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Despite the particular importance of the subject of soil-structure interaction, unfortunately, this Received: Jul 9, 2024
issue has received little attention from engineers, and seismic codes have not given much fead-
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recommendation to consider its effects. Seismic wave frequencies vary continuously, and the stiffness )
of springs and damping of dampers connected to structural supports also vary with the loading Accepted: Apr 12,2026

frequency. To simplify time-domain numerical analysis, a constant target frequency can be used to Kevwords
keep stiffness and damping values constant. In the substructure method proposed in this study, the _y .
optimal target frequency is the one that yields results that most closely match those of a more accurate  Soil-Structure Interaction
nonlinear 3D model analyzed using a direct method. A common simplification is to ignore the Inhomoaeneous Soil
foundation’s non-linear response, justified by design requirements to prevent permanent deformation g
ponse, | y design req p p
and the complexity of frequency-dependent soil behavior. Though not fully precise, this approach Frequency-Dependent
(considering soil heterogeneity and optimal target frequency) offers a forward-looking analysis and a Dynamic Impedance
basis for future nonlinear studies. This study presents a three-dimensional (3D) numerical model for
analyzing the seismic response of soil-foundation-structure systems embedded in granular soil (with Dynamic Analysis
different relative densities) considering the effects of soil heterogeneity (With varying shear modulus
with depth and compatible with the practical HSsmall model). The model is capable of accounting for
the effects of loading frequency along with the radiation damping of the soil system and can integrate
with the widely-used substructuring method considering an optimal target frequency. After verifying
the proposed model, the dynamic equilibrium equations of the substructuring system were solved in
the time domain using Matlab software. The target frequency was determined using i) Case 1: the
fundamental frequency of the soil (or the dominant frequency of the excitations), ii) Case 2: the
fundamental frequency of the structural system, iii) Case 3: the fundamental frequency of the soil-
foundation-structure system; iv) Case 4: the fundamental frequency of structure with static stiffness
and damping support (Case 4); and v) the fundamental frequency of fixed base structure and modified
stiffness, and the results were compared together. A comparison of the impedance (dynamic stiffness
and damping) of foundations situated on homogeneous and heterogeneous soil, as well as an
investigation of the structural response in both cases, is another objective of this research. The analysis
results demonstrated the accuracy of the proposed model and the acceptable calculation speed for
estimating the dynamic response of structures located on heterogeneous soils under frequent
operational earthquakes. The results also showed that with an increase in soil relative density, the
seismic behavior of structures on homogeneous and heterogeneous granular soils converges. For
instance, the response of the foundation on homogeneous soil bed with relative densities of 55%, 75%,
and 95% is on average 23%, 19%, and 15% lower than that of heterogeneous soil, respectively.
Additionally, for determining the target frequency, the use of frequency-independent Kelvin—Voigt
models (i.e., Cases 1-5) provides acceptable responses. According to the data presented in Table 4 and
Figs. 9 and 10, the following conclusions can be drawn: 1) The soil's fundamental frequency (Case 1)
yielded the least precise results. 2) While Case 3 offered the most favorable response, closely
matching the direct method, determining the soil-structure system's fundamental frequency through
complex integration in numerical software is often impractical. 3) Employing the target frequency in
Case 2 produced more satisfactory results than Case 1. 4) Cases 4 and 5 generated nearly identical
frequencies. Compared to Case 2, these cases enhanced response accuracy, bringing them closer to the
best response (i.e., Case 3). Therefore, for practical applications, it is recommended to utilize the
fundamental frequency from either Case 4 or Case 5 instead of the soil-structure system's fundamental
frequency (Case 3) to establish the optimal target frequency.

Substructuring Method
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Table 2. Characteristics of earthquake records used in this study

Scale Factor duration (s) PGA(g) Ry (km)  Vsye (M/s) Station Record
1.56 18.6 0.064 74.16 804.36 CHY102 Chi-Chi, Taiwan (1999)
2.38 14.5 0.042 70.52 1047.01 OKYHO02 Tottori, Japan (2000)
2.22 22.4 0.045 79.54 828.95 FKSH07 Chuetsu-oki (2007)
1.61 9.2 0.062 50.39 996.43 Vasquez Rocks Park Whittier Narrows (1987)
1.61 11.9 0.062 76.05 1249.86 SF - Pacific Heights Loma Prieta (1989)
2.13 16.9 0.047 37.97 1100 Diablo Canyon Power Plant ~ San Simeon, CA (2003)
1.20 20.2 0.083 82.93 1423.80 MYGO011 Iwate, Japan (2008)
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Table 3. Static stiffness of the springs connected to the investigated foundation located on soil with a relative density of 55%

K, (MN.m) K, (MN.m) K, (MN/m) K, (MN/m)
8233.4 4749.6 556.24 665.53 Homogeneous half-space [14]: from Table 1
9138.8 4607.1 520.94 692.15 Homogeneous half-space in this study: from the numerical model (Fig. 3)
2968.6 1322.9 288.4 395.6 Inhomogeneous half-space in this study: from the numerical model (Fig. 3)
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Fig. 7. The proposed model used in the infrastructure method (Qom monorail bridge)
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Fig. 8. The modal analysis results (first two modes) for the bridge in the fixed base and soil-structure interaction situations
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Table 4. The target frequencies employed in this research to characterize the bridge support properties

Case 1 2 3 4 5
Target frequency (Hz) 225 1.79 147 156 1.58
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