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1. Introduction 
 

The pile foundation has been used for a long time, 

especially in the presence of soft soils, to support buildings, 

bridges, highways, as well as railways. The accurate 

analysis of these structures, when subjected to seismic 

loadings, requires the consideration of the soil-foundation-

structure interaction. This interaction permits considering 

simultaneously the load transfer mechanisms and relative 

movements. 

The rigid inclusion system is a method similar to the 

pile system; however, in this technique, the rigid elements 

are separated from the structure by the presence of an earth 

platform. The arching effect in the platform allows 

transferring part of the load to the rigid elements. The 

remained load is directly transmitted to the soft soil. The 

dissipation of energy in the platform represents a great 

advantage in the case of active seismic zones. Both pile and 

rigid inclusion systems, presented in Fig. 1, increase the 

bearing capacity and permit the reduction of the 

settlements. 

The substructure and direct method are two different 

ways to evaluate the soil-foundation-structure systems. In  
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the substructure method, the inertial and kinematic effects 

are studied separately (Stewart et al. 1999). This technique 

has been utilized by Han (2001), Maheshwari et al. (2004), 

Tokimatsu et al. (2005), Kim et al. (2015) and, Messioud et 

al. (2016). On the other side, in the direct method, all the 

elements of the system (soil, foundation, structure and 

connections) can be analyzed in the same model in a single 

step accounting for both inertial and kinematic interaction. 

Several authors have analyzed pile and inclusion systems 

with the direct method (Chu and Truman 2004, Hayashi and 

Takahashi 2004, Nghiem and Nien-Yin 2008, Carbonari et 

al. 2011, Tabatabaiefar and Fatahi 2014, Fatahi et al. 2014, 

Chatterjee et al. 2015, Mánica-Malcom et al. 2016, Nguyen 

et al. 2017, López Jiménez et al. 2018, Khanmohammadi 

and Fakharian 2018, Ghorbanzadeh et al. 2020).  

In the direct method, the soil is discretized in a finite 

domain limited by artificial boundaries. These boundaries 

represent the semi-infinite nature of the soil and avoid 

reflections of the propagating waves back into the model. 

The dissipation of energy through the boundaries is known 

as radiation damping and is not an inherent property of the 

material. The radiation damping is complemented by the 

material damping that represents the loss of energy within 

the soil itself, mainly due to microstructural mechanisms 

such as inter-particle sliding, friction, structure 

rearrangement, and pore fluid viscosity. The material 

damping has been identified as one of the main factors 

incorporated into the study of soil-foundation-structure 
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interaction systems (Ambrosini 2006, Wolf 1985) because it 

depends on the characteristics of the soil and not on the 

geometry and boundaries. Hereafter, the term damping 

refers only to material damping. 

The Rayleigh damping has been used as an alternative to 

represent the dissipation of energy in seismic analysis. The 

effective results of the Rayleigh formulation have been 

proved by some authors. For instance, Mánica et al. (2014) 

developed a 3D numerical seismic analysis to show the 

advantages and drawbacks of different damping 

formulations (local, Rayleigh and hysteretic) with a typical 

stratigraphy of Mexico city. They concluded that the 

Rayleigh damping is the most suitable alternative to 

represent the dissipation of energy in dynamic analysis. 

Suwal et al. (2014) developed several linear analyses in an 

idealized soil profile to explore the influence of Rayleigh 

damping formulation on-site response analysis. The results 

showed that the full Rayleigh damping formulation is 

consistent with the response obtained with a frequency 

independent analysis; however, the response using the 

simplified formulation is underestimated. Sun et al. (2019) 

analyzed the influence of Rayleigh damping formulation 

considering a visco-elastic behavior of tunnels under 

seismic loading. The results conclude that a safe seismic 

design of tunnels depends on the correct selection method 

to obtain the viscous damping parameters. Other authors 

(Hashash and Park 2002, Phillips and Hashash 2009, 

Phillips et al. 2012, Mánica et al. 2014, Priestley and Grant 

2005, Amorosi et al. 2010, Wang 2011, Spears and Jensen 

2012, Tsai et al. 2014) have studied the impact of a 

defective selection of the Rayleigh damping parameters on 

the seismic site response.  

Dealing with pile and rigid inclusion systems, authors 

such as Wu and Finn 1997, Lu et al. 2005, Rangel-Núñez et 

al. 2008, Hatem 2009, Shahrour et al. 2012, Kumar et al. 

2016, Luo et al. 2016 and Nguyen et al. 2017 have utilized 

the Rayleigh damping in their investigations. However, in 

most of these studies, there is no discussion about the 

influence of the Rayleigh damping parameters on the 

response of the systems (soil, vertical elements and 

superstructure). 

Considering the above information, the main objective 

of this paper is not dedicated to the study of the correct 

selection of the damping parameters but to the investigation 

of the impact of these damping parameters on the response 

of pile and inclusion systems. To achieve this goal, a range 

of damping ratios and minimum frequencies are considered 

in the analyses of soil-pile-structure and soil-inclusion-

platform-structure systems developed using the finite 

difference software Flac3D. When the single control 

frequency approach is considered in the Rayleigh 

formulation, the simplest approximation considers the 

minimum frequency equal to the frequency that corresponds 

to the first mode of the soil column and the damping ratio 

within a range of 1 to 5%.  

It is important to highlight that the direct method is used 

in this study to represent in a realistic manner the 

geometrical complexity, the connection between elements, 

as well as the material properties in the numerical models. 

The idea is to cover many uncertainties that are involved in  

 

(a) Soil-Pile-Structure 
(b) Soil-Inclusion-Platform-

Structure 

Fig. 1 Vertical reinforcement systems 

 

 

the pile and inclusion systems to obtain reliable results but 

without incurring in excessive time calculations. Then, use 

the results to provide conclusions and recommendations to 

be applied in other research studies or even in the practical 

design of engineering projects. 

In the models, the behavior of soil is represented by the 

linear elastic perfectly plastic model with a Mohr-Coulomb 

shear failure criterion. This model needs additional damping 

for the elastic part of the response, where no energy loss 

occurs. The additional damping is introduced in this study 

by Rayleigh damping. Different earthquake input motions 

with different predominant frequencies are used to verify 

the influence of the frequency in the response of the 

systems. The bending moments and normal forces along the 

rigid inclusions and piles are compared. Accelerations, 

displacements and shear strains in the soil are also 

displayed. 

 

1.1 Rayleigh damping 
 

The Rayleigh damping is expressed in a matrix form and 

assumed proportional to the mass and stiffness matrices 

(Eq. (1)). 

[C] = α[M] + β[K]    (1) 

where [C] is the damping matrix, [M] and [K] are the 

mass and stiffness matrices respectively 𝛼 and 𝛽 are the 

mass-proportional and stiffness-proportional damping 

constants. For a multi-degree of freedom system, the critical 

damping ratio (𝜉𝑖), at any natural frequency of the system 

(𝜔𝑖), can be calculated from the following equation 

𝛼 + 𝛽𝜔𝑖
2 = 2𝜔𝑖𝜉𝑖  (2) 

Considering Eq. (2), Fig. 2 represents the curves with 

only the component proportional to the mass (𝛽 = 0), the 

part proportional to the stiffness (𝛼 = 0) and the curve of 

the sum of both components. It is evident that the curve of 

the sum of the components has a limited frequency range 

where an approximate frequency independent response can 

be obtained. This range is limited by a low frequency (f0) 

and a large frequency (f1). It is commonly considered f0 as 

the frequency that corresponds to the first mode of the soil 

column, calculated by 𝑓𝑛 = 𝑉𝑠 4𝐻⁄ , where Vs is the elastic 

shear wave velocity and H is the thickness of the soil  

156



 

Seismic loading response of piled systems on soft soils – Influence of the Rayleigh damping 

 

Fig. 2 Rayleigh damping formulation 

 

 

column. For larger frequencies, an approach known as the 

single control frequency considering that f1 is equal to fn 

is used (Idriss et al. 1975, Suwal et al. 2014). There are 

many approaches to obtain the largest frequency. The 

simplest considers a larger frequency that corresponds to 

the predominant frequency (fp) of the input motion. Kwok 

et al. (2007) suggest a frequency equal to five times fn. 

Other authors suggest a value of f1 = nfn with n being the 

smallest odd integer so f1 is greater than fp (Hudson et al. 

1994, Rathje and Bray 2001). The target damping level is 

normally taken equal to the small-strain damping or to the 

smallest value to guarantee the numerical stability (Kwok et 

al. 2007). The values are also dependent on the strain level 

induced by the earthquake (Mánica et al. 2014). In a 

rigorous sense, the target damping ratio can be determined 

by a one-dimensional site response analysis. However, in 

this study, the assigned target damping for the different soil 

layers is considered to be in the range of 1 to 5% as usually 

considered in engineering. 

It is also noticeable from Fig. 2 that the curve 

representing the sum of both components reaches a 

minimum at  

𝜉𝑚𝑖𝑛 = (𝛼 𝛽)1 2⁄       𝜔𝑚𝑖𝑛 = (𝛼 / 𝛽)1 2⁄  (3) 

These two parameters are input parameters when 

dealing with numerical modeling for the specification of 

Rayleigh damping. The frequency is in Hertz (cycle per 

second). In this study, the single control frequency approach 

is utilized which means that the minimum damping ratio 

(ξmin) is equal to the target damping ratio (ξtar). Hereafter, 

both terms are used indistinctly.  

The frequency dependent effects of the Rayleigh 

formulation are set up to cancel out at the frequencies of 

interest (frequency range over which the combined damping 

ratio is almost constant, from  f0 to f1  in Fig. 2) in a 

time-domain analysis.  

 

 

2. Numerical modeling and studied cases 
 

2.1 Soil and superstructure model 

 
The analyses are carried out using a two-layer soil 

profile, which consists of a horizontal 10 m thick soft soil 

layer over a 5 m thick hard soil layer. The dimensions of the  

  

(a) 3D Model (b) Embedded beam 

Fig. 3 Basic geometry of the numerical model 

 

 

volume of soil are 14 m x 14 m x 15 m. This model size is 

used to obtain reliable results with an acceptable time 

calculation. The model is constituted of 5,600 hexahedral 

zones. The discretization of the system using Flac3D (Itasca 

2012) is depicted in Fig. 3. 

The numerical distortion of the propagating wave can 

occur as a function of the modeling conditions. The 

frequency content of the input motion and the wave speed 

characteristics of the system affect the accuracy of the wave 

transmission. Kuhlemeyer and Lysmer (1973) suggested 

that the maximum spatial element size (Δ𝑙) must be smaller 

than the one-tenth to one-eighth of the wavelength 

associated with the highest frequency component of the 

input wave. 

Δ𝑙 =
𝜆

10
 (4) 

where 𝜆  is the wavelength associated with the highest 
frequency component that contains energy, which can be 
calculated from the wave speed (Eq. (5)) for elastic 
continuum systems 

f =
𝑉𝑠

𝜆
     (5) 

In this study, the maximum size of the elements that 

constitute the model is equal to 1 m. This allows applying 

frequencies between 0 and 5 Hz without perturbations due 

to zone dimensions.  

The superstructure is modeled by a mass of 2 m height 

on a surface of 4 × 4 m². In the case of rigid inclusion 

systems, an earth platform or mattress of 0.60 m is placed 

between the structure and the rigid inclusions. In this case, 

the rigid inclusions are not embedded in the earth platform 

to prevent the amplification of the movement of the 

structure and the consequently moment and shear forces 

increment in the head (upper part) of the inclusions (Hatem 

2009). In the bottom part, the piles and rigid inclusions are 

resting on a harder layer. This type of support condition 

allows flexibility and rotation of the pile avoiding excessive 

moments and shear forces increment at the pile tip zone 

(Zacek 1996, Sadek 2003). The superstructure and the 

mattress exert a homogeneous load of 62 kPa on the rigid 

inclusions. In the piled cases, this mattress is replaced by a 

concrete slab where the head of the piles are rigidly 

connected (Fig. 3 (a)).  
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The material properties of all the elements are presented 

in Table 1. The soil characteristics were taken from Hatem 

(2009), Okyay et al. (2012) Houda (2016), Messioud et al. 

(2016) and Rangel-Núñez et al. (2008). Similar ranges of 

values are considered for the soft soil parameters. 

Generally, field or in situ geophysical tests (crosshole, 

downhole, suspension logging test) are used to obtain the 

dynamic shear moduli at very small strain levels. However, 

these methods do not permit the evaluation of shear 

modulus at strain levels produced by strong earthquakes 

motions. Thus, with the objective to study the behavior of 

soil at great deformations, static shear moduli are used in 

the analyses (Shahrour et al. 2001, Chu and Truman 2004, 

Hatem 2009, Mánica-Malcom et al. 2016, Messioud et al. 

2016).  

The properties of the earth platform correspond to a 

treated soil (Okyay 2010) with an important cohesion to 

work in compression and extension. This cohesion value 

also allows increasing the strength of the soil and reducing 

the settlements. The platform thickness (0.6 m) allows the 

adequate transfer of loading to the inclusions and it 

guarantees that there is no great diminution of the 

amplification of the input motion at the base of the structure 

level (Hatem 2009, Messioud et al. 2016, Okyay et al. 

2012). The linear elastic-perfectly plastic constitutive model 

with a Mohr-Coulomb shear failure criterion is used to 

represent the behavior of the soil and earth platform. 

The material properties of all the vertical reinforcements 

(inclusions/piles) are the same. The Young modulus of the 

rigid elements considered (30 GPa) has been considered by 

other researchers (Nghiem and Nien-Yin 2008, Haldar and 

Babu 2010, Hokmabadi et al. 2014, Nguyen et al. 2017) 

and remains in the range of values for concrete or 

reinforced-concrete pile foundation (BSSC 2009, Eurocode 

8 1998). The flexural and axial stiffness of the 

inclusions/piles are 11.9 MNm²/m and 2120.5 MN/m 

respectively. The behavior of the superstructure, foundation 

slab and piles or inclusions is considered as linear elastic.  

 

2.2 Rigid vertical elements 
 

Four piles were installed in the soft soil with a center to 

center spacing of 2 m in both directions (Fig. 3(b)). The 

reinforced concrete rigid elements were considered 10 m in 

length. The diameter of these elements was taken equal to 

0.30 m. Considering these characteristics, flexible behavior 

of the piles with bending and translation is anticipated. The  

 

 

ratio between the sum of the rigid element surface areas to 

the total reinforced area (cover ratio) is equal to 1.7%. 

Similar values of cover ratio were used by Hatem (2009), 

Briançon et al. (2015), Houda (2016), Kumar et al. (2016), 

Mánica-Malcom et al. (2016).   

The piles or inclusions were represented by solid 

elements with the introduction of a beam element in their 

center axis (Banerjee et al. 2014, Goh and Zhang 2017). 

This technique accounts for the physical cross-section of the 

pile. This allows obtaining more reliable displacements and 

bending moments along the depth of the pile than the 

technique which consists in only considering a beam 

structural finite element embedded in the soil (Kitiyodom et 

al. 2006, Wotherspoon 2006). The latter technique cannot 

consider the effect of pile volume. However, to avoid the 

modification of the pile response by the introduction of the 

beam elements, the flexural rigidity (Referred in Table 1) of 

these beam elements (EI) was reduced (Banerjee et al. 

2014). This procedure allows determining the internal 

forces in the vertical reinforcements directly from the 

analysis and using interfaces placed at the periphery of the 

solid elements. A preliminary analysis was carried out to 

compare the pile response considering each pile modeled as 

solid elements combined with a beam element and 

considering only beam elements embedded in soil (Sadek 

and Shahrour 2004, Alsaleh and Shahrour 2009). In this 

preliminary analysis, a target damping ratio of 5% and a 

fmin = 1.25 Hz  under the Loma Prieta earthquake is 

considered. 

Fig. 4 shows how the shear forces and the bending 

moments in the rigid inclusion and pile systems are reduced 

for the combined system (solid elements and beam element) 

compared to the case where the piles are modeled using 

beam elements. The efforts presented correspond to the 

maximum values envelopes recorded during the calculation. 

The results indicate that there is a reduction from 57 to 61% 

of the maximum bending moments for the rigid inclusion 

case and from 38% to 53% for the pile case (Fig. 4(a)). 

These results are in accordance with (Kitiyodom et al. 

2006, Wotherspoon 2006). The shear forces are very similar 

along the depth of the elements. Only a considerable 

reduction is observable in the three first depth meters (Fig. 

4(b)).  

The consideration of this technique (solid elements with 

beam element embedded) implies a reduction of the time 

step that results in a larger computation time. The time step 

is an important parameter that corresponds to real seismic  

Table 1 Parameters used for the numerical calculation 

Parameter 

“Pile/Inclusion”, 

“Foundation Slab” and 

“Superstructure” 

Mattress Soft soil Hard soil 

Young modulus (MPa) 

Shear Modulus (MPa) 

Volumic Weight (kg/m³) 

Damping Ratio 

Cohesion (kPa) 

Friction angle (°) 

Wave velocity (m/s) 

30000 

12500 

2500 

0.02 

- 

- 

2237 

50 

19 

2000 

0.05 

50 

25 

160 

10 

3.8 

1600 

0.05 

5 

25 

50 

100 

38 

2000 

0.05 

5 

25 

223 
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(a) Bending moments (b) Shear Forces  

Fig. 4 Efforts in the pile and inclusion systems with 

different modeling technique 

 

 

 

 

 

(a) Adopted interface elements 
(b) Components of the 

interface 

Fig. 5 Interfaces in the numerical simulation 

 

 

loading time per calculation step (Flac3D uses an explicit 

finite difference solution scheme). As the time step 

decreases, the calculation time increases. The time step for 

dynamic analysis is determined by the largest material 

stiffness and smallest zone in the model, including 

structural and interface elements. The time step and time 

calculation for both systems are also shown in Fig. 4. All 

the calculations were developed using a computer with a 

core i7 3.6Hz 64-bit processor and 8 Gigabytes of RAM. 

 

2.3 Boundary conditions and interfaces 
 

Artificial boundaries are utilized to represent the semi-

infinite nature of the soil. Through the static modelling 

phases (steps), the side boundaries were fixed in their 

normal direction whereas the bottom part was fixed in all 

directions. However, these preliminary boundary conditions 

were changed in the dynamic analysis, the base of the 

model was assumed to be rigid in order to apply the 

acceleration input and free-field boundaries are applied on 

the vertical sides to avoid wave reflections (Lysmer and 

Kuhlemeyer 1969).  

The free-field boundaries are coupled to the main grid 

by viscous dashpots in the normal and shear directions as 

follows 

tn = −ρVpνn    (6) 

ts = −ρVsνs   (7) 

where ρ is the mass density, Vp and Vs are the velocities 

of the p-wave and s-wave respectively and νn and νs are 

the normal and shear components of the velocity at the 

boundaries respectively. 

Interface elements were modeled in this study to 

represent the different mechanical properties of the soil and 

the structural elements (Maheshwari and Watanabe 2006). 

These elements are able to simulate the slip and detachment 

of the contact surface. The interface elements were set 

around the pile elements and between the foundation slab 

and the soil surface (Fig. 5(a)). The interface elements in 

Flac3D are presented by triangular components each one 

defined by three nodes and are modeled as spring-slider 

systems as illustrated in Fig. 5(b). The constitutive model of 

the interface is described by a linear Coulomb shear-

strength criterion that limits the shear force acting at an 

interface node given by Eq. (8) 

𝐹𝑠𝑚𝑎𝑥 = 𝑐𝐴 + tan 𝜙 (𝐹𝑛 − 𝜌𝐴) (8) 

where 𝐹𝑠𝑚𝑎𝑥 is the limiting shear force in the interface, 𝐹𝑛 

is the normal force, 𝑐 and 𝜙 are the cohesion and the 

friction angle in the interface and 𝐴 is the area is the 

representative area associated with the interface node. In 

this study, the shear strength was defined with zero 

cohesion and 2 3⁄  of the friction angle (Hazzar et al. 

2017). As recommended by Itasca (2012) the normal and 

shear stiffness of the interface elements are set ten times the 

equivalent stiffness of the neighboring zone expressed by 

Eq. (9). 

kn = ks = 10 max [
K + 4

3
G

∆zmin

] (9) 

where K and G are the bulk and shear modulus, ∆zmin is 

the smallest width of an adjoining zone in the normal 

direction. The values given by Eq. (9) are enough large to 

avoid the normal penetration and detachment on the pile-

soil interface as suggested by Fan et al. (2007) and Rayhani 

and El Naggar (2008). Other authors suggested that the 

value of kn should be on the order of 108 Pa/m.  

Using the same preliminary model as in section 2.2, Fig. 

6 shows the comparison of the maximal normal forces and 

bending moments recorded in the analysis in the rigid 

inclusion and pile system with and without interfaces. It is 

clear that the normal forces and bending moments are 

reduced when considering interfaces. The normal forces in 

the pile cases are reduced by 24% at 2 m depth when the 

interfaces are considered. However, this difference is 

reduced with depth. In the case of rigid inclusions, the 

reduction is smaller and equal to 12 % (Fig. 6(a)). For the 

bending moments, the differences are respectively of 8% 

and 12% for the pile and rigid inclusion systems (Fig. 6 

(b)). A former parametric study for systems with different 

ξmin and fmin values showed that considering a contact 

between pile and soil induces differences lower than 12% 

and largely increases the time computation (in average 8  
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(a) Normal Forces (b) Bending Moments  

Fig. 6 Efforts in the pile and inclusion systems with and 

without interfaces 

 

  

 
 

 

 

(a) Normal Forces (b) Bending Moments  

Fig. 7 Efforts in the pile and inclusion systems for 

different kn 

 

  

 
 

 

 

 

(a) Normal Forces (b) Bending Moments  

Fig. 8 Efforts in the pile and inclusion systems with 

different ks 

 

 

hours in a computer with a core i7 3.6GHz 64-bit processor 

and 8 Gigabytes of RAM). 

Concerning the interface parameters, the influence of 

the normal stiffness (kn) and shear stiffness (ks) is shown in 

Figs. 7 and 8. Generally, high values of stiffnesses should 

be provided to avoid movements at the interface. Fan et al. 

(2007) consider that a relatively larger value of normal 

stiffness is important to avoid normal penetration and 

detachment in the soil-pile interface. The studies related to 

the selection of kn have shown that a larger value can 

simulate better the interface soil-pile (Wu et al. 2016, Xie et 

al. 2013). However, the increment of this value is closely 

related to the time step in Flac3D, which induces an 

increase in the time calculation. The time step for dynamic 

analysis is determined by the largest material stiffness and 

smallest zone in the model, including structural and 

interface elements. The efforts presented in Figs. 6 and 7 

correspond to the maximum values recorded during the 

calculation. 

It can be noted from Fig. 7 that the larger the value of 

kn, the greater the normal forces and bending moments in 

the rigid elements. For the pile case, the normal forces 

obtained with a value of kn = 1.7e8 Pa/m are 3% smaller 

than the values with kn = 1.7e10 Pa/m. However, when a 

value of kn = 1.7e6 Pa/m is utilized the normal forces are 

reduced by 22%. In the rigid inclusions, these forces are 

close, only a small decrease is observable considering the 

lowest value of kn  (Fig. 7(a)). These results in the 

inclusion systems can be explained by the transfer of 

surface load (distributed between the rigid inclusions and 

the soft soil) and the kinematic interaction between the soil 

and the inclusions (considering that the interface elements 

are able to simulate slip and detachment). 

About the bending moments, the values in the rigid 

inclusions are almost the same for the systems analyzed 

with kn = 1.7e8  Pa/m and kn = 1.7e10  Pa/m. These 

values are decreased by around 54% for the system with 

kn = 1.7e6  Pa/m. While in the piles, the values are 

practically the same, only in the pile head, there is a 

difference of 4% for the system analyzed with a smaller kn 

value.The influence of ks is lower than the influence of 

kn (Fig. 8). The normal forces and moments in the piles 

and rigid inclusion system are practically the same. In the 

pile case, there is a difference of 5% for the system with 

ks = 1.7e6 Pa/m. The bending moments along the rigid 

inclusions are reduced by 30% for the case with a lower ks 

value (Fig. 8(b)). 

 

 

3. Seismic input motion 
 

The Loma Prieta earthquake was utilized to perform the 

former dynamic analyses. However, to study the influence 

of the input motion frequency in the systems, the 

Northridge and Nice earthquakes are also considered. The 

objective is to apply a ground motion with a greater, lower 

and similar predominant frequency compared to the 

fundamental frequency of the soil deposit. They were scaled 

to the same acceleration amplitude of the Loma Prieta 

earthquake.  

The original records of each earthquake are displayed in 

Fig. 9. The characteristics of each earthquake are presented 

in Table 2. To reduce the time computation, only the 

highlighted 5 seconds of each accelerogram is applied to the 

numerical models. The selected 5 seconds is the part of 
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(a) Loma Prieta (b) Northridge 

 
(c) Nice 

Fig. 9 Original earthquakes considered in the analyses 

 

 

each accelerogram considered to represent the duration of 

strong ground motion. Similar considerations have been 

presented in other studies (Rajeswari and Sarkar 2020, 

Mánica-Malcom et al. 2016, Mánica et al. 2014) using 

diverse definitions of strong motion duration. 

 

 

4. Procedure of analysis 
 

In the first step, an initial stress state is generated. Then, 

the vertical reinforcements are installed and the model is 

brought to mechanical equilibrium due to the weight of the 

vertical elements. The last static calculation step considers 

the activation of the earth platform and the surface 

structure. For the subsequent dynamic calculations, the 

absorbent and free field boundaries are added and the 

dynamic analyses are executed applying the corresponding 

horizontal wave using the accelerations (section 3) at the 

base of the models. The stresses and displacements obtained 

at the end of the static analyses were initialized which 

means that the results obtained are only due to the effect of 

the dynamic loading. 

 

 

5. Numerical cases 
 
The considered cases in this study illustrate the effect of 

the damping parameters in the seismic response of the soil-
pile-structure and soil-inclusion-platform-structure systems.  

To achieve this goal, values of 1%, 3% and 5% of the 
minimum damping ratio (ξmin) and values from 0.3 Hz. to 4 

 

  

(a) Pile system (b) Rigid inclusion system 

Fig. 10. Schematic representation of the analyzed systems 

 

 
Fig. 11 Time step and calculation time for different 

ξmin and fmin values 

 

 

Hz. of minimum frequency ( fmin ) were utilized. The 

damping ratios considered are values used in this type of 

system under dynamic loadings (Shahrour et al. 2012, 

Kumar et al. 2016, Luo et al. 2016, Nguyen et al. 2017). 

Besides this, the damping ratio in engineering practice is 

usually taken as the small strain damping or the smallest 

value to guarantee stability (Kwok et al. 2007). In the case 

of the minimum frequencies, the considered range of values 

permits to cover the range of predominant frequencies of 

the earthquakes used in the calculations. Table 3 shows the 

numerical cases developed which are represented in Fig. 10. 

A rigid connection of the piles with the slab foundation is 

considered for the pile system. 
In the numerical model, the structural elements 

represent zones where the velocity of the dynamic wave 
propagation is very high, this implies a very small time step 
when using the Rayleigh damping. For that reason, local 
damping with a factor of 2% is used for the superstructure 
and for the rigid elements. The local damping operates by 
adding or subtracting mass of a gridpoint or structural node 
at a certain time during a cycle of oscillation, keeping the 
overall mass of the system constant. The use of local 
damping is simpler than Rayleigh damping because it does 
damping in rigid elements has a negligible influence on the 
dynamic response in this type of system (Hatem 2009). Fig.   

Table 2 Earthquakes base motions considered (CESMD, Grange 2008) 

 

Earthquake  

 

Date 

 

Duration (s) 

Peak ground 

acceleration  

PGA (m/s²) 

 

Magnitude (Mw) 

Predominant 

Frequency 

(Hz) 

Loma Prieta, USA 

Northridge, USA 

Nice, France 

1989/10/17 

1994/01/17 

2001/02/25 

40 

30 

27 

4.69 

8.65 

3.43 

7.1 

6.7 

5.1 

1.27 

4.30 

0.48 
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(a) ξmin = 1% 

 

 

 

 

 

(b) ξmin = 3% 

 

 

 

 

 

(c) ξmin = 5% 

 

 

 

Fig. 12 Rayleigh damping formulation for different 𝛏𝐦𝐢𝐧 

and 𝐟𝐦𝐢𝐧 values 

 

 

11 shows the time step and time calculation for each case 

with different values of ξmin and fmin 

 

 

6. Results and discussion 
 

The results of all the numerical models of Table 3 are 

analyzed in this part. The results are presented in terms of 

variation of the damping ratio for different minimum 

frequencies and damping ratios, acceleration and shear 

strains in the soil. To study the soil-structure interaction 

effect of each system, the spectra responses are obtained. 

The bending moments, normal forces and displacements 

along the depth of the rigid elements are compared for all 

cases. The efforts presented correspond to the maximum 

values recorded during the calculation. The comparisons in 

percentage are carried out using the maximum differences.  

 

 

In Figs. 12 to 18, the considered input motion is the 

Loma Prieta earthquake. 

 

6.1 Variation of the damping ratio 
 

The frequency dependency of the Rayleigh damping 

formulation in the analyzed cases is highlighted in Fig. 12.  

In this figure, the variation of the damping ratio is 

presented for different values of fmin and ξtar. The Fourier 

spectrum of the Loma Prieta earthquake is also displayed. 

The Fast Fourier Transform is used to calculate the Fourier 

response spectrum. The damping ratio is close to the target 

damping ratio when the frequency of the system is close to 

fmin. This highlights the importance of selecting carefully 

the position of the central frequency to capture the ground 

motion in the desired frequency range (frequency 

independent) and avoid overdamping. 

For instance, from Fig. 12(a), when considering the 

system with 1% as the target damping and a fmin of 0.75 

Hz, the damping ratio is close to 1%. If the minimum 

frequency stated is changed 1.25, 2.0 and 4.0 Hz the 

damping ratio increase from 1% to 1.1%, 1.5% and 2.7% 

respectively. Similar behavior is displayed in Fig. 12(c) 

when assuming ξtar = 5% and fmin equal to 1.25 Hz, the 

damping ratio is 5%, however, if the minimum frequency is 

modified to 2 Hz the damping ratio reaches 5.6% and 9% 

when the curve of fmin is equal to 4 Hz. 
For the systems analyzed in this study, the predominant 

frequency of the input motion applied at the bottom of the 
numerical model is equal to 1.27 Hz. Due to the 
characteristics of the soil profile, this frequency is modified 
from a range of 1.13 Hz to 1.24 Hz at the surface in the 
analyzed cases when 5% was set as the target damping 
ratio. For the cases with 1% and 3% of target damping 
ratios, this range is from 1.18 Hz to 1.22 Hz.  
 

6.2 Acceleration response spectra 
 

Fig. 13 shows the calculated maximum accelerations 

through the section under the foundation center (Point P in 

Fig. 3(b)). The accelerations are greater for the systems of 

lower damping ratio. For instance, in the pile analyzed 

cases with fmin = 4.0 Hz and 1% of damping ratio, the 

accelerations are respectively reduced by 11% and 20% for 

3% and 5% of damping ratios at the middle depth of soft 

soil layer (5 m depth). For the case of the rigid inclusions, 

the same comparison gives 8% and 19% respectively. 

It can be noted that the accelerations of soil along the 

rigid inclusion system are greater when compared with the  

Table 3 Characteristics of the analyzed cases 

System Damping ratio ξmin 
Minimum frequency  

fmin 
Earthquake 

Rigid Inclusions 
1%, 3%, 5% 0.3, 0.75, 1.25, 2.0, 4.0 (Hz) Loma Prieta 

5% 1.25 (Hz) Northridge, Nice 

Piles 
1%, 3%, 5% 0.3, 0.75, 1.25, 2.0, 4.0 (Hz) Loma Prieta 

5% 1.25 (Hz) Northridge, Nice 
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(a) fmin = 0.3(Hz) (b) fmin = 1.25(Hz) 

 
(c) fmin = 4.0(Hz) 

Fig. 13 Maximum in-depth acceleration in the pile and 

inclusion systems 

 

 

pile system for all the analyzed cases. This is clearer in the 

case where fmin = 0.3Hz, the accelerations are 5% to 19% 

greater than the respective pile system with the same target 

damping ratio. In the cases where fmin = 1.25 Hz  and 

fmin = 4.0 Hz, this difference range is reduced from 5% to 

13%. This can be explained by the difference in the 

interaction of the pile and rigid inclusion elements with the 

surrounding soil in each system.  

It is important to highlight the significant amplification 

of the accelerations in presence of soft soils. It is evident 

from Fig. 13 that the wave propagation from the input 

motion acceleration (bottom part of the model) to the 

surface leads to a peak acceleration of 0.74 g and 0.92 g for 

the pile and rigid inclusion systems respectively. These 

values implies an amplification factor of 1.58 and 1.95 

respectively over the peak input acceleration (0.47 g). 

Mánica et al. (2014) and Amorosi et al. (2010) obtained 

amplification factors around 2.2 and 1.2 respectively. Both 

authors considered soft clay in their studies.  

To examine the influence of the soil-structure interaction 

in the numerical model, the acceleration response spectra of 

the motions recorded at the soil surface (base of the  

 

(a) ξ𝐦𝐢𝐧 = 1% 

 
(b) ξ𝐦𝐢𝐧 = 5% 

Fig. 14 Surface response spectra in the pile systems for 

different 𝐟𝐦𝐢𝐧 values 

 

 

(a) ξ𝐦𝐢𝐧 = 1% 

 
(b) ξ𝐦𝐢𝐧 = 5% 

Fig. 15 Surface response spectra in the rigid inclusions 

systems for different 𝐟𝐦𝐢𝐧 values 

 

 

structure) are shown in Fig. 14. The response spectra are 

computationally calculated using a time-stepping procedure 

based on the interpolation of the excitation function. In all 

cases, the soil fundamental period and the spectral 

acceleration increase with respect to the spectrum of the 

input motion. This is significant when the period of the 

ground motion matches the period of the superstructure 

(Seed et al. 1988). 
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(a) fmin = 0.3(Hz) (b) fmin = 1.25(Hz) 

 
(c) fmin = 4.0(Hz) 

Fig. 16 Maximum in-depth shear strain for the pile and 

rigid inclusion systems 

 

 

Concerning the rigid inclusion systems, the response 

spectra for different values of fmin are similar to the pile 

case. However, the spectral acceleration in the rigid 

inclusion systems is greater than in the pile case with the 

same damping ratio and fmin (Fig. 15). This is due to the 

inertial interaction of the complete system and of the 

kinematic interaction of the vertical elements. In the case of 

rigid inclusions, the response spectrum was established with 

the surface acceleration recorded at the top of the earth 

platform. The acceleration at the top of the soft soil is 

slightly higher. This highlights the advantage of the earth 

platform, which dissipates energy and then reduces the 

inertial forces in the structure during the seismic loading. 

 

6.3 Soil response 
 

6.3.1 Shear strains 
The maximum shear strains recorded in the center of the 

piled area (Point P in Fig. 3(b)) in all analyzed cases at 

different depths are presented in Figs. 16. It is clear that the 

distribution of the maximum shear amplitude is large at the 

top of the model (soft soil) and small at the bottom (hard  

  

  
(a) Pile system 

  

(b) Rigid inclusion system  

Fig. 17 Stress strain loops in the analyzed systems with 

different 𝐟𝐦𝐢𝐧 and 𝛏𝐦𝐢𝐧 

 

 

soil). It is in the upper part where the maximum damping 

ratio and the minimum shear stiffness are attained. This is in 

agreement with the results shown by Lu et al. (2005), 

Amorosi et al. (2010), Phillips and Hashash (2009), Tsai et 

al. (2014) and Mánica-Malcom et al. (2016). 

It is obvious that the shear strains in the pile system are 

lower than the values in the rigid inclusion system at depths 

from 0 m to 7 m. The rigid connection of the piles with the 

slab foundation or the free condition in the head of the 

inclusions seems to have a great influence on the shear 

strains developed at the upper part of the models. An 

interesting phenomenon is observed at 2 m depth where the 

shear strains are importantly reduced. This can be explained 

by the attenuation of accelerations at this depth due to the 

overestimation of the damping ratio and the free condition 

at the head of the rigid inclusions. The shear deformations 

in the boundary of the hard layer and soft soil are also 

important due to the significant rigidity contrast between 

two consecutive layers (Mánica et al. 2014). 

The maximum shear strain in the pile systems are 

independent of the damping ratio. However, in the rigid 

inclusion system, the influence of the ξmin  and fmin  is 

important. For example, in the case where fmin = 4.0 Hz, 

the values with 1% of minimum damping ratio are reduced 

in a range from 2% to 13% with respect to the values of 

ξmin = 3%. The strains at the surface with a 5% of damping 

ratio increase respectively by 80% and 200% than the cases 

where ξmin = 3% and ξmin = 1%.  

The sketch of the stress-strain behavior computed for 

the cases where fmin = 0.75 Hz and fmin = 2.0 Hz for 

different target damping ratios are shown in Fig. 17. These 

diagrams were obtained at 1 m depth. It can be noted that  

164



 

Seismic loading response of piled systems on soft soils – Influence of the Rayleigh damping 

  

(a) Rigid inclusion system  (b) Pile system 

Fig. 18. Soil horizontal displacements 

 

 

the maximum shear stress in the pile and rigid inclusion 

systems is in the range of 20 kPa for all the cases. At the 

same time, the strains in the pile system are around 0.6% 

while in the rigid inclusion systems are greater than 1.5%. 

As shown in Fig. 17, there is clearly more energy 

dissipation for the systems with a lower target damping 

ratio. In the analyzed systems with the same target damping 

ratio, larger strains are estimated for the cases analyzed with 

fmin = 2.0 Hz than for cases with fmin = 0.75 Hz. This is 

because there is in the last one less damping ratio 

overestimation. 

 

6.3.2 Displacements 
The maximum lateral displacements obtained during the 

completely dynamic loading calculation are presented in 

this section. The measures are taken vertical to the point 

that corresponds to the center position of the piled area 

(Point P in Fig. 3(b)). The horizontal displacements in the 

soil for the pile and rigid inclusion systems with a target 

damping ratio of 1%, 3% and 5% and a fmin = 1.25 Hz 

under the Loma Prieta earthquake are displayed in Fig. 18. 

For the other cases, similar results are obtained.  

It is visible that the maximum values are obtained in the 

upper part of the model and decrease with depth for both 

systems. These results are in accordance to the studies 

developed by Rahmani and Pak (2012), Kitiyodom et al. 

(2006) and Liyanapathirana and Poulos (2005). The 

displacement at the ground surface is around 0.34 m and 

0.30 m for the rigid inclusion and pile system respectively. 

The displacements in the rigid inclusion system are greater 

from ground surface to 5 m depth than the pile system. This 

difference is due to the soil energy dissipation and to the 

interaction between the soil and the rigid elements.  

 

6.3.3 Shearing zones 
Fig. 19 presents the zones where plastic strains appear at 

the end of the dynamic calculation. The systems utilized for 

this comparison are the pile and rigid inclusion system with 

a target damping ratio of 5% and a fmin = 1.25 Hz under 

the Loma Prieta earthquake.  

  

 

(a) Rigid inclusion system  (b) Pile system 

Fig. 19 Plastic zones in the systems after loading 

 

 

In the rigid inclusion system, the soft soil is shearing. 

The earth platform and the zones around the upper inclusion 

parts (4 m depth) are shearing and others are in a tension 

state. Similar behavior for the rigid inclusion system is 

shown in the pile system. Two differences can be noted; the 

first one is that in the upper part of the pile, there are only 

shearing zones around the piles until 2 m of depth. The 

other difference is that there is no shearing of the platform 

because it is replaced by a slab foundation. The soil under 

the rigid inclusions and piles (hard soil) is sheared in 

localized zones. 

 

6.4 Bending moments and normal forces in the rigid 
vertical elements 

 

In this section, the maximum bending moments and 

normal forces are presented along the height of the piles and 

inclusions. In general, the maximum value in the rigid 

inclusion cases is reached in the middle depth of the 

elements (5 m) and is null in the top and bottom parts of the 

vertical elements. The moments along the piles are smaller 

compared to the rigid inclusions values for depth up to 3 m. 

However, the values at the elements head are higher in the 

pile case due to the rigid connection with the foundation 

slab.  

As expected, the moments along the vertical elements 

are reduced with the increase of the target damping ratio for 

both pile and rigid inclusion systems (Fig. 20). For 

example, there is a reduction of about 10% of the moment 

values from ξmin = 5%  to 1% in the rigid inclusion 

system with fmin = 1.25 Hz. In the analyzed cases with 

fmin = 0.3 Hz and fmin = 4.0 Hz, the same comparison 

induces a decrease of 26%. These values are in accordance 

with the results presented in section 2.2 which show the 

damping ratio overestimation for different values of ξmin 

and fmin. For instance, the maximum bending moment of 

44 kN.m in the rigid inclusions system with a target 

damping ratio of  5% and fmin = 1.25 Hz is reduced to 

36 kN.m when the fmin is modified to 0.3 Hz due to the 

damping ratio increase from 5% to 11% (Fig. 12). Similar 

comparisons can be made in the system with a 3% damping  
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(a) fmin = 0.3(Hz) 

  
(b) fmin = 1.25(Hz) 

  
(c) fmin = 4.0(Hz) 

Fig. 20 Maximum bending moments and normal forces 

in-depth in the pile and rigid inclusion systems for 

different fmin and ξmin 

 

 

ratio. However, in the systems with a 1% damping ratio, 

these differences are almost negligible. This means that the 

differences caused by the damping parameters decrease 

when the target damping ratio decrease. 

 

(a) Pile system 

 
(b) Rigid Inclusion system 

Fig. 21 Surface response spectra using Rayleigh damping 

for different 𝒇𝒎𝒊𝒏 values 

 

 

In the pile systems, the bending moments in the cases of 

a 5% damping ratio are 16% smaller than the case where 

ξmin = 3% for any frequency, and these values are reduced 

compare to the case where ξmin = 1% (22% for fmin =
0.3 Hz  and 28% for fmin = 4.0 Hz ). As in the rigid 

inclusions cases, the values in the piles are influenced by 

the damping ratio in the system. For example, the maximum 

bending moment of 66 kN.m at the pile head with a 

damping ratio of 5% and fmin = 1.25 Hz is reduced to 57 

kN.m when the fmin is modified to 4.0 Hz. This is due to 

the damping ratio increase from 5% to 8.5% (Fig. 12). 

From Fig. 20, it can be also noted that the normal forces 

in the pile cases are greater than in the rigid inclusion ones. 

The role of the rigid inclusion system is to limit the 

movement transfer towards the superstructure, which in turn 

reduces the inertial forces. The variation of the ξmin and 

fmin values in the rigid inclusion cases has a small effect on 

the normal forces along the elements. Concerning the pile 

cases, the values in the case with  fmin = 1.25 Hz are 

almost equal for any damping ratio. However, in the system 

when fmin = 0.3 Hz  and fmin = 4.0 Hz , the normal 

forces are respectively reduced by 6% and 10% for 

damping ratios of 1% and 5%. 

 

6.5 Influence of the input motion frequency 
 

To study the influence of the frequency on the pile and 

rigid inclusion systems, the case with ξmin = 5%  and 

fmin = 1.25 Hz  was analyzed with the Loma Prieta, 

Northridge and Nice earthquakes. The predominant 

frequency of each earthquake is shown in Table 2. All the 

earthquakes were scaled to the same peak ground 

acceleration. 

Fig. 21 shows that the response spectra of the rigid 

inclusion and pile systems excited with the Loma Prieta  
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(a) Bending Moments (b) Normal Forces  

Fig. 22 Moments and normal forces along elements with 

input motion frequencies 

 

 

earthquake are greater in periods from 0.3 to 1.0 s compared 

to the response obtained with the Northridge and Nice 

earthquakes. Out of this range, the response of the Nice 

earthquake is larger. The responses of the rigid inclusion 

systems are greater than the pile cases.  
Fig. 22(a) illustrates that the system analyzed with the 

Loma Prieta earthquake produces greater bending moments 
in the pile and rigid inclusion system. Under the Loma 
Prieta earthquake (1.27 Hz), the damping ratio is equal to 
5%. However, this damping ratio increases to 8.3% and  
9.3% under the Nice (0.48 Hz) and Northridge (4.3 Hz) 
earthquakes respectively (Fig. 12). In the rigid inclusion 
cases, the maximum bending moments (at 5 m depth) 
obtained under the Loma Prieta earthquake are reduced   
11% and 58% compared with the ones of the Nice and 
Northridge earthquakes respectively. The same comparisons 
at the pile head give 14% and 36%. These results 
demonstrate that when the frequency of the input motion is 
near the fmin  value, there is no overdamping and the 
response of the system is greater. 

Fig. 22(b) shows that the normal forces in the systems 

with the Loma Prieta and Northridge earthquakes are almost 

the same (5% of difference). In the rigid inclusions systems, 

the values are similar until 6 m depth for all three 

earthquakes, after that depth, the values of the Northridge 

are reduced by 5%.  

 

 

5. Conclusions 
 

In this paper, the main objective is to study the effect of 

the damping parameters on the response of pile and 

inclusion through the Rayleigh damping formulation. Soil-

pile-structure and soil-inclusion-platform-structure systems 

are examined. Three-dimensional analyses of both systems 

are carried out using a finite difference code. A range of 

values for ξmin  and fmin  are considered. Several 

earthquakes are used to study the influence of different 

excitation frequencies. 

Developing detailed numerical models to reduce the 

uncertainties involved in the analysis of soil-pile/inclusions- 

structure systems, the results of this study, using Rayleigh 

damping, permit obtaining the following conclusions and 

recommendations that can be easily applied and adapted for 

research studies and design of engineering projects. 

• When the single control frequency approach is 

considered in the Rayleigh formulation, it is important 

to correctly select the central frequency (fmin) position 

to avoid an important overdamping and hence costly 

conservative design of piles, rigid inclusions or 

superstructures. The damping ratio should stay close to 

the target damping ratio. 

• In systems with the same target damping ratio, the 

maximum spectral acceleration at the superstructure 

base occurs when the system frequency is close to 

fmin . In this case, there is no damping ratio 

overestimation. However, this difference is negligible 

when the target damping is reduced. These results show 

that the superstructure dynamic characteristics have an 

essential impact when using SSI analysis. Further 

investigations considering structures with different 

dynamic characteristics are required. 

• Due to the kinematic interaction, the spectral 

acceleration on the rigid inclusion systems is greater 

than on the pile ones when considering the same target 

damping ratio and fmin.  

• Notable reduction is observed in the bending moments 

and normal forces along the depth of the vertical 

elements with the increment of target damping ratio for 

both pile and rigid inclusion systems. However, it must 

be considered that the overdamping caused by a change 

in the damping parameters decreases with the reduction 

of the target damping ratio.  

• When the input motion frequency is close to fmin, the 

overdamping amount is reduced, and the surface 

spectral acceleration of the analyzed systems increases. 

Thus, the bending moments and normal forces along 

the piles and inclusions also increase. 

• The influence of  ξmin and  fmin in the shear strains 

is more evident in the rigid inclusions systems than in 

the pile ones. Due to the kinematic interaction and the 

free condition at the rigid inclusion head (or the rigid 

connection in pile systems), the shear strains in the 

rigid inclusion systems are larger in the depth range 

from 0 to 7 m than for the pile cases.  

• In order to completely validate the obtained numerical 

results, experimental studies are necessary. 
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