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ABSTRACT 

Piles subjected to lateral loads also sustain axial loads, which may influence the flexural property of pile sections. To simulate 
the effects of axial loading on the pile section in nonlinear pushover analysis, this paper presents a pile model that reflects the 
distribution of flexural rigidity on the basis of initial axial forces in the pile and the change in plastic hinge properties due to varying 
axial forces. Based on the moment-curvature curves of pile sections at various axial forces obtained from section analyses, both an 
effective flexural rigidity-axial force relationship and the axial force dependent plastic hinge properties, including the axial 
force-effective yield moment interaction curve and normalized moment-plastic curvature curves, are constructed for the model. 
This model is used to simulate pile load tests in the literature, and reasonable predictions are obtained. Parametric analyses are 
conducted to examine model performance and the influence of varying axial loads on pile response. The conventional method that 
considers a constant axial load overestimates the lateral stiffness and strength during compression but underestimates those during 
tension for a single-pile condition. Regarding a group-pile condition, our proposed model can discern the difference in moment 
profiles and the development of plastic hinges between the front and back piles. 

Key words: Axial loading, lateral loading, moment-curvature curves, pushover analysis, plastic hinges.

1.  INTRODUCTION 
The seismic design methodology of structures is moving 

toward performance based design. Designing piles to remain 
elastic under a large design earthquake level is impractical and 
costly. Under the performance based design concept, the piles 
can be designed as limited ductility components and they are 
allowed to have plastic responses at specified positions to devel-
op ductility for energy dissipation. To perform the ductile design 
of piles, an essential step is to obtain the capacity curve of the 
piles through pushover analysis for capturing the complete load 
and displacement capacities of and the damage development in 
the piles; the piles are designed to have sufficient strength and 
ductility, and avoid the occurrence of unfavorable damage and 
excessive inelastic deformation. 

Piles are simultaneously subjected to both axial and lateral 
loadings. In the common pile design, axial and lateral behaviors 
are treated independently. Many numerical and experimental 
studies have been conducted to investigate the combined effect of 
axial and lateral loads. For example, Anagnostopoulos and Geor-
giadis (1993) conducted model tests to explore the combined 
effect of axial and lateral loadings on aluminum close-ended 
piles. Anagnostopoulos and Georgiadis demonstrated that the 
lateral load significantly influenced the axial capacity of a pile, 
whereas the effect of axial loading on the lateral pile response 
was relatively trivial. Karthigeyan et al. (2006) conducted three 
dimensional finite element numerical analyses to investigate the 
combined effect of axial and lateral loadings on piles in sand. 

They revealed that for a short pile in dense sand, the axial load-
ing significantly influenced the lateral pile response (axial load-
ing tended to reduce the lateral displacement); however, on a 
long pile with pile length-to-diameter ratio > 25, the effect be-
came insignificant. Karthigeyan et al. (2007) further conducted 
three dimensional numerical analyses to explore the lateral re-
sponse of piles in clay. The influence of axial loading on the lat-
eral response was opposite to that occurring in sand; the axial 
load tended to increase the lateral displacement. Similarly, the 
axial loading effect became insignificant for long piles with pile 
length-to-diameter ratio > 16. Zormpa and Comodrmos (2018) 
obtained similar findings in their extensive numerical analyses 
for piles in sand and clay. They also noted that the second-order 
effect (P-Δ effect where P is the axial force and Δ is the lateral 
deflection) due to axial load was insignificant unless it occurred 
under substantial axial loads or lateral displacements. 

In the aforementioned studies, the piles were assumed to be 
elastic. Actually, the properties of pile sections, especially for con-
crete piles, are also influenced by axial loading. Chien et al. (2013) 
analyzed field load tests on reinforced concrete drilled shafts that 
had been subjected to a combination of axial and lateral loadings. 
They found that axial loading changed the pile section properties 
and further influenced their lateral behavior. Regarding the pile 
section during compression, axial loading tended to increase flex-
ural rigidity and strength, resulting in a larger lateral capacity. 
Chiou et al. (2012) conducted parametric analyses on the dis-
placement ductility capacity of fixed head piles, finding that alt-
hough the lateral stiffness and strength of piles could be increased, 
the lateral displacement ductility capacity was reduced. 

Therefore, the axial loading effect on the nonlinearity prop-
erties of a pile section must also be considered. To simulate the 
nonlinear behavior of the pile, the plastic hinge method is com-
monly used in structural analysis. Chiou et al. (2009) developed a 
distributed plastic hinge method that can effectively capture the 
development of plastic zones. The method has been used in some 
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nonlinear pile and pier pushover analyses (Chiou et al. 2011; 
2019). In the application of this method, a constant axial load 
along the pile is assumed for determining the moment-curvature 
curve of the pile section. The method is effective under a con-
stant axial load condition; however, it becomes inefficient when 
the influence of variable loading is considered. Actually, when 
piles are subjected to axial loading, the axial force distribution 
varies along the pile shaft due to skin frictions on the pile, and 
even for group piles, the pile head axial loads differ at different 
pile locations and change as lateral displacement increases. 

To include the axial loading effect on the nonlinear behavior 
of the pile section for pushover analysis, in the present study, we 
propose a pile model to simulate the distribution of flexural ri-
gidity on the basis of initial axial forces in the pile and the 
change in plastic hinge properties due to varying axial loading. 
For this model, a series of section analyses is conducted to obtain 
moment-curvature curves of the pile section under various axial 
forces, by which an effective flexural rigidity-axial force rela-
tionship is constructed and the conventional distributed plastic 
hinge model is extended into an axial force dependent plastic 
hinge model by incorporating axial force dependent moment-   
plastic curvature curves. Nonlinear pushover analyses are con-
ducted to simulate the pile load tests that are available in the lit-
erature to demonstrate the applicability of the model. Further-
more, a series of parametric analyses is conducted to investigate 
the proposed model’s performance in nonlinear analyses of later-
ally loaded single piles and group piles. 

2.  DISTRIBUTED PLASTIC HINGE MODEL 
The plastic hinge model is commonly used in structural 

analysis to simulate the nonlinear behavior of structural members 
(Priestley et al. 1996). The conventional plastic hinge model 
consists in placing a concentrated plastic hinge to represent an 
expected plastic zone that has a fixed plastic hinge length. How-
ever, this model is inapplicable to pile foundations because the 
plastic zone may be changeable under loading and soil nonlinear-
ity. Therefore, Chiou et al. (2009) proposed a distributed hinge 
model for effectively capturing the development of the plastic 
zone. Unlike the concentrated plastic hinge model, the model 
does not need to predetermine the precise location of the plastic 
zone. As illustrated in Fig. 1, many hinges are placed along a 
potential plastic zone to detect the development of the plastic 
zone. This model has been applied to piles under various condi-
tions (Chiou et al. 2011; Ko et al. 2014; Ko and Lin, 2020; He et 
al. 2020) and even to bridge piers (Chiou et al. 2019; Chiou and 
Tsai, 2020). The core of the model is the moment-plastic rotation 
curve of the distributed plastic hinges. According to Chiou et al. 
(2009), this curve can be deduced based on the moment-     
curvature curve of the cross-section of the member, as indicated 
in Fig. 2. The moment-plastic rotation curve is determined by 
deducing the plastic rotation by using the following equation: 

( / )p p p e pl M EI lθ = ϕ = ϕ −  (1) 

where θp represents the plastic rotation, ϕp represents the plastic 
curvature, lp represents the plastic hinge length (which is the trib-
utary length of a hinge, as illustrated in Fig. 1), ϕ represents the 
total curvature, M represents the moment, and EIe represents the 
effective (elastic) flexural rigidity of the cross-section. For fur-
ther details of this model, please refer to Chiou et al. (2009). 

 
Fig. 1  Distributed plastic hinges on a pile 

 
(a) Moment vs. curvature            (b) Moment vs. plastic rotation 

Fig. 2 Derivation of moment-plastic rotation curve for distrib-
uted plastic hinges (Chiou et al. 2009) 

When this model is applied to situations in which varying 
axial loading is considered, the modeling becomes cumbersome 
because the moment-plastic rotation property will vary with 
changes in the axial force. Therefore, in the present study, we 
introduce an axial-moment capacity interaction model (P-M 
model) to the distributed plastic hinge model to simulate the ef-
fects of axial loading.  

3.  PROPOSED PILE MODEL FOR AXIAL 
LOADING EFFECTS AND AN AXIAL 
FORCE DEPENDENT DISTRIBUTED 
PLASTIC HINGE MODEL 

The influence of axial force on the pile section property has 
two aspects: initial flexural stiffness and the moment capacity 
curve. To consider these, a pile model that has two components is 
proposed, as presented in Fig. 3. The basic information for con-
structing this model comprises a series of moment-curvature 
curves, obtained based on section analyses that considers various 
axial forces, as indicated in the dashed lines in Fig. 3(a). These 
moment-curvature curves are generally simplified as bilinear 
curves (solid lines), which are defined by effective yield and 
ultimate points. By applying the curves in Fig. 3(a), the two 
components of the model are established. The first component is 
the relationship of effective flexural stiffness varying with the 
axial force, which is defined using an interaction diagram be-
tween effective flexural stiffness EIe and axial force P, as pre-
sented in Fig. 3(b). The second component is the axial force de-
pendent distributed plastic hinge model. The original distributed 
plastic hinge model is extended to consider the axial force effect
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Fig. 3  Determination of parameters of the proposed model 

by introducing an axial force-effective yield moment interaction 
curve (the P-Mye curve) and a set of normalized moment-plastic 
curvature curves for various axial forces. The P-Mye curve de-
fines the relationship between the effective yield moment Mye 
and the axial force P based on the curve presented in Fig. 3(c). 
For each axial force, the normalized moment-plastic curvature 
curve is determined as illustrated in Fig. 3(d), in which the nor-
malized moment is the moment on the moment-plastic curvature 
curve that is divided by Mye determined by using the curve pre-
sented in Fig. 3(c). 

The procedure for applying this model is as follows: First, 
on the basis of the initial axial force condition, the initial stiffness 
of the member is determined according to Fig. 3(b). Then, the 
nonlinear behavior of the moment-plastic curvature relationship 
can be updated according to various axial force levels by using 
the curves presented in Figs. 3(c) and 3(d). 

4.  DEMONSTRATION 

4.1  Lateral Load Tests 

In the present study, a series of full-scale lateral pile load 
tests by Chai and Hutchinson (2002) is simulated to evaluate the 
applicability of our proposed model. According to Chai and 
Hutchinson (2002), basic information for the tests is summarized 
as follows: Four full-scale, reinforced concrete piles (Piles 1 ~ 4) 
of diameter d = 406 mm and length 13.5d were tested under 
combined axial compressive and cyclic lateral loadings. The piles 
were tested with aboveground heights of 2d and 6d and in loose 
and dense dry sand conditions, which are presented in Table 1. A 
nominal axial compressive force of 445 kN (0.1fc′Ag where fc′ is 
the uniaxial compressive strength of the concrete and Ag is the 
gross sectional area of the pile shaft) was applied to the test piles. 
The piles had an fc' of 41 ~ 47 MPa, a longitudinal steel rein-
forcement ratio ρl of 2.1% (7D22), and transverse steel rein-
forcement ratios ρs of 0.57% and 1.06% (Sections 1 and 2, re-
spectively). Sand was compacted in layers around the piles. By 

using the measurements of cone penetration tests and a shear 
wave velocity survey, the internal friction angles of soils in the 
upper 3 m were estimated to be φ′ = 42° ∼ 44° for dense sand and 
φ′ = 37° ∼ 38° for loose sand, and the relative densities of the test 
sand, Dr, were estimated to be 94% and 84% for the dense condi-
tion (Piles 1 and 3, respectively) and 53% and 59% for the loose 
condition (Piles 2 and 4, respectively). 

Table 1  Test pile conditions 

Pile Aboveground  
height

Soil condition 
(Relative density) 

Transverse  
steel ratio

1 812 mm (2d) Dense (Dr = 94%) 0.57% (Section 1)
2 812 mm (2d) Loose (Dr = 53%) 0.57% (Section 1)
3 2,436 mm (6d) Dense (Dr = 84%) 1.06% (Section 2)
4 2,436 mm (6d) Loose (Dr = 59%) 1.06% (Section 2)

4.2  Simulation 

SAP2000 software (Computers and Structures 2017) is used 
to simulate the four tests. The piles are simulated by beam ele-
ments with distributed plastic hinges to account for pile material 
nonlinearity, and the soil is simulated by nonlinear vertical and 
horizontal spring elements based on t-z and p-y curves where t is 
the mobilized soil-pile adhesion at the vertical displacement z 
and p is the lateral resistance at the lateral deflection y. In the 
present study, the sand t-z and p-y curves suggested by the 
American Petroleum Institute (2000) are adopted. The t-z and p-y 
curves for Piles 1 ~ 4 are presented in Figs. 4 and 5, respectively. 
Section analysis is conducted to deduce a series of moment-        
curvature curves under different axial forces, as illustrated in Figs. 
6(a) and 6(b) for Sections 1 and 2, respectively. According to the 
information provided by the moment-curvature curves, the effec-
tive flexural stiffness-axial force relationship is established, as 
displayed in Fig. 7(a). Furthermore, the P-Mye curves and the 
corresponding moment-plastic curvature curves for several axial 
forces for the plastic hinges are determined, as displayed in Figs. 
7(b) ~ 7(d). In sum, the plastic hinge properties of Sections 1 and 
2 are very similar.



62  Journal of GeoEngineering, Vol. 17, No. 2, June 2022 

      
(a) Pile 1 (dense sand, Dr = 94%)                              (b) Pile 2 (loose sand, Dr = 53%) 

      
(c) Pile 3 (dense sand, Dr = 84%)                              (d) Pile 4 (loose sand, Dr = 59%) 

Fig. 4  t-z curves of (a) Pile 1; (b) Pile 2; (c) Pile 3; and (d) Pile 4 

     
(a) Pile 1 (dense sand, Dr = 94%)                        (b) Pile 2 (loose sand, Dr = 53%) 

      
(c) Pile 3 (dense sand, Dr = 84%)                          (d) Pile 4 (loose sand, Dr = 59%) 

Fig. 5  p-y curves of (a) Pile 1; (b) Pile 2; (c) Pile 3; and (d) Pile 4 
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(a)                                                               (b) 

Fig. 6  Bilinear moment-curvature curves for different axial force levels: (a) Section 1 and (b) Section 2 

     
(a)                                                               (b) 

     
(c)                                                               (d) 

Fig. 7 Axial force dependent properties of Sections 1 and 2: (a) effective flexural rigidity-axial force diagram; (b) axial force-effective 
yield moment diagram; (c) moment-plastic curvature curves of Section 1; and (d) moment-plastic curvature curves of Section 2

First, the initial flexural stiffness of the pile section in our 
analyses is determined based on Fig. 7(a). The plastic hinge pa-
rameters are set based on Figs. 7(b) ~ 7(d). Figure 8 displays the 
load-displacement curves of Piles 1 ~ 4. For Piles 1 and 2, the 
analysis values of initial stiffness are close to the test values, but 
the maximum lateral strengths are underestimated. For Piles 3 
and 4, the initial stiffnesses are slightly underestimated, but the 
lateral strengths are closely estimated. Despite some deviations in  

lateral stiffness and strength, the overall trends of the analysis 
curves are in agreement with those of the test curves, and the 
post-peak behavior due to the P-Δ effect can be reasonably cap-
tured. Because of the P-Δ effect, the lateral displacement keeps 
increasing despite a reduction in lateral load. Figure 9 displays 
the predicted and measured curvature profiles of Piles 1 ~ 4. The 
trends of the curvature profiles as well as the depths of maximum 
curvature of the analyses are consistent with those of the tests. 
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(a) Pile 1 (dense sand, Dr = 94%)                            (b) Pile 2 (loose sand, Dr = 53%) 

    
(c) Pile 3 (dense sand, Dr = 84%)                            (d) Pile 4 (loose sand, Dr = 59%) 

Fig. 8  Experimental and predicted load-displacement curves of (a) Pile 1; (b) Pile 2; (c) Pile 3; and (d) Pile 4 

   
(a) Pile 1 (dense sand, Dr = 94%)                                   (b) Pile 2 (loose sand, Dr = 53%) 

   
(c) Pile 3 (dense sand, Dr = 84%)                                (d) Pile 4 (loose sand, Dr = 59%) 

Fig. 9  Experimental and predicted curvature profiles of (a) Pile 1; (b) Pile 2; (c) Pile 3; and (d) Pile 4
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The conventional distributed hinge model with a specified 
constant axial load of 445 kN is also applied to simulate these 
tests for comparison. As illustrated in Fig. 8, the load-      
displacement curves from the proposed model and the conven-
tional model are very similar because of insignificant variations 
of axial force profiles with depth. For example, Fig. 10 displays 
the axial force profiles of Piles 1 ~ 4; the variations of axial force 
are slight (the maximum axial force difference between the pile 
head and tip is 49 kN for Pile 1). 

5.  PARAMETRIC ANALYSES 

We further apply the proposed model to conduct parametric 

 
Fig. 10  Axial force profiles of Piles 1 ~ 4 

analyses for investigating the performance of the proposed model 
and the influence of axial loading. 

When a single pile is subjected to constant vertical pile head 
loading, the axial force may vary with depth due to skin friction; 
therefore, the properties of the pile section can change with depth. 
Furthermore, in a group-pile context, piles at different locations 
may have different variations in pile head axial loading under 
lateral loading. Despite complications in the preceding conditions, 
typical analysis generally considers constant axial loading. In this 
section, we use our model to conduct a series of parametric anal-
yses to investigate the influence of this simplification on pile 
responses under single- and group-pile conditions. 

5.1  Single-Pile Condition 

For the single-pile condition, a fictitious pile-soil system in-
volving a reinforced concrete long pile with a length of 30 m and a 
diameter of 1.4 m (the pile length-to-diameter ratio is 21.4) in a 
homogeneous, cohesive soil is assumed. The structural details of 
the pile section are a nominal concrete strength fc′ of 27.5 MPa, 
20D32 (#10) longitudinal steel, D16 (#5) transverse reinforcement 
with 100-mm spacing, and a steel yield strength fy of 412 MPa. The 
cohesive soil has an undrained shear strength su of 60 kPa. 

Through section analysis, the moment-curvature curves for 
different axial forces are obtained, as displayed in Fig. 11(a). 
According to the aforementioned procedure, the effective flexural 
rigidity-axial force relationship and plastic hinge properties are 
determined as presented in Figs. 11(b) ~ 11(d). Figure 12(a) pre-
sents the spring model used to simulate different types of soil 

 
(a) Moment-curvature curves                         (b) Effective flexural rigidity-axial force diagram 

 
(c) Axial force-effective yield moment diagram                      (d) Moment-plastic curvature curves 

Fig. 11  Pile section properties 
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(a) Soil reaction model  

 
(b) p-y curves                          (c) t-z curves                           (d) Q-z curve 

Fig. 12  Simulation of soil reactions in parametric analyses (su = 60 kPa)

reactions on the pile. As presented in Figs 12(b)~12(d), the p-y 
and t-z curves for the horizontal and vertical soil reactions, re-
spectively, along the pile and the Q-z curve for the base soil reac-
tion, where Q is the mobilized end bearing capacity, are deter-
mined based on those suggested by American Petroleum Institute 
(2000). The p-y, t-z, and Q-z curves are generated based on Table 
2. For the p-y curve, the lateral bearing capacity pu is computed 
according to the following equation: 

min 3 , 9u
cxp c x J c
D

 = + γ + 
 

 (2) 

where c is the undrained shear strength, γ is the effective unit 
weight of soil, J is the dimensionless empirical constant with  

Table 2  p-y, t-z, and Q-z curves 

p-y curve. t-z curve Q-z curve
y/yc p/pu z/D t/tmax z/D Q/Qp

0 
1 
3 
8 
∞ 

0.00 
0.50 
0.72 
1.00 
1.00 

0 
0.0016 
0.0031 
0.0057 
0.0080 
0.0100 
0.0200 

∞ 

0 
0.3 
0.5 
0.75 
0.90 
1.0 

0.70 ~ 0.90 
0.70 ~ 0.90 

0 
0.002 
0.013 
0.042 
0.073 
0.1 

0 
0.25 
0.5 
0.75 
0.90 
1.0 

Note: pu = ultimate lateral bearing capacity, yc = 2.5εc D, εc = strain which 
occurs at one-half the maximum stress on laboratory undrained com-
pression tests of undisturbed soil samples (εc of 0.007 is assumed in the 
present study), D = pile diameter, tmax = maximum unit skin friction 
capacity, and Qp = total end bearing. 

values ranging from 0.25 to 0.5 (in the present study, J = 0.5 is 
used), and x is the depth below soil surface. 

For the t-z curve, the maximum unit skin friction tmax is 
computed according to the following equation: 

maxt c= α   (3) 

where α is a dimensionless factor (≤ 1). It can be computed by 
the following equation: 

0.5

0.25

0.5     for 1.0
0.5    for 1.0

−

−

α = ψ ψ ≤

α = ψ ψ >
 (4) 

where ψ = c/p0' for the point in question and p0' is the effective 
overburden pressure at the point in question. 

For the Q-z curve, the total end bearing Qp is computed ac-
cording to the following equation: 

p p pQ A q=   (5) 

where Ap is the gross base area of pile and qp is the unit end 
bearing capacity (= 9c). 

Figure 13 displays the axial capacity curves under compres-
sion and tension. The maximum axial compressive and tensile 
capacities are approximately 7,000 and 6,500 kN. Accordingly, a 
compression load of 5,000 kN and a tension load of 3,000 kN are 
considered for pushover analyses. 

Four pile models are used to compare the pushover response 
of the piles. Model 1 is the proposed model, and it fully considers 
various initial flexural stiffness and plastic hinge properties with 
depth (on the basis of the axial forces along the pile). Models 2 ~ 
4 are simplified models for different considerations of the axial 

p-y springs

t-z springs

Q-z spring
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Fig. 13  Axial capacity curves under compression and tension 

force effect on the pile section properties. Model 2 considers only 
the variation of initial flexural stiffness with depth. Model 3 con-
siders only the variation of plastic hinge properties with depth. 
Model 4 is the conventional model, which adopts constant initial 
stiffness and plastic hinge properties with depth, on the basis of 
the pile head load without considering the axial force variation 
along the pile. 
 
 

Figure 14(a) presents the load-displacement curves of Mod-
els 1 ~ 4 under compression 5,000 kN. For Model 1, Fig. 15(a) 
displays the axial force profile along the pile shaft, and the asso-
ciated profiles of flexural rigidity, yield moment, and ultimate 
moment. The factors of stiffness, yield moment, and ultimate 
moment between the pile head and the maximum moment depth 
(approximately 5.5 m) are 0.97, 0.96, and 0.98, respectively. 
These factors represent the differences of pile section properties 
within the major deformation zone due to the varying axial force 
profile; the values less than one represent the decreasing pile 
section stiffness and strength with depth. This implies that the 
simplified models will overestimate the stiffness, strength, and 
ultimate displacement of the pile (the aforementioned values 
reflect the degree of overestimation). For a small lateral dis-
placement, the four models’ curves develop similarly to each 
other; after a lateral displacement of 0.17 m, the differences 
among the four curves become substantial. The curve of Model 4 
deviates the most from that of Model 1. The difference between 
Models 3 and 1 is the smallest. The conventional model (Model 
4) overestimates the initial stiffness, strength, and ultimate dis-
placement by 0.6%, 2.1%, and 0.2%, respectively. Overall, the 
development of plastic hinges of the four models is similar. As 
presented in Fig. 16(a), the maximum plastic zone of the pro-
posed model (Model 1) is located at a depth of 5.5 m with a 
length of 2.75 m. 

      
(a) Compression (5,000 kN)                                    (b) Tension (−3,000 kN)  

Fig. 14  Pushover curves of Models 1 ~ 4 for su = 60 kPa 

    
(a) Compression (5,000 kN) (EIe_top = 1.63 × 106 kN-m2,  (b) Tension (− 3,000 kN) (EIe_top = 6.53 ⋅ 105 kN-m2, 

Mye_top = 5,381 kN-m, Mu_top = 5,639 kN-m)  Mye_top = 2,227 kN-m, Mu_top = 3,339 kN-m) 

Fig. 15  Profiles of ratios of axial forces, flexural rigidities, and yield and ultimate moments along the pile to those at the pile head
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(a) Compression 5,000 kN        (b) Tension −3,000 kN 

Fig. 16 Development of plastic hinges of the proposed model 
(Model 1) 

Figure 14(b) displays the load-displacement curves for 
Models 1 ~ 4 under tension 3,000 kN. For Model 1, Fig. 15(b) 
displays the axial force profile along the pile shaft and the asso-
ciated profiles of flexural rigidity, yield moment, and ultimate 
moment. The factors of stiffness, yield moment, and ultimate 
moment between the pile head and the maximum moment depth 
(approximately 4.5 m) are 1.09, 1.09, and 1.05, respectively. The 
values of these factors larger than one represent the increasing 
pile section stiffness and strength with depth. In contrast to the 
compression condition, this implies that the simplified models 
will underestimate the stiffness, strength, and ultimate displace-
ment of the pile (the aforementioned values reflect the degree of 
underestimation). Compared with the compression condition, the 
differences in the four model’s curves are more significant. The 
deviation of Model 4’s curve from that of Model 1 is the largest, 
and the differences between the curves of Models 1 and 3 (for 
varied and constant stiffness profiles, respectively) are the small-
est. The conventional model (Model 4) underestimates the initial 
stiffness, strength, and ultimate displacement by 4.8%, 4.5%, and 
7.4%, respectively. The development of plastic hinges of the four 
models is similar. Figure 16(b) displays the maximum plastic 
zone of the proposed model (Model 1). The plastic zone of the 
proposed model (Model 1) is located at a depth of 4.375 m with a 
plastic hinge length of 5 m. The pile under tension has a shal-
lower but larger plastic zone than that under compression does. 

Due to a slight variation in axial force between the pile head 
and the maximum moment depth, the overall responses of the 
four models are close. Figure 17 displays the load-displacement 
curves for Models 1 ~ 4 under compression (5,000 kN) and ten-
sion (3,000 kN) for a stratum with a relatively larger strength (su 
= 150 kPa). Compared with the outcome under the previous 
smaller shear strength condition, the variation of axial force in 
the pile is more significant; however, the depth of the maximum 
moment decreases (3.5 m for compression; 3 m for tension). 
Therefore, the differences in initial stiffness, strength, and ulti-
mate displacement among the four models are also slight under 
compression. Model 4 overestimates the initial stiffness by 0.6%  

 
(a) Compression (5,000 kN) 

 
(b) Tension (-3,000 kN) 

Fig. 17  Pushover curves of Models 1 ~ 4 for su = 150 kPa 

and strength by 1.8% but underestimates the ultimate displace-
ment by 6.9%. However, the differences are more substantial 
under tension. The development of the load-displacement curves 
of the four models also differs. Model 4 underestimates the initial 
stiffness by 15%, the strength by 3.5%, and the ultimate dis-
placement by 2.4%. 

5.2  Group-Pile Condition 

Two piles with a rigid cap are assumed for this condition. 
The pile properties are set equivalent to those adopted for the 
single-pile condition. The center-to-center spacing of the two 
piles is assumed to be three times the pile diameter. The effect of 
group-pile interaction under this group-pile spacing may be sig-
nificant; however, to clearly observe the effect of varying axial 
loading on the sectional properties of the group piles, the effect 
of group-pile interaction is ignored herein. The pile group is sub-
jected to a downward vertical load of 6,000 kN. A conventional 
approach to determining the properties of a pile section is based 
on the average vertical load under an assumption that the vertical 
load is uniformly shared by all piles. However, to consider the 
different axial loads sustained by the front and back piles during 
lateral loading, JRA (2012) suggests a rule that the average axial 
load and zero axial load be adopted, respectively, for piles on the 
compression and tension sides to determine the pile section 
properties. However, the main limitation of the JRA method is 
that when cyclic loading is applied, the piles in compression and 
tension sides can be reversed for the reversed loading.  

In this section, the proposed method (for Model 1), conven-
tional average load method (for Model 4), and JRA method (for 
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Model 4) are applied to analyze this group-pile problem. Figure 
18 presents a comparison of the lateral load-displacement curves 
of the proposed method, average load method, and JRA method. 
The JRA method gives a similar initial yield point to that of the 
proposed method, whereas the average load method overesti-
mates the initial yield point. The average load method underesti-
mates the lateral strength by 0.3% and ultimate displacement by 
23%, whereas the JRA method underestimates the lateral strength 
and ultimate displacement by 5% and 22%, respectively. In addi-
tion, the displacement ductility capacity (ultimate displacement 
divided by yield displacement) predicted by the proposed method 
is 3.4; the average load method and JRA method underestimate it 
by 34% and 20%, respectively. The difference in the lateral 
load-displacement curves is mainly due to the pile head axial 
load variation between the front and back piles during lateral 
loading. Figure 19 presents the variations in pile head axial   

 

Fig. 18 Group pile pushover curves for the proposed method, 
average load method, and JRA method 

 

Fig. 19 Variations in pile head axial loading with lateral dis-
placement 

loading with lateral displacement in the proposed method, aver-
age load method, and JRA method. As lateral displacement in-
creases (before a lateral cap displacement of approximately 0.12 
m), the difference in pile head axial loading between the front 
and back piles also increases. However, in the proposed method, 
after a lateral cap displacement of approximately 0.12 m, the 
difference in pile head axial loading between the front and back 
piles decreases as the pile head axial loads in the front and back 
piles decrease. 

The moment distribution and plastic hinge development also 
differ among the three methods. Figure 20 compares the moment 
profiles with depth under a cap displacement of 0.115 m in the 
proposed method, average load method, and JRA method. The 
average load method cannot distinguish between the compression 
and tension sides in the group; therefore, the moment profiles for 
the front and back piles are the same. The JRA method and pro-
posed method can reflect the change in axial load during lateral 
loading; therefore, the moment profiles for the front and back 
piles differ. The moment profile of the conventional method is 
close to that of the front pile of the JRA method. The conven-
tional method tends to overestimate the pile head moment in the 
back pile, whereas the JRA method tends to underestimate the 
in-ground maximum moment in the back pile. Figure 21 com-
pares the development of plastic hinges under a cap displacement  

 
Fig. 20  Moment profiles (cap displacement of 0.115 m) 

 
Fig. 21 Development of plastic hinges (cap displacement of 

0.115 m) 
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of 0.115 m under the three methods. In contrast to the single-pile 
condition, plastic hinging for the group-pile condition occurs at 
the pile head because the pile head is restrained from rotation by 
the cap. The pile head plastic zone is generally small. The devel-
opment of plastic hinges is the same for the front and back piles 
in the conventional and JRA methods but is different from that of 
the proposed method. Furthermore, the conventional method 
cannot reflect the earlier yielding and a larger plastic zone in the 
back pile than in the front pile. 

In the above analyses, the effect of group-pile interaction is 
ignored. In addition to the abovementioned influence due to var-
ying axial loads, the effect of group-pile interaction may further 
cause a reduction in the lateral stiffness and strength of group 
piles. 

6.  DISCUSSION 
The differences in the pile responses among Models 1 ~ 4 

for single piles under compression are generally small. The axial 
force effect on the lateral pile stiffness and ultimate displacement 
is relatively slight, but the effect on the strength is greater. By 
contrast, for single piles under tension, the differences in pile 
responses among the four models are much larger, and the axial 
force effect on the lateral pile stiffness can be larger. 

The ratios of the lateral strengths of Models 4 and 1 are 
close to those of the ultimate moments at the pile head and at the 
maximum moment depth of the pile. For a pile with a significant 
variation of axial force within its maximum moment depth, the 
difference between the proposed model and conventional model 
are more pronounced, especially for a pile under tension. When 
piles are in compression or when the post-yield pile behavior is 
the focus, the proposed model (Model 1) can be further simpli-
fied to Model 3, which is under the assumption that pile-section 
stiffness is constant along the depth and equivalent to the 
pile-head sectional stiffness under the pile head axial load and 
uses the distributed plastic hinges with the P-M model to account 
for the variation in flexural strength and curvature capacity due to 
the variations in axial force along the pile. 

Regarding the group-pile condition, because the pile head 
loads and their differences in the front and back piles vary with 
lateral loading, the lateral load-displacement curves, as well as 
the moment profiles and development of plastic hinges, differ 
under the proposed method and the conventional average load 
method. 

7.  CONCLUSIONS 
We proposed a pile model for pushover analysis to consider 

the axial force effects on the stiffness and strength of a pile sec-
tion. By using the moment-curvature curves under various axial 
forces obtained from section analysis, we generated an effective 
flexural rigidity-axial force diagram and created an axial 
force-effective yield moment diagram with a set of normalized 
moment-plastic curvature curves to set the properties of the dis-
tributed plastic hinges. To demonstrate the model’s applicability, 
we used it to simulate field pile load tests that have been reported 
in the literature. Additionally, a series of parametric analyses was 
conducted to investigate the performance of the proposed model 
in single- and group-pile conditions by comparing its results with 
those of the simplified models with different degrees of simplifi-

cation of the axial force effects. When piles are in compression or 
when the focus is on nonlinear pile behavior, the proposed model 
can be simplified to only consider the axial force dependent plas-
tic hinge model. The strength of the proposed model is its ap-
plicability to group-pile conditions for simulating the influence of 
varying pile head loads on the front and back piles under lateral 
loading and on the different developments of plastic zones in the 
piles. 
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