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ABSTRACT 

 

This study attempts to identify the influencing factors of the displacement ductility capacity of fixed-head 

piles in cohesive soils. A simplified theoretical model of a semi-infinite pile with nonlinear section in 

uniform Winkler-type soils is adopted to relate the displacement capacity of the pile with the pile-soil 

system parameters. The theoretical model employs the concentrated plastic hinge with a varied plastic-

hinge length at the pile head to simulate a varying range of the pile-head plastic zone due to different pile-

soil system conditions. Through this simplified model, the displacement ductility capacity of the pile can 

be explicitly expressed in terms of the pile-soil system parameters, including the sectional over-strength 

ratio, curvature ductility capacity and the ratios of characteristic coefficients of the pile-soil system. A 

series of numerical nonlinear pushover cases of full pile-soil models are conducted to calibrate and 

validate the proposed equations. Finally, the simple equations for the ductility capacity of piles are built 

and they give consistent ductility capacities with those from the full model. 
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INTRODUCTION 

 

Fixed-head piles usually experience a large flexural curvature demand at the pile head when subjected to 

large seismic loadings since the pile head is restrained by a slab or a pile cap. In this case, it is cost-

effective to design piles as ductile structures to absorb earthquake energy instead of elastic structures 

which are normally assumed in conventional design. When the ductile behavior of a pile is considered in 

design, the displacement ductility capacity of the pile will be an important concern. 

 

Many methods have been developed to estimate the displacement ductility capacity. Those methods have 

regarded the curvature ductility capacity as an important factor. For instance, Chai (2002) employed the 

concentrated plastic-hinge model with a constant plastic-hinge length to build a relationship between the 

displacement ductility of extended pile-shafts and the curvature ductility of the pile section. Song et al. 

(2005) also adopted the concentrated plastic-hinge model to study the similar relationship for fixed-head 

piles.  

 

In additional to the curvature ductility capacity, Chiou and Chen (2010) found that the over-strength ratio 

of a section (the ratio of ultimate moment to yield moment) is another important factor to the 

displacement ductility capacity, but the aforementioned methods ignore its effect. 
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The existing assessment methods for the ductility capacity of fixed-head piles have not considered the 

influence of the over-strength ratio and there might be other influencing factors that are not identified. 

Therefore, this study attempts to identify the influencing factors of the displacement ductility capacity of 

fixed-head piles in cohesive soils to the characteristics of a pile-soil system, including the curvature 

ductility capacity, over-strength ratio, and so on. To this end, this study uses a simplified model that a 

semi-infinite nonlinear pile is embedded in uniform Winkler-type soils to derive simple equations for the 

ductility capacity of the pile. To calibrate and validate the proposed equations, a number of numerical 

pushover cases based on the full nonlinear Winkler-beam model are conducted. 

 

 

DUCTILITY CAPACITY OF A LONG PILE IN WINKLER SOILS 

 

1. Pile in elastic soil 

In order to derive the ductility capacity of a pile, a simple ideal model is constructed as shown in Figure 

1(a). A semi-infinite pile with fixed-head condition is embedded in the uniform elastic soil of Winkler-

type whose stiffness is constant with depth. The sectional moment-curvature property of the pile is 

assumed to be a bilinear curve which is defined by a yield point (My, κy) and an ultimate point (Mu, κu), as 

shown in Figure 1(b). The nonlinear sectional property of the pile can be characterized by its curvature 

ductility capacity µκ and over-strength ratio ω, which are defined as  

                              
y

u

κ
κµκ =                                                                                                                       (1) 

                              
y

u

M

M
=ω                                                                                                                       (2) 

 

Based on the model constructed above, the moment-displacement response at the pile head when 

subjected to a lateral loading will have the shape as shown in Figure 1(c). Then, the displacement 

ductility capacity of the pile µ∆ is defined as 

                               yu ∆∆=∆ /µ                                                                                                               (3) 

where κu is the ultimate displacement at the pile head when its moment reaches Mu and κy is the yield 

displacement at the pile head when its moment reaches My.  

 

Through theoretical derivation, the displacement ductility capacity can be expressed as 
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where λ is the coefficient between the ultimate pile-head shear and moment, defined as Hu/(2Mu) and  

is the characteristic coefficient of the linear pile-soil system, which is defined as 

                                4

4EI

Es=β                                                                                                                 (5) 

where Es is the subgrade reaction modulus and EI is the elastic flexural rigidity of the pile. 

 

From Equation (4), it can be clearly seen that the ratio β/λ, the over-strength ratio ω, and the curvature 

ductility capacity µκ are the influencing factors to the displacement ductility capacity of the pile. In 

Equation (4), ω and µκ are given based on the moment-curvature response of the pile section while λ 

is 0.5Hu/Mu as its definition in which Hu can be read from the pushover data. 
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Pile in Nonlinear Soil 

When the pile is in the nonlinear soil, the soil may enter nonlinear state during lateral loadings. The 

degree of soil nonlinearity depends on how much the pile displacement exceeds the soil yield 

displacement. Since Equation (4) is derived for a pile embedded in the linear soil, its formulation has to 

be modified as shown in Equation (6) shown below when the effect of soil nonlinearity is considered. 
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where βy and βu are the equivalent characteristic coefficients of the pile-soil system in the state of the pile 

yielding and the formation of the pile-head plasticity, respectively. 

 

In Equation (6), ω and µκ are given based on the moment-curvature response of the pile section as in 

Equation (4); λ is 0.5Hu/Mu. It should be noted that for the case of nonlinear soils, its Hu may be different 

from that of the case of linear soils. However, βy and βu cannot be directly obtained. 

 

Since the range that the soil responds nonlinearly in the state of pile yielding is normally none or minimal, 

βy can be approximated to be β. 
 

As to βu, an approximated method can be applied. According to Equation (5), the reduced Es (Es') at the 

ultimate displacement ∆u are used to replace the initial Es in Equation (5) to estimate the βu, that is 

                                    4
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Es' can be expressed as  
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where yy is the yield displacement of the soil; ∆u is the ultimate displacement at the pile head and n is the 

decay coefficient which is negative valued to reflect a reducing trend on the modulus due to soil 

nonlinearity. Actually, n is unknown and cannot be directly read from the pushover data, but it can be 

defined through calibration with a series of pushover analysis data. 

 

 

CALIBRATION AND VERIFICATION 

From the above derivations, the significant factors to the displacement ductility capacity of the pile are 

extensively discussed and Equations (4) and (6) are developed to estimate the displacement ductility 

capacity. However, the parameter n in Equation (8) has not been determined. Therefore, this study will 

conduct a number of nonlinear pushover analyses of full pile-soil models to determine the parameter n 

and demonstrate the applicability of Equations (4) and (6). 

 

1. Analysis model and Parameters 

The case analyses assume a fixed-head pile of length 25m embedded in the cohesive soil as shown in 

Figure 2. The Winkler-beam model is applied to analyze the pushover curves for different specified 

parameters of the pile-soil system, with consideration of nonlinearity of the pile and the soil. The 

Winkler-beam model uses the beam elements to simulate the pile and adopts a series independent springs 

to model the soil reactions. As shown in Figure 1(b), the moment-curvature response of the pile section is 

assumed to a simplified bilinear curve. The nonlinear behavior of the pile is simulated by the distributed 

plastic hinge model. The model is to distribute many plastic hinges along the pile shaft for simulating the 

plasticity propagation in the pile. For the detailed description of this model, one can refer to Chiou et al. 
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(2009). The nonlinear p-y relation for the cohesive soil model is assumed to be elastic-perfectly-plastic, as 

shown Figure 3, in which the subgrade reaction modulus Es is assumed uniform with depth and the 

profile of the ultimate soil resistance proposed by Reese et al. (1975) is adopted. 

 

Pushover cases as listed in Table 1 are conducted. Parameters include the pile diameter D, the axial load 

level P/(fc'Ag), the over-strength ratio ω, the curvature ductility capacity µκ, and the undrained shear 

strength Su. Note that the axial load level P/(fc'Ag) is varied to change the flexural rigidity of the pile. 

 

According to the analysis parameters specified in Table 1, the pushover analyses are performed to obtain 

the pile-head pushover curves. Accordingly, the displacement ductility capacities for all the cases can be 

determined. 
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Figure 1. Ideal model 

 

 
Figure 2. Pile-soil model for case analyses 
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Figure 3. p-y model for cohesive soils 

 

2. Determination of n 

As mentioned before, to estimate βu in Equation (7), the decay coefficient n is required for the reduced 

Es'. Therefore, the pushover data of all the cases in Table 1 are adopted to determine the value of the 

decay coefficient through calibration. Figure 4 shows the relation of Es'/Es versus ∆u/yy, in which Es' for 

each case is backfigured by equating Equation (6) to the value of the ductility capacity of each case that is 

determined from the corresponding pushover curve. It can be seen that Es'/Es is generally decreasing with 

an increase in ∆u/yy. Through regression, the calibrated decay coefficient can be -0.1117. The reducing 

trend with this coefficient value is also shown in Figure 4. The data points seems a little deviated from the 

regression line, but the influence of bias is minor since Es' will be further taken to the fourth root as it is 

applied to compute βu based on Equation (7). 

 

3. Performance of Equations (4) and (6) 

Figure 5 compares the capacity values from Equations (4) and (6). Equation (6) underestimates the 

capacity values and provides the least estimate. Equation (6) that additionally considers the effect of soil 

nonlinearity gives consistent capacity values to those from the pushover curves. 

 

Table 1. Analysis cases 
Case D (m) P/(fc'Ag) ω µκ Su (kN/m

2
) 

1 1 0 1.2 16 80 

2 1 0.1 1.2 16 80 

3 1 0.2 1.2 16 80 

4 1 0.1 1.05 16 80 

5 1 0.1 1.4 16 80 

6 1 0.1 1.6 16 80 

7 1 0.1 1.2 14 80 

8 1 0.1 1.2 18 80 

9 1 0.1 1.2 20 80 

10 1 0.1 1.2 16 20 

11 1 0.1 1.2 16 150 

12 0.6 0.1 1.2 16 80 

13 1.5 0.1 1.2 16 80 
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Figure 4. Es'/Es versus ∆∆∆∆u/yy 
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Figure 5. Ductility capacities from Equations (4) and (6) 

 

CONCLUSIONS 

Based on the results presented in this study, the general conclusions can be deduced as follows: 
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1. The model of a semi-infinite nonlinear pile embedded in the uniform soil is applied to derive simple 

equations for identifying the controlling factors to the ductility capacity of the pile. The factors contain 

the curvature ductility capacity, over-strength ratio, and the ratios of the characteristic coefficients of the 

pile-soil system. The proposed equations can be applied to quantify the contribution of each parameter on 

the displacement ductility capacities of the pushover cases. 

2. From the simple equations and the pushover analysis results, it can be found that the over-strength 

ratio and curvature ductility capacity of the pile section are the significant factors of the ductility capacity 

of the pile, especially for the over-strength ratio. Besides, the soil nonlinearity also has considerable 

contribution on the ductility capacity of the pile. 

Finally, it should be noted that for further verification the above analytical results will be compared with 

experimental measurements in the future work. 
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