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This study examines the impact of structural frequency under 

various input excitations on the dynamic behavior of a piled 

raft (PR) foundation embedded in a dry sand layer. 

Numerical modeling using the finite element method was 

evaluated by experimental results from centrifuge test. The 

findings reveal that the structure's natural frequency, affected 

by the dynamic characteristics of both the soil and the 

foundation, is significantly lower than that of the fixed-base 

condition. However, the structure's frequency changes are 

independent of the excitation dominant frequency. 

Furthermore, as the structure's natural frequency rises, the 

disparity between the fixed-base condition and the 

foundation-inclusive scenario becomes increasingly 

pronounced. These changes significantly affect the whole 

dynamic system responses, precisely the maximum bending 

moment along the piles. It highlights the importance of 

considering the soil-structure interaction in the design 

process. Additionally, when the frequency of the input 

excitation closely aligns with the system's natural frequency, 

it induces the most significant dynamic responses in the soil, 

pile, raft, and structure. Consequently, relying solely on 

fixed-based methods in design can lead to unrealistic and 

potentially unsafe technical decisions. 
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1. Introduction 

Given the critical importance of optimization in civil engineering design, it is essential to consider 

the interplay between different structural elements to meet both optimization and safety objectives. 

Extensive research on soil-structure interaction (SSI) has demonstrated how soil's mechanical 

properties influence the dynamic behavior of structures. The complexity of soil-pile interaction 

under dynamic loading further complicates the design process, with structural characteristics 

playing a crucial role in this interaction [1–3]. Specifically, the specifications of a structure 

significantly impact the internal forces within the foundation due to inertial interactions, with taller 

buildings exhibiting greater inertial effects and higher pile bending moments [4–6]. In seismically 

active regions, piles are subjected to larger lateral loads from the weight of building floors, making 

rigid connections between piles and rafts more prone to increased stresses, thereby necessitating 

specialized design considerations [7]. 

The presence of flexible subsoil can significantly alter internal forces within a structure, rendering 

fixed-base design methods inadequate for accurately assessing the system's true dynamic behavior. 

Notably, centrifuge test results have shown that the contact between the raft and soil in a piled raft 

system can reduce the dynamic response of the superstructure [8]. However, the inertial interactions 

between the superstructure and foundation system also influence the foundation's response and the 

internal forces within the piles [9]. Consequently, taller buildings experience greater inertial 

interactions, leading to higher pile bending moments [4,5]. 

Tao et al., studied the SSI model including an oscillator, a 3D rectangular foundation, and a multi-

layered half-space [10]. Foundation impedance functions were derived using a high-precision 

indirect boundary element method. The study found that the soil acts like a cushion, providing 

additional flexibility. Consequently, the SSI system exhibits a lower frequency and greater damping 

compared to fixed-base structures, resulting in smaller peak amplitudes in the frequency domain. 

Forcellini uses 3D numerical simulations with Opensees to evaluate the seismic performance of a 

20-story building with a pile foundation, focusing on SSI through a probabilistic approach to 

develop analytical fragility curves. The key findings reveal that SSI can both reduce the 

vulnerability of the system and amplify site-specific effects (kinematic and inertial interaction) [6]. 

The study emphasizes that neglecting SSI can increase the overall vulnerability of the soil-

foundation-superstructure system. 

Zhang et al., conducted to analyze the seismic response of high-rise frame-core tube structures, 

incorporating the effects of Soil-Structure Interaction (SSI) [11]. The results showed that, in many 

cases, the inter-story drifts exceeded 1.5%, especially during near-field earthquakes, indicating that 

conventional design methods that exclude SSI may not adequately ensure the safety of high-rise 

structures. The study also found that while piled foundations reduce foundation rocking more 

effectively than classical compensated foundations, they tend to experience larger lateral 

deflections, particularly under near-field earthquake conditions. This is attributed to the higher shear 

forces observed in piled foundation structures compared to compensated or fixed-base structures. 

Hussien et al. [12,13] conducted numerical and experimental studies on the kinematic and inertial 

interactions affecting pile bending moments for single and grouped piles supporting structures with 

varying degrees of freedom. Their parametric analyses, assuming non-linear system behavior, 

showed a decrease in the effective fundamental frequency of the soil-pile-structure system and its 

resonant frequency. Increased pile flexibility resulted in higher maximum kinematic bending 
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moments. In cases where the superstructure's frequency was lower than the ground's, kinematic 

interaction primarily influenced seismic forces along the piles at excitation frequencies differing 

from the system's natural frequency. Near the natural system frequency, inertial interaction caused 

significant bending moments at or near the pile head. Hence, kinematic interaction should be 

considered in pile design, especially at frequencies close to the soil's natural frequency [13,14]. 

In this paper, we utilized centrifuge tests [15] and simulated them using the finite element software 

ABAQUS 3D to investigate changes in system frequency and their effects on responses, including 

accelerations and pile bending moments. A one-degree-of-freedom system modeled the 

superstructure. By altering the column cross-section while keeping the superstructure's weight and 

height constant, the model's frequency was varied, and seismic loading with different excitation 

frequencies was applied. The numerical simulation results were validated using the aforementioned 

centrifuge physical modeling results. 

2. Numerical modeling 

2.1. Model description 

To investigate the effect of a structure's natural frequency on the seismic response of piled raft 

foundations, and considering the 3D interaction mechanism between soil, pile, raft, and structure, 

the results of physical models [15] were numerically simulated using ABAQUS 3D software. The 

studied model consisted of three main structural components: a raft, a one-degree-of-freedom 

superstructure, and a piled raft system, including a raft and four piles. The superstructure and piles 

were rigidly fixed to the raft, which was situated on a dry sand layer. The specific gravity (Gs) and 

relative density (Dr) of the sand were 2.65 and approximately 60%, respectively. A schematic 

configuration of the experimental model and the instrument positions are shown in Fig. 1. Two 

types of one-degree-of-freedom superstructures were modeled using the same cubic lumped mass 

and two types of columns with identical heights (120 mm in models) but different cross-sectional 

areas, isolating the effect of different natural frequencies for accurate measurement. 

 
   (a)       (b) 

Fig. 1. Schematic diagram and dimensions ( m) of (a) the model including the sand bed, the piled raft, the 

superstructure and the position of instrumentation, and (b) the piled raft model and the position of piles and 

strain gauges [15]. 
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2.2. Modeling procedures 

During the main shaking stage of the centrifuge test, uniaxial sine-wave motions with two different 

accelerations and frequencies were applied to the models. The uniaxial seismic loading was applied 

horizontally beneath the soil layer, as the tested models were vertically symmetric. Therefore, as 

shown in Fig. 2, half of the models were simulated in the numerical analyses. In other words, the 

seismic response of a prototype-sized symmetric 2×1 piled raft system was investigated using 

ABAQUS software. 

Since the tests were conducted at 50g centrifuge acceleration, a geometric scaling factor (N) equal 

to 50 was used to calculate the size of the prototype model. Table 1 presents the geometrical 

specifications of the model, and Fig. 2 illustrates the basic configuration of the finite element 

modeling. In accordance with the prototype properties of the tested model, concrete piles with a 

Young’s modulus (E) of 23 GPa, a diameter (d) of 0.4 m, a length (L) of 9 m, and a square raft 

width of 5 m were considered (Table 1). All the dimensions mentioned in Table 1 are based on the 

centrifuge scaling law [16] . 

The piles were modeled as a linear elastic material in the numerical analyses of the soil-pile 

interaction, as recommended by most researchers [17]. 

 

(a)     (b)      (c) 

Fig. 2. The basic configuration of the 3D finite-element half-model (a) the whole system, (b) the mesh of soil 

and (c) the mesh of piled raft and super-structure. 

In the numerical analysis, different cross-sections of the columns were assumed to achieve varying 

natural frequencies for the superstructures, such as 1.2, 2, 3.4, and 5 Hz. Table 2 presents the natural 

frequencies of the superstructures (supported by a rigid base) and the entire system (considering 

soil-structure interaction). Additionally, a dry unit weight of 1530 kg/m³ and a friction angle of 37° 

were selected for the tested sand profile (Table 3). It is important to mention that the soil parameters in 

Table 3, are based on the experimental results of centrifuge tests in National Central University of Taiwan 

conducted by Baziar et al. [15]. 
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Table 1. Specifications of experimented model for the centrifuge tests in prototype scale (N=50). 

Element Properties Model Prototype 

Pile 

Material Aluminum Concrete 

Width 6 (mm) 0.4 (m) 

Length 180 (mm) 9 (m) 

Number 4 4 

Raft 

Material Aluminum Concrete 

Width × Length 75.6 (mm) × 75.6 (mm) 5 (m) × 5 (m) 

Thickness 6 (mm) 0.4 (m) 

One-Degree-of-Freedom System 
Mass 400 (gr) 50 (ton) 

Height 120 (mm) 6 (m) 

 

Table 2. Frequency of the fixed based super-structure and frequency of the system considering the 

interactions. 

Str. Freq.* 

(Hz) 

Sys. Feq.** 

(Hz) 

Excitation frequency 

(Hz) 

1.2 0.9 1 – 2- 7 

2 1.39 1 – 1.39 - 2- 7 

3.4 2.17 1 – 2- 2.17 – 3.4 - 7 

5 2.45 1 – 2- 2.45 – 5 - 7 

* Obtained by fixed base method                 ** Obtained by ABAQUS software 

Table 3. Physical properties of the sand used in numerical simulation. 

Soil Type Dr (%) ρ (kg/m3) E (MPa) Friction angle Φ (°) Dilation angle Ψ (°) 

SP 60 1530 40 37 6 

 

2.3. Simulation characteristics 

As illustrated in Fig. 2, the finite element (FE) mesh for the entire system -including the soil, piled 

raft foundation, and superstructure- was meticulously defined using 8-noded hexahedral elements 

(C3D8R) (Table 4). The mesh was carefully optimized to balance the accuracy of numerical results 

with computational efficiency, ensuring convergence of the model. Given the critical need to 

accurately evaluate bending moments along the piles, particularly when compared with centrifuge 

test data, special emphasis was placed on refining the mesh along the pile length. Fully integrated 

elements were employed for the pile modeling to enhance the precision of moment calculations, 

thereby improving the reliability of the results. 

Table 4. The number and types of the elements. 

Section Name Number of Elements Type of Elements 

Soil 29090 C3D8R 

Pile 140 C3D8R 

Raft 5000 C3D8R 

Column 360 C3D8R 

Mass 3000 C3D8R 

 

On the other hand, acknowledging the importance of soil-structure interaction, the mesh density for 

the soil elements varied strategically. Finer elements were utilized in the vicinity of the piles to 
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more accurately capture the complex interactions between the piles and the surrounding soil, which 

is essential for a precise representation of the piled raft system's behavior (Fig. 2b). 

Minimizing lateral boundary effects on system response is a critical challenge in physical modeling. 

To address this, all centrifuge models in this study were tested in a laminar container box, designed 

to reduce wave reflections through an infinite soil layer during dynamic tests. Lee et al. thoroughly 

investigated and reported on the boundary effects associated with this laminar container used in 

centrifuge tests [18]. In this research, to accurately simulate soil behavior in small-scale testing, 

various types of absorbing boundary conditions in numerical modeling were considered [19–21]. 

Among these, the consideration of far-field boundary conditions provided the most accurate 

numerical results, as the simulation was modeled at full scale. To assess this assumption, the Fourier 

amplitude of three accelerometers (A30, A28, and A24) in 3D modeling was compared with 

physical modeling results. As a result, the numerical outputs exhibit excellent precision compared to 

the physical measurements, validating that far-field boundary conditions are a sound and logical 

assumption. 

To define the interaction parameters, the Penalty method was employed. A tangential friction factor 

of 0.7 was used for interactions between the soil and the piled-raft foundation, while a friction 

factor of 0.35, as specified by Bhowmik et al., was applied for the interaction between the soil and 

the raft [22]. Additionally, to prevent overlap between the soil and pile elements, normal stiffness 

was defined. 

Since the degree of restraint of connections during an earthquake in centrifuge tests is not a 

definitive parameter, connections are modeled using two types: Tie and MPC. These models were 

compared with laboratory results. According to the results, the differences between these two 

connection types and the experimental values were not significant. Therefore, connections between 

columns and masses, as well as between piles and the raft, were modeled by Tie connections. 

2.4. Dynamic excitation 

In the numerical simulations, dynamic loads were applied as sine waves with a constant 

acceleration amplitude of 0.14 g, and frequencies of 1 Hz, 2 Hz, and 7 Hz (Table 2). The 7 Hz 

frequency was chosen to be sufficiently distinct from the natural frequency of the superstructures, 

thereby avoiding resonance effects. Since the natural frequency of the sand deposit was 

approximately 2 Hz (based on the soil samples free vibration), the 2 Hz dynamic load could induce 

resonance within the soil layer. This resonance could lead to significant displacements and 

increased damping. As a result, models subjected to dynamic loading at around 2 Hz experienced 

10% damping, while those subjected to frequencies of 1 Hz and 7 Hz exhibited a damping value of 

5%. 

2.5. Verification of the numerical modeling 

The results from the finite element analysis were compared with those from physical modeling 

(centrifuge tests). Using ABAQUS 3D, four models were simulated, each comprising two 

superstructures with different frequencies (1.2 Hz and 3.4 Hz) subjected to dynamic loading at 

frequencies of 1 Hz and 2 Hz, with an acceleration amplitude of 0.14 g. The frequency of the entire 

system was determined through frequency analysis in ABAQUS and then compared to the 

superstructure's frequency on a rigid foundation using fixed-base approaches (Table 2). 
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Figs. 3a and 3b show the acceleration histories for the input motions of the numerical models, 

represented by sine waves with an acceleration amplitude of 0.14 g and frequencies of 1 Hz and 2 

Hz, respectively. Fig. 4 compares the accelerations recorded from physical modeling with those 

from numerical analysis at various soil levels for models subjected to 1 Hz dynamic loading, with a 

superstructure frequency of 3.4 Hz. Similarly, Fig. 5 presents a comparison for models under 2 Hz 

dynamic loading. Figs. 6 and 7 illustrate the bending moments along the piles for the four models, 

recorded using three strain gauges placed at different points along the piles (Fig. 1b). Although the 

results from both physical and numerical models exhibit similar trends, the bending moment 

recorded at the uppermost strain gauge (D gauge in Fig. 1b) is slightly higher in the numerical 

analysis compared to the physical testing. This discrepancy is caused by the completely rigid 

connections between the raft and piles in the numerical analysis. Nevertheless, the close alignment 

between the results of experimental centrifuge tests and numerical analyses confirms the accuracy 

of the numerical modeling in analyzing dynamic behavior, assumptions, and parameters. 

       
(a)      (b) 

Fig. 3. Time history of base acceleration with (a) 1 Hz frequency, and (b) 2 Hz frequency. 

       
(a)      (b) 

 
(c) 

Fig. 4. Recorded time history for three accelerations were through the soil: (a) A24, (b) A28, and (c) A30 for 

model with 3.4 Hz structural frequency under dynamic loading with 0.14g acceleration amplitude and 1 Hz 

frequency. 
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(a)      (b) 

 
(c) 

Fig. 5. Recorded time history for three accelerations placed through the soil (a) A24, (b) A28 and (c) A30 for 

model with 3.4 Hz structural frequency under dynamic loading with 0.14g acceleration amplitude and 2 Hz 

frequency. 

      
(a)      (b) 

Fig. 6. Comparison of the maximum bending moments obtained from the numerical and recorded 

experimental tests, for the models with a super-structure possessing 1.2 Hz frequency under dynamic loading 

with (a) 1 Hz frequency, and (b) 2 Hz frequency. 

      

(a)      (b) 

Fig. 7. Comparison of the maximum bending moments obtained from the numerical and recorded 

experimental tests for the models with a super-structure possessing 3.4 Hz frequency under dynamic loading 

with (a) 1 Hz frequency, and (b) 2 Hz frequency. 
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3. Results and discussion 

3.1. Effect of excitation and different structural frequencies 

To investigate the impact of excitation characteristics, the dynamic responses of models with 

different superstructures under identical loading conditions were compared. Figs. 8a and 8b 

illustrate the acceleration amplifications for the dry sand layer, raft, and superstructure subjected to 

0.14g shaking at frequencies of 1 Hz and 7 Hz. Amplifications were determined by normalizing the 

maximum acceleration at various elevations to the maximum base excitation acceleration. 

According to Fig. 9a, the greatest amplification occurs in the superstructure with a natural 

frequency of 1.2 Hz, and structural amplification decreases as the structural frequency increases. In 

contrast, Fig. 8b demonstrates that for seismic loading at 7 Hz, the amplification is higher in 

superstructures with higher natural frequencies. Specifically, the superstructure with a frequency of 

5 Hz exhibits the greatest amplification, while superstructures with lower frequencies, such as 1.2 

Hz and 2 Hz, show lower amplification. The high acceleration values in the superstructure lead to 

significant lateral inertial forces on the foundation, which result in larger bending moments in the 

piles. 

      
(a)       (b) 

Fig. 8. Amplification of acceleration in soil layer at different elevation, in raft, and in super-structure for 

excitation with 0.14 g acceleration amplitude and (a) 1 Hz frequency, and (b) 7 Hz frequency. 

Figs. 9a and 10b depict the bending moments along the piles for models subjected to shaking at 1 

Hz and 7 Hz, respectively. Fig. 9a indicates that the pile supporting the superstructure with a 

frequency of 1.2 Hz experiences a greater bending moment than those in other models. Similarly, 

the superstructure with a frequency of 5 Hz experiences the highest acceleration under 7 Hz 

excitation (Fig. 8b), leading to maximum inertial forces on the foundation and, consequently, 

greater bending moments along the piles (Fig. 9b). However, the effect of inertial interaction 

diminishes with increasing soil depth, resulting in only minor differences in bending moments, as 

observed in Fig. 9. 



 B. Razmi et al./ Journal of Rehabilitation in Civil Engineering 13-3 (2025) 150-165 159 

      
(a)       (b) 

Fig. 9. The bending moment along the pile for four numerical models subjected to 0.14g shaking with 0.14 

acceleration amplitude and (a) 1 Hz frequency, and (b) 7 Hz frequency. 

The comparison of results confirms that at an excitation frequency of 7 Hz, due to the significant 

difference between the system frequency (fsys) and the excitation frequency (fexc), the system's 

response is less pronounced than at lower input frequencies, such as 1 Hz. It appears that the ratio of 

system frequency to excitation frequency (fsys/fexc) is a critical factor influencing inertial forces. 

Figs. 10a and 10b illustrate the superstructure amplification and the maximum bending moment of 

the pile, respectively, in relation to fsys/fexc for 7 Hz excitation. For excitation at 7 Hz, as the system 

frequency approaches the input frequency, the structural acceleration and inertial forces increase, 

leading to greater maximum bending moments along the piles. 

      
(a)       (b) 

Fig. 10. (a) Amplification of the super-structure and (b) The maximum bending moment of the pile for upper 

gauges (D) to fsys/fexc for the excitation with 7 Hz frequency. 

Figs. 11a and 11b show the amplification of the superstructure and the maximum bending moment 

of the pile versus fsys/fexc for 1 Hz excitation. Comparing these results with those for 7 Hz excitation 

reveals differing response trends for the two excitation frequencies. Similar to the 1 Hz excitation 

case, an increase in structural frequency results in a higher system frequency, which increases the 

difference between the system and excitation frequencies. Amplification is more pronounced in 

models with higher structural frequencies, leading to a reduction in superstructure acceleration and 

pile bending moments. 
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(a)       (b) 

Fig. 11. (a) Amplification of the super-structure and (b) The maximum bending moment of the pile for upper 

gauges (D) to fsys/fexc for the excitation with 1 Hz frequency. 

Figs. 12a to 12d present the bending moments of the pile for the four models with varying 

superstructure frequencies under dynamic loading at different frequencies. The greatest bending 

moments occur when the load frequency is close to or matches the system frequency, rather than the 

superstructure's natural frequency. This finding is crucial for superstructure design, as the system 

frequency plays a more significant role than the superstructure or soil frequency. Therefore, in 

designing structures on piled raft foundations, it is essential to consider the characteristics of the 

soil, piled raft, and superstructure simultaneously. 

As shown in Fig. 12, bending moments along the pile decrease as the excitation frequency diverges 

from the system frequency, while the maximum bending moment is observed when the excitation 

frequency (1.39 Hz) equals the system frequency (1.39 Hz). 

      
(a)      (b) 

      
(c)      (d) 

Fig. 12. (a) Amplification of the super-structure and (b) The maximum bending moment of the pile for upper 

gauges (D) to fsys/fexc for the excitation with 1 Hz frequency. 
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3.2. Considering the foundation and superstructure individually (Fixed- Base Analysis) 

To compare two design approaches—one where the superstructure is considered independently 

(fixed-base analysis) and one where interaction effects are considered simultaneously—the bending 

moment of the pile was also calculated using SAP, Fig. 13, a common engineering practice 

software. The results were then compared with those obtained from this research. The comparison 

of maximum pile moments between the two software programs reveals significant differences, with 

the fixed-base method yielding higher values (Figs. 14). 

As shown in Fig. 14a, when the excitation frequency is close to the natural frequency of the 

structure, the pile moments near the pile head increase in comparison to the ABAQUS analysis. In 

other words, in the fixed-base method, the natural frequency of the structure plays a crucial role. 

However, as the numerically verified results discussed in previous sections indicate, the system 

frequency is the actual resonant frequency of the system. On the other hand, when the excitation 

frequency is near the system frequency, the difference between the two methods is not as 

pronounced. Therefore, considering the piled raft system and superstructure together leads to a more 

economical and secure design (Fig. 15). It is also worth noting that the difference between the 

results decreases with increasing depth. Consequently, ignoring soil characteristics and inertial 

interaction in the design process may result in an imprecise and uneconomical design of the 

superstructure and foundation. 

 

Fig. 13. A view of the 3D half-model created in SAP. 
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(a)      (b) 

Fig. 14. Comparison of the numerical maximum bending moment along the pile for excitation with 0.14 g 

acceleration amplitude and 1 Hz, 2.17. 3.14 frequency for structure frequency 3.14HZ calculated using (a) 

ABAQUS and (b) SAP. 

 
Fig. 15. Comparison of the numerical maximum bending moment along the pile for excitation with 0.14 g 

acceleration amplitude and 1.39 Hz for structure frequency 2 HZ. 

4. Conclusions 

1- The results indicated that accounting for the interaction between soil, foundation, and 

superstructure in the simulation of a piled raft system leads to a reduction in the overall system 

frequency. This reduction was more pronounced when the superstructure had a higher natural 

frequency. 

2- The structural frequency significantly impacted the system's overall response due to its influence 

on the inertial forces generated on the foundation. The superstructure tended to vibrate at a 

frequency corresponding to the system frequency, making the system frequency a critical parameter 

that affects both the foundation and superstructure behavior. Consequently, it should be a key 

consideration in optimal design. 

3- Changing the excitation frequency did not alter the system frequency, indicating that the 

structural frequency, which decreases during the dynamic response, is independent of the excitation 

frequency. 

4- The effect of soil-structure interaction that shows in the system frequency is the critical factor in 

the dynamic responses of the structural elements of the system. Hence, measuring the effect of 

resonance response by considering the structure's natural and excitation frequencies would lead to 

incorrect engineering judgment and design. 
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5- The study also found that the ratio of system frequency (fsys) to excitation frequency (fexc) 

influenced the system's response. When fsys/fexc ≥1, superstructures with lower frequencies resulted 

in greater system responses. Conversely, when fsys/fexc ≤ 1, systems with higher structural 

frequencies exhibited increased responses. 

6- Under excitation at a frequency of 7 Hz, increasing the structural frequency led to an increase in 

both superstructure amplification and inertial forces, resulting in a higher maximum bending 

moment at the pile head. The system with a structural frequency of 5 Hz demonstrated the greatest 

bending moment response under 7 Hz excitation. 

7- Comparisons of four identical systems, with the same foundation but different superstructure 

stiffness and structural frequencies, revealed varying responses. The results underscored that the 

ratio of structural frequency to excitation frequency plays a significant role in system behavior. This 

finding suggests that buildings may interact differently with their foundations, leading to varying 

forces and bending moments in piled raft foundations. 

8- Considering the superstructure and foundation as a unified system was shown to be crucial in the 

design process. Neglecting this holistic approach and designing a building on a fixed-base 

foundation, followed by separate analysis of the foundation loading, may yield misleading results. 

9- In cases where the structural frequency brings the system frequency close to the dominant 

frequency of regional earthquake (fsys/fexc ≅ 1), rather than altering the dimensions of the foundation 

or structural elements (which could lead to suboptimal design), increasing the structural frequency - 

such as by stiffening the frame - would be an optimal solution. This approach raises the system 

frequency and improves the fsys/fexc ratio without changing the structural dimensions. 
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