application 

of damage accumulation law needs the degradation parameter for soils to be obtained. It 
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is suggested to place stress cells within the soil body to better understand the stress 

variations in the soil medium to estimate degradation of the soil.  


