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Abstract 30 

In this study, the suitability of the pseudostatic approach for the seismic analysis of pile foundations in 31 

layered soils is explored by means of experimental data from centrifuge tests performed at 60g. A free-32 

head single pile and a capped (1 × 3) pile group, embedded in a two-layered soil comprising a soft clay 33 

layer underlain by dense sand, are tested in the centrifuge under sinusoidal and earthquake excitations. 34 

For the pseudostatic analysis, a one-dimensional Winkler model is developed using hyperbolic p-y 35 

curves from design codes. The kinematic and inertial loads on the pile foundations are derived using 36 

the experimentally measured free-field soil displacements and accelerations, respectively. Different 37 

approaches of modifying the p-y relationship to account for soil layering are compared. The importance 38 

of considering peak spectral acceleration in lieu of peak ground acceleration at the soil surface to 39 

compute the inertial force for the pseudostatic analysis is highlighted. Pile group effects are investigated 40 

by considering p-multipliers from literature to account for pile-soil-pile interaction. Results reveal that: 41 

(i) for low-intensity seismic motions, the pseudostatic approach with inertial pile-head loading 42 

stemming from peak ground acceleration (PGA) at soil surface led to a reasonable agreement of the 43 

maximum bending moment with experimental data for both single pile and pile group, (ii) for high-44 

intensity base excitations, the use of the peak spectral acceleration, instead of PGA, at soil surface with 45 

suitable damping considerations to derive the inertial load in the pseudostatic model provided a 46 

maximum bending moment prediction that was acceptable for the single pile but conservative for the 47 

piles in the group compared to the centrifuge records.  48 

  49 

Keywords: Centrifuge; earthquake; layered soil; pile foundations; pseudostatic analysis  50 
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1 Introduction 51 

Conventional pile design involves estimating the axial load capacity and satisfying the serviceability 52 

criteria in terms of allowable settlements and durability under static loads. In addition to axial loads, 53 

pile foundations are subjected to lateral dynamic loads during an earthquake due to: (i) the oscillation 54 

of the superstructure, which induces inertial loads at the pile head, and (ii) the ground deformation 55 

during the passage of seismic waves, which induce kinematic loads on pile foundations. Traditionally, 56 

kinematic loads are neglected in pile foundation seismic design as they are insignificant in comparison 57 

with inertial loads. However, the significance of kinematic loads has been highlighted by various post-58 

earthquake reconnaissance reports [e.g., 1,2] and thus, several revised seismic codes recommend the 59 

consideration of kinematic loads in the seismic design of pile foundations under certain conditions (e.g., 60 

[3]). Nevertheless, there are no specific methodologies for the seismic design of pile foundations in 61 

design codes, resulting in various design approaches being followed by practitioners. These design 62 

approaches can range from very simplistic methods to complex computer analyses [4]. 63 

Despite recent developments in two- and three-dimensional dynamic finite element models including 64 

advanced soil constitutive behaviour, one-dimensional finite element or finite difference-based Winkler 65 

models are still widely employed for seismic soil-pile-structure interaction analysis due to their 66 

simplicity. In a Winkler (subgrade reaction) analysis, the pile is modelled as a series of linear elastic 67 

beams supported on discrete springs, the stiffness of which is characterized by a non-linear stiffness 68 

law reflecting soil-pile interaction [5–8]. The p-y method is a widely used approach for monotonic 69 

analysis that employs a non-linear relationship between the soil resistance, p, mobilised against the pile 70 

and the lateral displacement of the pile, y. Time domain dynamic analyses are computationally 71 

expensive and hence pseudostatic approaches using Winkler models are widely employed by 72 

practitioners. In dynamic analyses, the variation in response of the pile foundation with time-varying 73 

earthquake characteristics (intensity and frequency of excitation) is evaluated. However, in pseudostatic 74 

approaches, the maximum response (bending moment and shear force) of a pile foundation during an 75 

earthquake is estimated using a static inertial force with magnitude equal to the mass of the system 76 

times the acceleration of the excitation. A typical pseudostatic analysis for seismic loading involves two 77 

steps: (i) performing a seismic ground response analysis to obtain the maximum free-field soil 78 

displacement profile along the pile’s length, and (ii) imposing a static force (peak inertial load) at the 79 

pile head and non-zero boundary conditions along the embedded pile informed by discretising the 80 

maximum free-field soil displacements (kinematic load). Abghari and Chai [9] presented the first 81 

pseudostatic analysis approach for piles in non-liquefying soils, by considering the inertial force acting 82 

at the pile head as the product of the cap-mass times a spectral acceleration as recommended by Dowrick 83 

[10]. To this end, an approximation is necessary to compute the associated natural period by considering 84 

the lateral pile-head stiffness [11]. By comparing the results of pseudostatic analysis with dynamic finite 85 
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element analysis, the above authors concluded that 25% of the peak inertial force should be combined 86 

with the peak kinematic displacement for computing the peak pile deflection. Similarly, for computing 87 

the peak pile bending response, 50% of peak inertial force should be combined with peak kinematic 88 

displacement. Later, Tabesh and Poulos [11] contradicted this finding and recommended that imposing 89 

the total inertial force at the pile head can result in good agreement between the pseudostatic approach 90 

and dynamic analysis. Castelli and Maugeri [12] considered both kinematic and inertial loads and 91 

highlighted the suitability of pseudostatic approaches for the seismic analysis of single piles and pile 92 

groups. 93 

In this study, the performance of pseudostatic approaches for the seismic analysis of pile foundations 94 

in layered soils is evaluated by comparison with centrifuge data. Centrifuge experiments were 95 

performed on a single pile and 1 × 3 row pile group embedded in a two-layered soil at 60g (g = 96 

gravitational acceleration) under sinusoidal and earthquake excitations. The soil profile consists of soft 97 

clay underlain by dense sand. Each centrifuge experiment was carried out in two flights, with acrylic 98 

Perspex and brass used as pile cap material in the first and second flight, respectively, to evaluate the 99 

individual contribution of kinematic and inertial loads on the pile foundations. Winkler analyses 100 

incorporating standard design-code recommended p-y relationships for laterally loaded piles were 101 

performed by considering both kinematic and inertial loads. The effect of soil layering on p-y 102 

relationships, magnitude of pseudostatic pile head (inertial) load, and pile group effects are discussed 103 

in detail. 104 

2 Centrifuge tests description 105 

Centrifuge experiments were conducted at 60g using the Turner beam centrifuge [13] facilities at the 106 

Schofield Centre, University of Cambridge, UK. In this series of experiments, the soil models were 107 

prepared with a dense, poorly graded, fraction-B Leighton Buzzard (LB) sand underlying soft speswhite 108 

kaolin clay to maintain significant stiffness contrast between the soil layers. The properties of fraction-109 

B LB sand and speswhite kaolin clay can be found in Garala et al. [14]. For model pile foundations, a 110 

single pile and a 1 × 3 row pile group were fabricated using an aluminium (Alloy 6061 T6) circular tube 111 

of outer diameter (d) 11.1 mm and thickness (t) 0.9 mm. A centre-to-centre spacing of 3d is adopted 112 

between piles in the pile group. The bottom of the tubular piles is closed with an aluminium plug to 113 

restrict the entry of soil into the piles during pile installation. Further, the single pile and end piles of 114 

the pile group were strain gauged to measure the bending moments during earthquakes. Figure 1 shows 115 

the schematic view of the pile foundations used in the study along with the location of strain gauges. 116 

The centrifuge models were prepared from bottom to top, first by pouring the sand at the required 117 

relative density using an automatic sand pourer [15], followed by saturating the sand layer with de-aired 118 

water and then filling the model container with kaolin slurry for consolidation [16]. An air hammer 119 

device, a small actuator that can act as a source to induce waves within the soil model [17], was placed 120 
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at the bottom of the model on a 10-15 mm thick sand layer during sand pouring. The detailed model 121 

preparation procedure and equivalent prototype characteristics of a single pile can be found in Garala 122 

[16] and Garala and Madabhushi [18]. The unit weight of the saturated clay and the sand is 16.2 kN/m3 123 

and 20.4 kN/m3, respectively. Figure 2 shows the sectional view of the model along with the location 124 

of various instruments used in the model. Piezoelectric accelerometers were used to measure the 125 

accelerations in the soil model at different depths, micro-electro-mechanical-system accelerometers 126 

were used on top of pile caps to measure the accelerations, and pore pressure transducers were used to 127 

measure the pore-water pressures at different depths. Further, each centrifuge experiment was carried 128 

out in two flights, with acrylic plexiglass used as pile caps in flight-01 (hereafter referred to as K flight) 129 

and pile caps made from brass in flight-02 (hereafter referred to as K+I flight), to examine the effects 130 

of kinematic and combined kinematic and inertial loads, respectively. The mass of the plexiglass caps 131 

for single pile and the pile group are 11 grams and 24 grams at model scale, respectively. These masses 132 

are less than half the self-weight of the pile foundations (each model pile weighs 24 grams without 133 

strain gauges) and are negligible compared with the axial load-carrying capacity of the single pile (0.57 134 

kg at model scale). Hence, the pile accelerations and bending moments measured during K flight can 135 

be considered as the effect of kinematic loads alone. In K+I flight, the brass caps will induce a static 136 

vertical force of 167.75 N and 503.25 N at model scale (0.604 MN and 1.812 MN at prototype scale) 137 

for the single pile and the pile group, respectively; therefore, the vertical load acting per pile is the same 138 

for both the single pile and the pile groups. 139 

A T-bar 40 mm wide and 4 mm in diameter was used to determine the undrained shear strength (cu) of 140 

the clay layer. To measure the soil stiffness, the air hammer device was activated and the propagation 141 

of shear waves through the soil profile was measured using an array of piezo-electric accelerometers 142 

placed on above the air hammer device (see Fig. 2). Figures 3a and 3b show the cu profile of the clay 143 

layer determined from the in-flight T-bar test and the small-strain shear modulus (G0) of the soil layers 144 

determined from the air hammer device, respectively, before subjecting the model to base excitations. 145 

G0 values determined from published expressions [19–21] are also shown in Fig. 3b. By considering an 146 

average G0 of 23 MPa and 184 MPa for the clay and sand layers (at a depth of 4d-5d above and below 147 

the interface), respectively, a sharp stiffness contrast between the two soil layers is obtained, referring 148 

to a small-strain shear modulus ratio (G0,sand/G0,clay) equal to 8. Further, a quite large G0,clay/cu ratio 149 

around 2300 was obtained for the clay layer. Figure 4 shows the acceleration time-histories of the base 150 

excitations (BE) considered in this study, including sinusoidal excitations of different driving 151 

frequencies and increasing intensity along with a scaled 1995 Kobe earthquake motion. 152 
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 153 

Figure 1. Schematic view of tested pile foundations: (a) single pile and (b) pile group (prototype 154 

dimensions in parentheses) 155 

Figure 2. Sectional view of the centrifuge model with instruments and pile foundation (prototype 156 

dimensions in parentheses) 157 
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Figure 3. (a) Undrained shear strength of clay layer from T-bar test and (b) Maximum shear modulus 158 

of soil layers from air-hammer tests 159 

Figure 4. Acceleration time-histories and corresponding fast Fourier transforms of base excitations 160 

BE1 to BE5 161 
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3 Pseudostatic Modelling Procedure 162 

The pseudostatic model employed herein is presented in Fig. 5 following Tabesh and Poulos [11]. The 163 

Beam on Non-linear Winkler Foundation (BNWF) model consists of a series of linear-elastic Euler-164 

Bernoulli beam elements supported on non-linear p-y spring elements at discrete points to represent the 165 

pile and soil, respectively. The ordinary differential equation of a beam on a Winkler foundation is 166 

given by: 167 

𝐸𝑝𝐼𝑝
𝑑4𝑦𝑝
𝑑𝑧4

− 𝑝(𝑦𝑒𝑙) − 𝐹𝐼 = 0 (1) 

where EpIp is the flexural stiffness of the pile, yp is the pile displacement, p is the soil pressure function, 168 

yel is the spring element’s displacement, referring to the relative displacement between the free-field 169 

soil displacement 𝑦𝑠 and the pile deflection yp (i.e. yel = yp – ys), and FI is the inertial load. 170 

 171 

Figure 5. p-yel model illustration for pseudostatic modelling of a capped pile in multi-layered soils 172 

The continuous form of the equilibrium equation can be solved using the direct stiffness method by 173 

discretising the physical system appropriately. The pseudostatic model considers both kinematic and 174 

inertial loadings in the following manner: 175 

1. Kinematic loading Fk induced from the free field soil lateral displacement ys is modelled 176 

through imposing ys as inhomogeneous boundary conditions on the spring elements as informed 177 

through the maximum soil displacements recorded in the centrifuge tests for a given base 178 
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excitation. It should be noted that the maximum soil displacements at each depth may have 179 

occurred at different times. Values are linearly interpolated where necessary for nodal 180 

displacement values within the discretised Winkler model. 181 

2. Inertial loading FI = Mcap(ÿs) due to the pile cap mass is modelled as a single point load applied 182 

at the pile head , where Mcap is the mass of the pile cap and ÿs can be either the peak ground 183 

acceleration or the peak spectral acceleration recorded in the centrifuge at soil surface for a 184 

given base excitation. 185 

A rotational fixity is assumed at the pile head location for the pile group to simulate pile cap boundary 186 

conditions and for the single pile case the pile head is free to rotate. The lateral soil pressure p is 187 

computed based on yel. The function used to describe the p-yel element depends on the layer in which 188 

the corresponding spring resides. For the present study, American Petroleum Institute (API) [22] 189 

recommended p-y relationships were used for the clay and sand layer, where y = yel. It should be noted 190 

that the p-y  curves in [22] were developed for laterally loaded pile foundations using full-scale 191 

monotonic and cyclic pile-head lateral load field tests on long piles in different soil conditions. For 192 

these reasons, the p-y functions may not be suitable for pile response analysis under dynamic loading. 193 

However, as there are no dynamic p-yel curves recommended in the codes, cyclic p-y relationships are 194 

used in this study as defined by API [22] for simplicity. 195 

3.1 API p-y model for soft clays 196 

The p-yel curves for the clay layer are constructed as a function of the ultimate lateral resistance (pu,1) 197 

and the lateral pile displacement at one-half the ultimate lateral resistance (yc), calculated as yc = 2.5εcd, 198 

where 𝑑 is the diameter of the pile [23]. In the absence of experimental stress-strain curves, a 199 

representative value for εc can be adopted in terms of cu [24]. For an average cu of 11 kPa (Fig. 3(a)), 200 

Sullivan et al. [24] recommended εc = 0.02. For soft clays with constant unit weight and shear strength 201 

in the upper zone of the pile, a transition depth (zr) must be defined to describe the depth at which spring 202 

ultimate capacities shift from a passive wedge-type failure mechanism at shallow depths to a block-type 203 

failure mechanism at greater depths: 204 

𝑧𝑟 =
6𝑐𝑢𝑑

𝛾1
′𝑑 + 𝐽𝑐𝑢

 (2) 

where γ’1 is the unit weight of the clay and J is an experimentally derived dimensionless constant taken 205 

as 0.5 for soft clay [23]. The ultimate capacity of the clay spring element is therefore defined as pu,1 = 206 

pus,1 for  z1 ≤ zr and pu,1 = pud,1  for  z1 > zr, where: 207 

𝑝𝑢𝑠,1 = (3 +
𝛾1
′

𝑐𝑢
𝑧1 +

𝐽

𝐷
𝑧1) 𝑐𝑢𝑑 (3) 

  

𝑝𝑢𝑑,1 = 9𝑐𝑢𝑑 (4) 
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Note that Eq. (2) is obtained by equating Eq. (3) and (4) and setting z1 = zr, where z1 is the depth of the 208 

upper layer spring element. The corresponding API clay function for soil resistance in the first layer 209 

(p1) within the region exhibiting a shallow failure mechanism is described through the piecewise 210 

expression: 211 

  

𝑝1 = {

𝑝𝑢𝑠,1
2

(
𝑦𝑒𝑙
𝑦𝑐
)

1
3⁄

for 𝑦𝑒𝑙/𝑦𝑐 ≤ 3

0.72𝑝𝑢𝑠,1 for 𝑦𝑒𝑙/𝑦𝑐 > 3

 (5) 

For deep failure mechanisms, the API clay spring element is defined by Eq. (6). 212 

𝑝1 =

{
  
 

  
 
𝑝𝑢𝑑,1
2

(
𝑦𝑒𝑙
𝑦𝑐
)

1
3⁄

 for 𝑦𝑒𝑙/𝑦𝑐 ≤ 3

0.72𝑝𝑢𝑑,1 [1 − (1 −
𝑧1
𝑧𝑟
) (
𝑦𝑒𝑙 𝑦𝑐 − 3⁄

12
)]  for 3 < 𝑦𝑒𝑙 𝑦𝑐 ≤ 15⁄

0.72𝑝𝑢𝑑,1 (
𝑧1
𝑧𝑟
)   for  for 𝑦𝑒𝑙/𝑦𝑐 > 15

 (6) 

  

To prevent an initial infinite tangent stiffness with the current API clay p-y definition, the initial stiffness 213 

of the clay spring elements is defined by K1 = 0.5pu,1L1/yc, where L1 is the tributary beam element length 214 

for the clay layer [25] and pu,1 is the appropriate ultimate soil resistance value defined by either Eq. (3) 215 

and (4). 216 

3.2 API p-y model for sands 217 

The method proposed by O’Neill and Murchinson [26] for sands is defined by the hyperbolic tangent 218 

relationship described in Eq. (7).  219 

𝑝2 = 𝐴𝑝𝑢,2tanh (
𝑘𝑧2
𝐴𝑝𝑢,2

𝑦𝑒𝑙) (7) 

where p2 is the soil reaction of the sand layer, A is an adjustment factor and is taken as 0.9 for cyclic 220 

loading, k is the depth-independent coefficient of subgrade reaction, and z2 is the depth of soil elements 221 

in the sand layer. pu,2 is the ultimate lateral resistance of the sand element and is described using the 222 

following expressions: 223 

𝑝𝑢,2 = min (𝑝𝑢𝑠,2, 𝑝𝑢𝑑,2)  (8) 

𝑝𝑢𝑠,2 = (𝐶1𝑧2 + 𝐶2𝑑)𝜎𝑣,2
′   (9) 

𝑝𝑢𝑑,2 = 𝐶3𝑑𝜎𝑣,2
′   (10) 

where C1, C2 and C3 are dimensionless constants which are functions of the sand’s angle of internal 224 

friction ϕ’, and σ’v,2 is the vertical effective stress in the sand (i.e. σ’v,2 =γ'2z2). Details on computing C1, 225 

C2 , C3 and k can be found in [22]. It is important to note that the transition depth of failure type zr for 226 

sands is not explicitly defined and the ultimate lateral resistance is therefore taken as the minimum of 227 
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the two failure definitions as shown in Eq. (8). The initial stiffness of the sand spring elements is defined 228 

as the first derivative of Eq. (7) with respect to yel at zero deflection. 229 

3.3 Soil layering effects 230 

Design standards for laterally loaded piles do not explicitly advise any specific p-y curves to account 231 

for layered soils or any suggestions to modify the above p-y curves of homogeneous soils for use with 232 

layered soils [22]. Therefore, in the presence of layered soils, underlying soil spring element functions 233 

must be modified accordingly to account for the change in vertical stresses imposed by upper soil layers. 234 

For soft clay underlain by dense sand, it is expected that the sand’s strength would be less than what 235 

API’s hyperbolic definition suggests, as the lighter clay imposes a lower overburden pressure at the soil 236 

interface depth than what would be expected in a fully homogeneous dense sand deposit. Therefore, the 237 

p-yel functions describing the sand’s lateral resistance to pile motion must be modified. 238 

In the present study, the upper layer of soft clay is modelled by using the API functions for clay under 239 

cyclic loading [23] without any modifications. Two methods are used to modify the sand’s p-yel curves. 240 

In the first method (Method A), the depth at which API functions for sand are computed is modified by 241 

calculating an equivalent height (h2) above the interface depth H1 that would provide a lateral capacity 242 

equivalent to the original overlying soil layer, as recommended by Georgiadis  [27]. Using z2 = H1 - h2 243 

as the effective groundline depth for API sand functions in Eqs. (7) to (10) ensures that the lateral 244 

capacity above z=H1 is fully considered when deriving the spring functions below the interface depth. 245 

This method is illustrated in Fig. 6 and demonstrates the lateral capacities of the pile-soil interaction 246 

which are defined by the areas within the respective pu functions in Eq. (3), (4), (9) and (10). Equating 247 

the two hatched areas defined by the failure criteria of sand and clay above the interface depth H1, the 248 

appropriate effective depth h2 can be calculated.  249 
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Figure 6. Failure criteria for (a) shallow sand failure, and (b) deep sand failure 250 

Denoting the hatched areas in Fig. 6 as F1, the lateral capacity of the soft clay can be expressed 251 

analytically as follows: 252 

𝐹1 = ∫ 𝑝𝑢𝑠,1𝑑𝑧
𝑧𝑟

0

+∫ 𝑝𝑢𝑑,1𝑑𝑧
𝐻1

𝑧𝑟

= ∫ 𝑝𝑢,2𝑑ℎ
ℎ2

0

 (11) 

where h2 is the effective depth of sand to be solved for. Note that the clay layer below zr has constant 253 

ultimate lateral resistance proportional to the undrained shear strength, as defined by Eq. (4). It is also 254 

important to note that h2 varies depending on the failure function for the ultimate resistance of the sand, 255 

as shown in figure 6(a) and 6(b). As it was not specified in Georgiadis [27] which failure definition 256 

should be considered for the given stratum, both shallow and deep failure definitions are evaluated for 257 
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the underlying dense sand layer. Solving Eq. (11) gives h2 = 3.07 m for the shallow sand failure criterion 258 

from Eq. (9), and h2 = 1.40 m from the deep failure criterion Eq. (10). 259 

In method B, the layering effect is considered by imposing the upper clay layer as an overburden stress 260 

on the lower sand layer through a modification in Eq. (9) to (10) such that the sand’s ultimate resistance 261 

increases (i.e. σ’v,2 = γ'2z2 + γ'1H1) and the effective depth z2 of the lower layer springs is now measured 262 

from the interface depth. This method will result in a lower bound value for the ultimate resistance of 263 

the sand layer, as suggested by Georgiadis [27]. 264 

The model is solved under both kinematic and inertial loading through non-homogenous boundary 265 

conditions and a nodal point load, respectively. The global secant stiffness matrix is computed based 266 

on Euler-Bernoulli beam theory and the secant stiffness kel of each spring’s p-yel curve kel = p/yel, where 267 

the displacement and moment profiles of the pile are computed by iteration. The pseudostatic model is 268 

developed in MATLAB’s coding environment. 60 clay spring elements and 30 sand spring elements 269 

are evenly spaced across H1 and H2 respectively. A sensitivity study showed that additional springs had 270 

negligible influence on the global response of the pile. 271 

4 Pile group effects on p-y curves 272 

The term ‘group effects’ refers to the influence piles exert on the behaviour of nearby piles. The p-yel 273 

relationships discussed above are applicable only for single piles. Pile groups under lateral loads will 274 

generally exhibit less lateral capacity than the sum of the lateral capacities of the individual piles. This 275 

is due to the so-called “shadowing” effect, referring to the interference of the failure planes of the piles 276 

in trailing rows with the failure planes of the piles in front of them. For this reason, the piles in the 277 

trailing rows exhibit less lateral resistance [28]. Similar to the behaviour of pile groups under axial 278 

loads, the group efficiency of laterally loaded pile groups increases with the ratio of pile spacing (s) 279 

over pile diameter (d). Rollins et al. [28] recommends that pile group effects under lateral loading may 280 

be considered negligible for a pile spacing of the order of 6d ~ 8d. For lower values of piles’ spacing, 281 

the “shadowing” effect is usually treated by employing an efficiency factor, commonly referred to as 282 

p-multipliers within the p-y curve concept. This relates the force driving the pile group to the force 283 

required to displace a single pile an equal distance [29]. The p-yel curves for the piles in a group are 284 

modified using p-multipliers, which reduce both the stiffness and the ultimate lateral capacity of the 285 

piles in a group with respect to the single pile case. 286 

Table 1 provides a summary of pile group p-multipliers proposed by various researchers based 287 

on physical model and field tests in clays and sands for pile groups subjected to monotonic and cyclic 288 

lateral loads at the pile head. A more comprehensive list of p-multipliers can be found in [30]. 289 
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Table 1. Group interaction factors under lateral loads from previous studies. 290 

Study Soil type Pile spacing 

Group 

efficiency 

factor 

p-multipliers by row 

Row 1 Row 2 Row 3 Row 4 

Brown et al. [31]  Clay 3d 0.68–0.80 0.70 0.60 0.50 - 

Rollins et al. [32] Clay 2.83d 0.59-0.80 0.60 0.38 0.43 - 

Snyder [33] Clay 3.92d 0.85-0.90 1.00 0.81 0.59 0.71 

Rollins et al. [34]  

 

Clay 3.3d 0.45-0.67 0.90 0.61 0.45 0.45 

Clay 4.4d 0.75-1.00 0.90 0.80 0.69 0.73 

Clay 5.65d 0.87-0.90 0.94 0.88 0.77 - 

Brown et al. [29] Sand 3d 0.63-0.70 0.80 0.40 0.30 - 

Ruesta and Townsend [35]  Sand 3d 0.60-0.91 0.80 0.70 0.30 0.30 

Rollins et al. [28] Sand 3.3d 0.72-0.935 0.80 0.40 0.40 - 

As Table 1 shows, p-multipliers for the leading-row piles are significantly higher than those for the 291 

trailing-row piles. It is important to ensure that the head fixity condition of a single pile and pile groups 292 

is similar before implementing any efficiency factors, as the pattern of flexural deformation will be 293 

fundamentally different between the two. Literature related to p-multipliers under time-varying 294 

dynamic loading conditions is limited (e.g., [36]). 295 

5 Acceleration response of soil strata and pile foundations 296 

Figure 7a shows the peak acceleration measured at different depths of soil strata during each base 297 

excitation (BE1–BE5) in K and K+I centrifuge flights. The peak soil displacement profile, determined 298 

by double integration of the recorded soil accelerations, is shown in Fig. 7b. The amplification of motion 299 

as shear waves propagate from the dense sand layer to the surface of the soft clay layer can be clearly 300 

seen in Figs. 7a and 7b. More details about the dynamic response of tested soil-strata and the comparison 301 

of response from centrifuge soil-strata with one-dimensional seismic ground response analysis can be 302 

found in Garala and Madabhushi [37]. Figure 8 shows the acceleration response at the soil surface and 303 

the pile-cap as recorded during the two flights of centrifuge testing (see Fig. 2 for accelerometer 304 

locations). The soil-strata responded similarly in both flights, except for BE4 excitation. As expected, 305 

the pile accelerations are different in K flight and K+I flight, with the pile acceleration amplitude being 306 

larger in K+I flight compared to K flight in most cases due to the presence of inertial loads in K+I flight. 307 
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However, for the single pile, the pile accelerations in K+I flight are smaller than in K flight at some 308 

loading cycles during BE2, BE4 and BE5 excitations. This is due to the phase difference between the 309 

kinematic and inertial loads. For the same tested pile foundations, Garala and Madabhushi [18] has 310 

shown that there is a significant phase difference between the kinematic and inertial loads for the single 311 

pile during BE2, BE4 and BE5 excitations and hence the pile accelerations in K+I flight are smaller 312 

than those in K flight. For all other cases, the kinematic and inertial loads act together or with smaller 313 

phase difference, leading to larger pile accelerations in K+I flight compared to K flight. The significant 314 

phase difference between the kinematic and inertial loads also leads to lower pile bending moments as 315 

the piles are vibrating with smaller acceleration amplitudes. More details about the phase difference 316 

between the kinematic and inertial loads and its influence on pile accelerations and bending moments 317 

can be found in Garala and Madabhushi [18]. 318 

Figure 7. (a) peak accelerations and (b) peak displacements in the soil strata at different depths 319 
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 320 

Figure 8. Acceleration time histories of (a) soil surface, (b) single pile, and (c) pile group during 321 

different excitations in K and K+I flights 322 

6 Kinematic pile bending moments 323 

In centrifuge experiments, strain gauges distributed along the pile continuously measure the bending 324 

moments during different base excitations for both the single and pile group (end piles only, see Fig. 1) 325 

for both flights. The measured bending moments in the K flight are considered as the kinematic pile 326 

bending moments (Mk). Bending at the pile tip is assumed to be zero for both the single pile and end 327 

piles in the group for both flights and only the response measured by one end pile in a group is used for 328 

the numerical comparison. 329 

Mk from the pseudostatic model is determined using Method A and Method B by considering no inertial 330 

load at the pile cap location. Figures 9 and 10 show the comparison of peak Mk from centrifuge data 331 
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and the pseudostatic model for the single pile and pile group, respectively. As Fig. 9 shows, the results 332 

from the numerical model always underestimate the peak Mk of the single pile. Compared to the peak 333 

Mk of the single pile determined from centrifuge experiments, the numerical study based on Method A 334 

(with shallow failure criteria) under-predicts the peak Mk by a minimum of 32% (during BE1) and 335 

maximum of 82% (during BE4). Similarly, Method A (with deep failure criteria) underestimates the 336 

peak Mk by a minimum of 32% (during BE1) and maximum of 79% (during BE5). The peak Mk of the 337 

single pile from the numerical study based on Method B underestimates the peak Mk by a minimum of 338 

50% (during BE1) and maximum of 87% (during BE5) in comparison to centrifuge data. It can also be 339 

derived from Fig. 9 that the percentage difference between peak Mk from the pseudostatic model based 340 

on Method A (with shallow failure criteria) and Method B is a minimum of 21% (during BE3) and 341 

maximum of 40% (during BE2) for the single pile. Similarly, the percentage difference between Method 342 

A’s shallow and deep failure criteria is a minimum of 10% (during BE2) and maximum of 27% (during 343 

BE3) for the single pile. For the pile group, the pseudostatic method under-predicts the peak Mk by a 344 

minimum of 5% (during BE1) and maximum of 80% (during BE3) using both Method A and Method 345 

B in comparison to centrifuge data (see Fig. 10). The maximum percentage difference between peak Mk 346 

from the numerical study based on Method A (deep failure criteria) and Method B is 46% (during BE1) 347 

for the pile group. This indicates that the earthquake intensity and pile cap rotational constraint critically 348 

govern the accuracy of the pseudostatic results. For the pile group with pile cap rotational constraint, 349 

the difference between Method A and Method B is negligible for larger intensity earthquakes. While 350 

computing Mk for the pile group from the numerical method, no p-multipliers were used for pile groups 351 

as group effects are usually neglected for the kinematic loads [2,38]. Therefore, it is clear from Figs. 9 352 

and 10 that the pseudostatic method highly underestimated the kinematic pile bending moments for 353 

both the single pile and pile group and the difference increases with the intensity of the excitation. This 354 

is to be expected as the adopted code-based p-y curves are not developed for seismic kinematic loads. 355 

For evaluating pile bending under seismic kinematic loads, several simplified procedures and analytical 356 

solutions have been proposed in the literature. Margason and Halloway [39] assumed that the pile 357 

foundation follows the surrounding soil motion during earthquakes and evaluated the pile bending 358 

response based on the free-field soil curvatures using the finite-difference method. Despite its 359 

simplicity, the Margason and Halloway [39] method showed satisfactory performance in predicting the 360 

pile head moment in homogeneous or two-layer soils with the soil interface at deeper depths [40,41]. 361 

Nevertheless, the Margason and Halloway [39] method is not useful for a layered soil profile with sharp 362 

stiffness contrast between the layers. In this case, Dobry and O’Rourke [42], Nikolaou et al. [43], 363 

Mylonakis [44], Nikolaou et al. [2]  and Di Laora et al. [45], Di Laora and Rovithis [46],among others, 364 

have proposed closed-form solutions for evaluating the peak Mk based on beam on Winkler foundation 365 

or finite-element analyses. Garala et al. [14] evaluated the accuracy of these analytical and numerical 366 

solutions by comparing with experimental centrifuge data. The study of Garala et al. [14] revealed that 367 
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only a few methods in the literature can reasonably estimate the peak Mk. The importance of considering 368 

soil nonlinearity effects and accurate shear strains at the interface of soil layers for a reliable assessment 369 

of the kinematic pile bending moment from the methods in existing literature is also highlighted in 370 

Garala et al. [14]. 371 

 372 

Figure 9. Comparison of kinematic pile bending moments obtained from centrifuge experiment and 373 

numerical study for single pile 374 

 375 

Figure 10. Comparison of kinematic pile bending moments obtained from centrifuge experiment and 376 

numerical study for pile group 377 

7 Combined kinematic and inertial effects 378 

For computing the pseudostatic inertial force at the pile head, either maximum free field soil 379 

acceleration or peak spectral acceleration can be considered along with the mass of the pile cap. In the 380 

case of liquefiable soils, Abghari and Chai [9] found that considering the spectral acceleration for the 381 

inertial force resulted in the overestimation of pile response. On the other hand, Tabesh and Poulos [11] 382 

recommended to consider either peak ground acceleration or peak spectral acceleration depending on 383 
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the relevance between the dominant period of the pile-cap-soil system and the frequency content of the 384 

surface motion. According to Tabesh and Poulos [11], the former may be approximated by the 385 

expression T=2π√(Mcap/Kx), where Kx is the lateral head stiffness of the pile. However, the above 386 

expression involving a crude approximation of reducing the mass of the supporting structure to a pile-387 

cap mass should be used with caution as any eccentricity of the superstructure mass may have an 388 

important effect on the response. In this regard, the above authors suggested that for the case of 389 

relatively small pile-cap masses, the natural frequency of pile-cap-soil system may not be within the 390 

dominant frequencies of the ground surface motion, denoting negligible inertial effects. For such cases, 391 

the free-field soil motion governs pile behaviour, and the pseudostatic analysis can be performed by 392 

considering the peak ground acceleration at soil surface. For larger pile-cap masses that can have 393 

dominant frequencies close to the dominant frequencies of surface motion, inertial effects may be 394 

significant. Under these circumstances, Tabesh and Poulos [11] recommended to consider the peak 395 

spectral acceleration rather than the maximum soil surface acceleration as considering peak spectral 396 

acceleration can yield a conservative result. The recommendations of Tabesh and Poulos [11] suggest 397 

that the ground natural frequency and that of the pile cap-structure govern whether kinematic or inertial 398 

loads dominate. The studies of Adachi et al. [47] and Tokimatsu et al. [48] also recommend that whether 399 

kinematic or inertial loads dominate is a function of the relevance between the natural frequencies of 400 

the soil and the pile-supported  superstructure. However, recently, Garala and Madabhushi [18] 401 

concluded that whether kinematic or inertial loads dominate pile response is independent of the natural 402 

frequency of the soil and the phase relationship between the kinematic and inertial loads follows the 403 

conventional force-displacement phase variation for a viscously damped simple oscillator excited by a 404 

harmonic force. In this study, to keep the analysis simple, the kinematic and inertial loads are assumed 405 

to act together on the pile foundations, indicating in-phase loading conditions. Further, due to the 406 

uncertainty in choosing the peak soil surface acceleration or the peak spectral acceleration for 407 

computing the inertial force in pseudostatic analysis, both are considered in this study and the 408 

quantitative difference between the two is evaluated by comparing the results with centrifuge data.  409 

First, the maximum soil surface acceleration from centrifuge experiments was considered to compute 410 

the pseudostatic inertial force. Figure 11 shows the comparison of centrifuge data and the pseudostatic 411 

model for the single pile. The numerical results based on Method A (both shallow and deep failure 412 

criteria) and Method B for combined kinematic and inertial loads can be seen along with the pure inertial 413 

loads. Table 2 shows the under-prediction (negative values) or over-prediction (positive values) of peak 414 

bending moment by the pseudostatic analysis in comparison with the peak bending moment from 415 

centrifuge data. As Fig. 11 and Table 2 indicate, the pseudostatic analysis based on peak ground 416 

acceleration under-estimates the peak bending moment during all earthquakes. The difference between 417 

the experimental values and the numerical study is relatively lower in those excitations where the pile 418 

bending moment is smaller due to the significant phase difference between the kinematic and inertial 419 
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loads (BE4 and BE5 excitations), see Garala and Madabhushi [18] for more details about the influence 420 

of phase difference between kinematic and inertial loads on pile bending moments. Further, the 421 

maximum percentage difference between Method A (shallow criteria) and Method B in the pseudostatic 422 

models is only 5.5% (during BE5) for the single pile. Similarly, the maximum percentage difference 423 

between shallow and deep failure criteria in Method A is only 2.1% (during BE5) for the single pile. 424 

This suggests that there is no significant difference in peak bending moment predicted by considering 425 

either the top-layer as overburden or an equivalent depth for the bottom layer, following Georgiadis 426 

[27] procedure with shallow or deep failure criteria to account for soil-layering effects. It should be 427 

noted that this might be valid only for the case of soils with significant stiffness contrast between the 428 

layers. Also, it can be observed from Table 2 that there is no significant difference between pseudostatic 429 

results from Method A/Method B and pure inertial loads. This is due to the inability of the current 430 

numerical model in capturing the actual pile kinematic response, as discussed above.  431 

 432 

Figure 11. Comparison of pile bending moments obtained from centrifuge experiment and numerical 433 

study for single pile 434 

For the case of the pile group, the reduction of stiffness and ultimate capacity is accounted for through 435 

p-multipliers, as discussed earlier. Table 1 shows the p-multipliers proposed by various researchers for 436 

pile groups under non-dynamic lateral loads in sands and clays. As a single row pile group is tested in 437 

the centrifuge experiments, an average conservative value of the p-multiplier (p) of 0.7 is considered 438 

for both the clay and sand layers from Table 1, given that p-multipliers depend primarily on piles’ 439 

spacing rather than soil layering [12]. Figs. 12 and 13 show the comparison of peak pile bending 440 

moments computed from pseudostatic analysis and centrifuge data for p = 1 (i.e., neglecting group 441 

effects) and p = 0.7, respectively. Table 3 shows the under-prediction (negative values) or over-442 

prediction (positive values) in peak bending moment by the pseudostatic analysis in comparison to the 443 

peak bending moment from centrifuge data. It is clear from Figs. 12 and 13 and Table 3 that the 444 
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pseudostatic analysis can better predict the peak bending moment in the piles of a pile group compared 445 

to a single pile. Further, considering the group effects through p-multipliers will increase the magnitude 446 

of overprediction for certain excitations (BE1 to BE3) and reduces the difference between actual (or 447 

centrifuge) and model predicted moments for large intensity excitations (BE4 and BE5), as shown in 448 

Table 3.  As can be seen from experimental data in Fig. 12, the piles in a pile group will have significant 449 

bending moments both at the interface of layered soils and at shallower depths close to the pile cap. 450 

Though the pseudostatic model captures well the peak bending moment at the shallower depths, it 451 

highly underestimates the peak bending moment at the interface of layered soils, especially during 452 

medium to large intensity base excitations. This is again due to the inability of the pseudostatic model 453 

in capturing the true kinematic pile response. Further support on the above is also provided by the 454 

negligible difference between the peak bending moment values determined by considering both 455 

kinematic and inertial loads and by inertial loads alone (see Table 3). Further, similar to the case of the 456 

single pile, the maximum percentage difference between peak bending values from Method A (deep 457 

failure criteria) and Method B in numerical analysis is only 1.3% (BE1). Nevertheless, Method A 458 

predicted the peak bending moments at the interface of layered soils slightly better than Method B 459 

though none of the methods can capture the true kinematic pile response (see Figs. 12 and 13). This 460 

indicates that soil layering effects can be considered either by equivalent depth approach or just by 461 

considering the top layer as overburden on the bottom layer for the case of soil strata with significant 462 

stiffness contrast for the fixed-head pile group. Nevertheless, this approach will not predict the peak 463 

bending moments at the interface of layered soils to an acceptable level. 464 

Table 2. Quantitative comparison of peak bending moment from pseudostatic analysis with the peak 465 

bending moment from centrifuge experiments for single pile (K+I flight) 466 

Base 

excitation 

Method A 

(Shallow failure) 

Method A 

(Deep failure) 

Method B 

(K+I loading) 

Method B  

(I loading) 

BE1 -26.2% -27.3% -29% -29.4% 

BE2 -49.8% -50.3% -51.2% -51.8% 

BE3 -66.8% -67% -67.8% -67.8% 

BE4 -5.4% -5.4% -5.4% -4.2% 

BE5 -29.7% -31.1% -33.4% -35.5% 

(‘- ve’ sign indicates the under-prediction in comparison to experimental value and vice-versa) 467 
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 468 

Figure 12. Comparison of pile bending moments obtained from centrifuge experiment and numerical 469 

study for a pile in pile group with p-multiplier (p) = 1 470 

 471 

Figure 13. Comparison of pile bending moments obtained from centrifuge experiment and numerical 472 

study for a pile in pile group with p-multiplier (p) = 0.7 473 

Table 3. Quantitative comparison of peak bending moment from pseudostatic analysis with the peak 474 

bending moment from centrifuge experiments for pile group (K+I flight) 475 

Base 

excitation 

p-multiplier = 1 p-multiplier = 0.7 

Method A 

(Shallow failure) 

Method B 

(K+I loading) 

Method B 

(I loading) 

Method A 

(Shallow failure) 

Method B 

(K+I loading) 

Method B 

(I loading) 

BE1 132.7% 130.6% 118.5% 158.9% 164.2% 153.8% 

BE2 52.1% 50.7% 32.4% 65% 67.6% 49.1% 

BE3 8.3% 7.3% -2.7% 19.6% 18.9% 9.3% 

BE4 -20.2% -20.4% -30.8% -15.7% -14.6% -22.7% 
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BE5 -24.9% -25.6% -37.4% -20% -18.5% -28.2% 

(‘- ve’ sign indicates the under-prediction in comparison to experimental value and vice-versa) 476 

Figs. 11 to 13 suggest that considering the peak ground acceleration at soil surface in computing the 477 

pseudostatic inertial force might result in satisfactory results only for the pile group, but not for the free-478 

headed single pile. Therefore, to further investigate the suitability of the pseudostatic approach, peak 479 

spectral accelerations are considered for computing the pseudostatic inertial forces for the base 480 

excitations under consideration. Figure 14 shows the spectral accelerations computed for 10% and 20% 481 

damping from the recorded soil surface accelerations. Pile response from pseudostatic analysis is 482 

computed by considering the peak spectral acceleration magnitude for each base excitation from         483 

Fig. 14. It is important to note that for low damping ratios (≤10%), some inertial loads 𝐹1 were too large 484 

for numerical compliance, and therefore are not shown in the study. 485 

 486 

Figure 14. Spectral accelerations determined from soil surface accelerations for 10% and 20% 487 

damping ratios 488 

Figures 15 and 16 show the comparison of peak bending moments of the single pile from experiments 489 

and the pseudostatic model by considering inertial forces computed from peak spectral accelerations at 490 

10% and 20% damping, respectively. Method A with deep failure criteria and pure inertial loads are not 491 

considered while plotting Figs. 15 and 16 due to the smaller difference between deep failure and shallow 492 

failure criteria from Method A and between kinematic and inertial loads and inertial loads alone from 493 

Method B, as discussed earlier. Table 4 shows the under-prediction (negative values) or over-prediction 494 

(positive values) of peak bending moment by the numerical analysis in comparison to the peak bending 495 

moment obtained from centrifuge experiments. The pseudostatic model failed for BE4 excitation with 496 

10% damping due to larger inertial forces and hence no values were reported for this case in Fig. 15 497 

and Table 4. As Fig. 15 and Table 4 shows, the bending moments determined from numerical analysis 498 

highly overestimate the bending moment value from centrifuge experiments for the single pile at 10% 499 

damping. However, the pseudostatic model resulted in an acceptable bending moment value at 20% 500 
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damping for the single pile, as shown in Fig. 16 and Table 4. As the clay is very soft, 20% damping 501 

seems quite acceptable. Nevertheless, the location of peak bending moment is not the same from 502 

centrifuge experiments and numerical analysis for the single pile as shown in Figs. 15 and 16. Therefore, 503 

considering inertial forces from peak spectral acceleration magnitudes with appropriate damping in the 504 

pseudostatic analysis might result in obtaining a peak bending moment value close to that of the actual 505 

value for a free-headed single pile. Nevertheless, the location of peak bending moment may not be 506 

accurate from the pseudostatic analysis for piles in layered soils.  507 

 508 

Figure 15. Comparison of pile bending moments obtained from centrifuge experiment and numerical 509 

analysis for single pile from spectral accelerations with 10% damping 510 

 511 

Figure 16. Comparison of pile bending moments obtained from centrifuge experiment and numerical 512 

analysis for single pile from spectral accelerations with 20% damping 513 
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For the case of the pile group, Figs. 12 and 13 and Table 3 show that considering the peak ground 514 

acceleration for computing the pseudostatic inertial force will result in an acceptable peak pile bending 515 

response for certain excitations (BE1 to BE3). Obviously, considering the spectral acceleration even at 516 

higher damping of 20% will result in a highly conservative peak bending value for the pile group, as 517 

shown in Figure 17 and Table 5. However, considering the spectral acceleration for the pile group 518 

improved the efficiency of the pseudostatic model in capturing the pile bending response at the interface 519 

of layered soils. As Fig. 17 shows, there is a relatively smaller difference in peak bending moment value 520 

between the numerical study and experimental data at the interface of layered soils compared to the 521 

corresponding difference shown in Figures 12 and 13. For smaller intensity excitations, the numerical 522 

analysis over-predicted the bending moment at the interface of layered soils, for example by 150% 523 

during BE1 by Method B with p = 0.7. However, at larger intensity excitations, the maximum difference 524 

between the experimental value and numerical analysis is -51% during BE5 (Method B with p = 1). 525 

Table 4. Quantitative comparison of peak bending moment from pseudostatic analysis using spectral 526 

acceleration with the peak bending moment from centrifuge experiments for single pile 527 

Base 

excitation 

10% Damping 20% Damping 

Method A 

(Shallow failure) 

Method B 

(K+I loading) 

Method A 

(Shallow failure) 

Method B 

(K+I loading) 

BE1 133.3% 130.4% 32.6% 30.1% 

BE2 277.1% 70.2% 37.8% 39.4% 

BE3 117.4% 39.2% -21.3% -19.8% 

BE4 - - 138.4% 120.7% 

BE5 122.8% 125.6% 38.8% 37.3% 

(‘- ve’ sign indicates the under-prediction in comparison to experimental value and vice-versa) 528 

 529 

Figure 17. Comparison of pile bending moments obtained from centrifuge experiment and numerical 530 

analysis for pile group from spectral accelerations with 20% damping 531 
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Table 5. Quantitative comparison of peak bending moment from pseudostatic analysis using spectral 532 

acceleration with the peak bending moment from centrifuge experiments for pile group 533 

Base 

excitation 

p-multiplier = 1 p-multiplier = 0.7 

Method A 

(Shallow failure) 

Method B 

(K+I loading) 

Method A 

(Shallow failure) 

 Method B 

(K+I loading) 

BE1 297.1% 293.9% 346.7% 353.9% 

BE2 207.2% 210.2% 233.8% 2.42% 

BE3 97% 100.2% 116% 122.8% 

BE4 40.9% 46% 53.1% 63.8% 

BE5 24.8% 24.2% 34.7% 36.4% 

(‘- ve’ sign indicates the under-prediction in comparison to experimental value and vice-versa) 534 

8 Conclusions 535 

The efficacy of pseudostatic approaches in the seismic analysis of pile foundations in layered soils is 536 

discussed in this study by comparing the performance of pseudostatic models with centrifuge records. 537 

The latter were obtained from centrifuge tests on a single pile and a 1 × 3 row pile group at 60g to 538 

evaluate the pile bending moments due to kinematic and inertial loads. The soil profile consists of a soft 539 

clay layer underlain by dense sand. A finite element model for pseudostatic analysis was developed that 540 

consists of a series of linear-elastic Euler-Bernoulli beam elements and non-linear p-y spring elements 541 

at discretised points taking the form of a BNWF model. In this study, API [22] recommended p-y 542 

relationships for the laterally (monotonic or cyclic) loaded piles were used for the clay and sand layer. 543 

The pseudostatic model considers both kinematic and inertial loads by considering peak free-field soil 544 

displacements and maximum inertial loads at the pile head, respectively. The effect of soil layering on 545 

p-yel relationships was accounted for by considering the concept of equivalent depths proposed by 546 

Georgiadis [27] and by considering the top-layer as an overburden on the bottom layer. Pile-group 547 

effects in soil-pile interaction were accounted for by reducing the stiffness and ultimate capacity of the 548 

pile group using the concept of p-multipliers. The following are the observations from this study: 549 

 As expected, the adopted BNWF model implementing the API (2014) p-y relationships was not 550 

able to capture the kinematic pile bending at the interface of the examined layered soil profile, 551 

as the above p-y curves refer to piles in homogeneous soils subjected to monotonic or cyclic 552 

loads. In this regard, the numerical model under-predicted the kinematic pile bending moments 553 

in the range of 32% to 87% depending on the intensity of base excitations. 554 

 The peak bending moments computed for combined kinematic and inertial loads from 555 

pseudostatic analysis using inertial forces computed from peak ground acceleration at soil 556 

surface may under-predict the value for a free-headed single pile by 4.2% to 67.8% depending 557 

on the procedure followed to incorporate the soil layering effects. However, for the pile group, 558 
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the proposed pseudostatic model can over-predict the peak bending (when pile group effects 559 

are disregarded by setting the p-multiplier at 1) in the range of 7.3% to 132.7% for small to 560 

medium intensity excitations and underestimates the peak bending by 2.7% to 37.4% for larger 561 

intensity excitations. The performance of the pseudostatic model for the pile group can be 562 

improved by considering appropriate average p-multipliers to account for pile group effects. 563 

 Irrespective of single pile or pile group, it was observed that the pseudostatic model failed at 564 

capturing the actual pile bending moments at the interface of layered soils when the inertial 565 

force was derived from peak ground acceleration at the soil surface. 566 

 On the contrary, the performance of the pseudostatic model for the single pile was improved 567 

when the peak spectral acceleration was considered to derive the inertial force acting at the pile-568 

head. Using this approach, the pseudostatic model mostly over-predicted the actual bending 569 

moments, and the percentage difference depended on the damping considered while computing 570 

the peak spectral accelerations from measured soil surface accelerations. This is valid even for 571 

the piles in a pile group. 572 

 While incorporating the soil layering effects, a significant difference between Georgiadis [27] 573 

shallow and deep failure criteria was observed while computing the peak kinematic pile 574 

bending moments. However, in the presence of both kinematic and inertial loads, the maximum 575 

percentage difference between values computed from Georgiadis [27] shallow and deep failure 576 

criteria is only 2.1%. Similarly, the difference between Georgiadis [27] approach and the 577 

overburden approach is significant in the presence of kinematic loads alone, but negligible in 578 

the presence of both kinematic and inertial loads for most cases. This is true only while 579 

comparing the peak bending moment values. 580 

Overall, during small intensity base excitations and for non-resonance conditions, the code 581 

recommended p-y curves results in an acceptable range of peak bending moment values in comparison 582 

to centrifuge data for a free-headed single pile and piles within a pile group by considering peak ground 583 

acceleration in pseudostatic methods. However, at large intensity excitations where the soil behaviour 584 

is highly non-linear, a reasonable estimation of pile bending moments can be made from pseudostatic 585 

methods by considering peak spectral accelerations while computing the pseudostatic inertial forces. 586 

Further, as discussed in this article, the soil layering effects on p-y curves can be accounted for either 587 

by implementing the Georgiadis [27]  suggestions or by treating the top layer as an over-burden on 588 

bottom layer (for soil profiles similar to the one discussed in this article). Nevertheless, both theories 589 

account for the effect of overlying layers on the lower layers but not vice-versa. Relevant studies based 590 

on finite element simulations (e.g., [50]) have demonstrated that layering effects can act in two 591 

directions, namely that the p-y response of the upper layers can also be affected by the presence of lower 592 

layers. This aspect of soil layering effects is not considered in the equivalent depth approach proposed 593 

by Georgiadis [27] or where the top layer is treated as an overburden on the bottom layer. Furthermore, 594 
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it should be mentioned that the seismic response of pile foundations is governed by lateral motions and 595 

axial stresses induced by rocking of the single pile, or group, on piles of a pile group. Lateral motion in 596 

only one direction is considered in this analysis, and a more realistic seismic pile behaviour can be 597 

captured by modelling both lateral motion and rocking together. Moreover, the model’s modular 598 

framework can include alternative monotonic p-y functions to encapsulate soil-structure interaction, 599 

such as PISA [51] and CPT-based derivations [52–54], which may be more appropriate for pseudostatic 600 

analysis in layered soil deposits. However, only soil stiffness is considered in such models, and 601 

advanced analysis in the time domain can be performed by incorporating dashpots and hysteretic soil 602 

elements to capture the dynamic response of the soil-structure system more appropriately.  603 

Acknowledgements 604 

The first author wishes to acknowledge funding for their PhD under EP/R513283/1 EPSRC Standard 605 

Research Scholarship (DTP) at the Faculty of Engineering, University of Nottingham, UK.  606 

References 607 

[1] Mizuno H. Pile damage during earthquakes in Japan. ASCE Geotech Publ 1985:53–78. 608 

[2] Nikolaou S, Mylonakis G, Gazetas G, Tazoh T. Kinematic pile bending during earthquakes: Analysis and 609 
field measurements. Geotechnique 2001;51:425–40. https://doi.org/10.1680/geot.2001.51.5.425. 610 

[3] EC8. Design Provisions for Earthquake Resistance of Structures, Part 5: Foundations, Retaining 611 
Structures and Geotechnical Aspects. CEN Eur Comm Stand 2000;CEN/TC250. 612 

[4] Poulos HG. Designing piles for seismic events. DFI Melb 2017:1–28. 613 

[5] Winkler E. Die Lehre von Elastizitat und Festigkeit (on Elasticity and Fixity). Dominicus, Prague: 1867. 614 

[6] Kampitsis AE, Sapountzakis EJ, Giannakos SK, Gerolymos NA. Seismic soil–pile–structure kinematic 615 
and inertial interaction—A new beam approach. Soil Dyn Earthq Eng 2013;55:211–24. 616 
https://doi.org/10.1016/J.SOILDYN.2013.09.023. 617 

[7] Prendergast LJ, Gavin K. A comparison of initial stiffness formulations for small-strain soil–pile dynamic 618 
Winkler modelling. Soil Dyn Earthq Eng 2016;81:27–41. https://doi.org/10.1016/j.soildyn.2015.11.006. 619 

[8] Rovithis E, Kirtas E, Pitilakis K. Experimental p-y loops for estimating seismic soil-pile interaction. Bull 620 
Earthq Eng 2009;7:719–36. https://doi.org/10.1007/s10518-009-9116-7. 621 

[9] Abghari A, Chai J. Modeling of soil-pile-superstructure interaction for bridge foundations. Perform. Deep 622 
Found. under Seism. Load., 1995, p. 45–59. 623 

[10] Dowrick DJ. Earthquake resistant design. A manual for engineers and architects. Publ Wiley Sons, Ltd 624 
1977. 625 

[11] Tabesh A, Poulos HG. Pseudostatic Approach for Seismic Analysis of Single Piles. J Geotech 626 
Geoenvironmental Eng 2001;127:757–65. https://doi.org/10.1061/(asce)1090-0241(2001)127:9(757). 627 

[12] Castelli F, Maugeri M. Simplified approach for the seismic response of a pile foundation. J Geotech 628 
Geoenvironmental Eng 2009;135:1440–51. https://doi.org/10.1061/(ASCE)GT.1943-5606.0000107. 629 

[13] Schofield AN. Cambridge Geotechnical Centrifuge Operations. Geotechnique 1980;30:227–68. 630 
https://doi.org/10.1680/geot.1980.30.3.227. 631 

[14] Garala TK, Madabhushi SPG, Di Laora R. Experimental investigation of kinematic pile bending in layered 632 
soils using dynamic centrifuge modelling. Géotechnique 2020:1–16. 633 
https://doi.org/10.1680/jgeot.19.p.185. 634 



Published in Soil Dynamics and Earthquake Engineering 153 2022 107110 

 

[15] Madabhushi SPG, Haigh SK, Houghton NE. A new automated sand pourer for model preparation at 635 
University of Cambridge. Proc. Int. Conf. Phys. Model. Geotech., 2006, p. 217–222. 636 

[16] Garala TK. Seismic Response of Pile Foundations in Soft Clays and Layered Soils. (Doctoral Thesis) 637 
University of Cambridge, 2020. https://doi.org/doi.org/10.17863/CAM.52405. 638 

[17] Ghosh B, Madabhushi S. An efficient tool for measuring shear wave velocity in the centrifuge. Int. Conf. 639 
Phys. Model. Geotech., St. Johns, Newfoundland: Balkema; 2002, p. 119–24. 640 

[18] Garala TK, Madabhushi SPG. Influence of phase difference between kinematic and inertial loads on 641 
seismic behaviour of pile foundations in layered soils. Https://DoiOrg/101139/Cgj-2019-0547 2020:1–642 
18. https://doi.org/10.1139/CGJ-2019-0547. 643 

[19] Hardin BO, Drnevich VP. Shear Modulus and Damping in Soils: Measurement and Parameter Effects. 644 
ASCE J Soil Mech Found Div 1972;98:603–24. https://doi.org/10.1016/0022-4898(73)90212-7. 645 

[20] Viggiani G, Atkinson JH. Stiffness of fine-grained soil at very small strains. Geotechnique 1995;45:249–646 
65. https://doi.org/10.1680/geot.1995.45.2.249. 647 

[21] Oztoprak S, Bolton MD. Stiffness of sands through a laboratory test database. Geotechnique 2013;63:54–648 
70. https://doi.org/10.1680/GEOT.10.P.078. 649 

[22] API. RP 2GEO: Geotechnical and foundation design considerations. Washington, DC, USA: API: 2014. 650 

[23] Matlock H. Correlation for Design of Laterally Loaded Piles in Soft Clay. Offshore Technol. Conf., 651 
Houston, Texas: OTC; 1970. https://doi.org/10.4043/1204-MS. 652 

[24] Sullivan WR, Reese LC, Fenske CW. Unified method for analysis of laterally loaded piles in clay. 653 
Electron. Ind., London. London: Institution of Civil Engineers; 1980, p. 135–46. 654 

[25] Taciroglu E, Rha C, Wallace JW. A robust Macroelement for Soil-Pile Interaction under Cyclic Loads. J 655 
Geotech Geoenvironmental Eng 2006;132:1304–14. https://doi.org/10.1061/(ASCE)1090-656 
0241(2006)132. 657 

[26] O’Neill, MW and Murchison JM. An evaluation of py relationships in sands. A report to the American 658 
Petroleum Institute (GT-DF02-83). Houston, Texas: 1983. 659 

[27] Georgiadis M. test Development of P-Y curves for layered soils. Geotech. Pract. Offshore Eng., New 660 
York: American Society of Civil Engineers; 1983, p. 536–45. https://doi.org/10.1016/0148-661 
9062(85)92248-X. 662 

[28] Rollins KM, Lane JD, Gerber TM. Measured and Computed Lateral Response of a Pile Group in Sand. J 663 
Geotech Geoenvironmental Eng 2005;131:103–14. https://doi.org/10.1061/(asce)1090-664 
0241(2005)131:1(103). 665 

[29] Brown DA, Morrison C, Reese LC. Lateral load behavior of pile group in sand. J Geotech Eng 666 
1988;114:1261–76. https://doi.org/10.1061/(ASCE)0733-9410(1988)114:11(1261). 667 

[30] Fayyazi MS, Taiebat M, Finn WDL. Group reduction factors for analysis of laterally loaded pile groups. 668 
Can Geotech J 2014;51:758–69. https://doi.org/10.1139/cgj-2013-0202. 669 

[31] Brown DA, Reese LC, O’Neill MW. Cyclic Lateral Loading of a Large‐Scale Pile Group. J Geotech Eng 670 
1987;113:1326–43. https://doi.org/10.1061/(ASCE)0733-9410(1987)113:11(1326). 671 

[32] Rollins KM, Peterson KT, Weaver TJ. Lateral Load Behavior of Full-Scale Pile Group in Clay. J Geotech 672 
Geoenvironmental Eng 1998;124:468–78. https://doi.org/10.1061/(asce)1090-0241(1998)124:6(468). 673 

[33] Snyder JL. Full-Scale Lateral-Load Tests of a 3x5 Pile Group in Soft Clays and Silts. (Masters Thesis) 674 
Brigham Young University, 2004. 675 

[34] Rollins KM, Olsen R, Egbert J, Olsen K, Jensen D, Garrett B. Response, Analysis, and Design of Pile 676 
Groups Subjected to Static & Dynamic Lateral Loads (Report No. UT-03.03). 2003. 677 

[35] Ruesta PF, Townsend FC. Evaluation of Laterally Loaded Pile Group at Roosevelt Bridge. J Geotech 678 
Geoenvironmental Eng 1997;123:1153–61. https://doi.org/10.1061/(asce)1090-679 
0241(1997)123:12(1153). 680 



Published in Soil Dynamics and Earthquake Engineering 153 2022 107110 

 

[36] Mostafa YE, Naggar MH El. Dynamic analysis of laterally loaded pile groups in sand and clay. Can 681 
Geotech J 2002;39:1358–83. https://doi.org/10.1139/t02-102. 682 

[37] Garala TK, Madabhushi SPG. Role of Pile Spacing on Dynamic Behavior of Pile Groups in Layered Soils. 683 
J Geotech Geoenvironmental Eng 2021;147:04021005. https://doi.org/10.1061/(ASCE)GT.1943-684 
5606.0002483. 685 

[38] Fan K, Gazetas G, Kaynia A, Kausel E, Ahmad S. Kinematic seismic response of single piles and pile 686 
groups. J Geotech Eng 1991;117:1860–79. https://doi.org/10.1061/(ASCE)0733-687 
9410(1991)117:12(1860). 688 

[39] Margason E, Halloway D. Pile bending during earthquakes. Proc. sixth world Conf. Earthq. Eng., 1977, 689 
p. 1690–6. 690 

[40] Di Laora R, Mylonakis G, Mandolini A. Pile-head kinematic bending in layered soil. Earthq Eng Struct 691 
Dyn 2013;42:319–37. https://doi.org/10.1002/EQE.2201. 692 

[41] Sanctis L de, Maiorano RMS, Aversa S. A method for assessing kinematic bending moments at the pile 693 
head. Earthq Eng Struct Dyn 2010;39:1133–54. https://doi.org/10.1002/EQE.996. 694 

[42] Dobry R, O’Rourke MJ. Discussion of ‘Seismic response of end-bearing piles. J Geotech Eng 695 
1983;109:778–781. 696 

[43] Nikolaou A, Mylonakis G, Gazetas G. Kinematic Bending Moments in Seismically Stressed Piles (Report 697 
no. NCEER-95-0022). 1995. 698 

[44] Mylonakis G. Simplified Model for Seismic Pile Bending at Soil Layer Interfaces. Soils Found 699 
2001;41:47–58. https://doi.org/10.3208/SANDF.41.4_47. 700 

[45] Di Laora R, Mandolini A, Mylonakis G. Insight on kinematic bending of flexible piles in layered soil. 701 
Soil Dyn Earthq Eng 2012;43:309–22. https://doi.org/10.1016/J.SOILDYN.2012.06.020. 702 

[46] Di Laora R, Rovithis E. Kinematic Bending of Fixed-Head Piles in Nonhomogeneous Soil. J Geotech 703 
Geoenvironmental Eng 2015;141:04014126. https://doi.org/10.1061/(ASCE)GT.1943-5606.0001270. 704 

[47] Adachi N, Suzuki Y, Miura K. Correlation between inertial force and subgrade reaction of pile in liquefied 705 
soil. 13 th World Conf. Earthq. Eng., Vancouver, B.C., Canada: 2004, p. 332. 706 

[48] Tokimatsu K, Suzuki H, Sato M. Effects of inertial and kinematic interaction on seismic behavior of pile 707 
with embedded foundation. Soil Dyn Earthq Eng 2005;25:753–62. 708 
https://doi.org/10.1016/j.soildyn.2004.11.018. 709 

[49] Georgiadis M. Development of P-Y curves for layered soils. Int J Rock Mech Min Sci Geomech Abstr 710 
1985;22:158. https://doi.org/10.1016/0148-9062(85)92248-X. 711 

[50] Yang Z, Jeremić B. Study of Soil Layering Effects on Lateral Loading Behavior of Piles. J Geotech 712 
Geoenvironmental Eng 2005;131:762–70. https://doi.org/10.1061/(ASCE)1090-0241(2005)131:6(762). 713 

[51] Burd HJ, Abadie CN, Byrne BW, Houlsby GT, Martin CM, McAdam RA, et al. Application of the PISA 714 
design model to monopiles embedded in layered soils. Géotechnique 2020;70:1067–82. 715 
https://doi.org/10.1680/jgeot.20.PISA.009. 716 

[52] Suryasentana SK, Lehane BM. Verification of numerically derived CPT based p-y curves for piles in 717 
sand. 3rd Int. Symp. Cone Penetration Test., Las Vegas, Nevada, United States: 2014, p. 1013–20. 718 

[53] Suryasentana SK, Lehane BM. Updated CPT-based p – y formulation for laterally loaded piles in 719 
cohesionless soil under static loading. Géotechnique 2016;66:445–53. 720 
https://doi.org/10.1680/jgeot.14.P.156. 721 

[54] Ariannia SS. Determination of p-y Curves by Direct Use of Cone Penetration Test (CPT) Data. (Doctoral 722 
Thesis) University of California, 2017. 723 

 724 


