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Abstract: As inferred from earthquake engineering literature, considering soil structure interaction (SSI) effects is important in evaluating the response of transmission line towers (TLT) to dynamic loads such as impulse loads. The proposed study investigates the dynamic effects of SSI on TLT behavior. Linear and non-linear models are studied. In the linear model, the soil is represented by complex impedances, dependent of dynamic frequency, determined from numerical simulations. The nonlinear model considers the soil non-linear behavior in its material constitutive law and foundation uplift in a non-linear time history analysis. The simplified structure behavior of a typical lattice transmission tower is assessed. The analysis of frequency and time domain are followed through varying soil stiffness and damping values. Three different shock durations are investigated. The soil-structure system with equivalent dynamic properties is determined. The behaviors achieved utilizing a rigid and a flexible base for the structures is compared to estimate the impact of taking SSI into account in the calculation. The current mainstream approach in structural engineering, emphasizing the importance of the SSI effect, is illustrated using an example where the SSI effect could be detrimental to the structure. Furthermore, the non-linear analysis results are analyzed to show the linear approach’s limitations in the event of grand deformations.
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1  Introduction

Transmission line (hereinafter referred to as TL) structures are commonly modeled with fixed base assumption neglecting the foundations flexibility. This assumption is debatable given the recognized importance of soil-structure interaction (hereinafter referred to as SSI) in different fields of structural engineering [1] such as earthquake engineering [2] and more widely under dynamic loadings. TL structures, which are built on overexposed area, are designed to support important dynamic loads suchlike those resulting from a conductor breakage [3]. Nonetheless, in most TL structural designs, static loads are computed and calibrated to be regarded comparable to the current dynamic load. Indicate that TL towers are generally assumed to be rigidly supported on infinitely stiff foundations. Nevertheless, because of new levels in the (re)design of (existing) structures thus far designed using conservative methods, this assumption was questioned by many practitioners [4] considering the significant importance of SSI recognized in other areas of structural engineering [5,6].

In the last decades, SSI effect has been largely studied, however, most research considered the foundation with an elastic linear behavior or, an equivalent-linear behavior at best. In previous work, the non-linear foundation behavior with hysteretic soil behavior and foundation-uplift was detailed [7]. Several studies have already investigated the soil flexibility effect on the structure response associated to foundation uplift [8–10] have modeled the underlying soil by spring-dashpot elements distributed without tension. Recently, [11] studied the uplift of foundation by creating a behavior law to explain the uplift mechanism with a single macro-element [12] investigated the non-linear SSI effect on steel braced structures by considering non-linearity in structure behavior only [13] analyzed the nonlinear behavior of stack-shaped towers under seismic SSI in 2012.

A detailed analysis of dynamic effects with non-linear SSI and foundation uplift is required to predict the transient reaction of TL towers to abrupt conductor rupture. Indeed, large deformations on the TL tower base may happens because of soil failure and foundation uplift in case of shock loads.

In this study, the major goal is to evaluate how linear and nonlinear SSI affect the dynamic response of rigid TL structures exposed to impulse loads. To study the influence of foundation flexibility, analyses are conducted out with finite element modeling. A parametric investigation is carried out as a preliminary step. A simplified latticed tower model is proposed with varying the foundation stiffness and damping. To determine the impact of impedances on the system dynamic properties, the soil structure system’s equivalent frequency and damping are determined. The impedance of the foundation is varied over a wide range in the parametric analysis to assess the parameter’s sensitivity. Coherent and granular soils were investigated for the simplified base tower to supplement these findings. To simulate the tower’s base, an iterative method was employed to establish the necessary impedances. To forecast the effect of SSI, a simple technique based on shock spectra is proposed.

The second stage investigates a real-world scenario of a low-voltage latticed tower with two types of elastic soil foundations. The nonlinear behavior of the soil as well as foundation uplift were then examined in order to assess their impact on the real-time reaction of the structure. The foundation displacements and resistance force are presented as results, are correspondingly compared to the linear response.

2  Presentation of the Study

2.1 Simplified Structural Model

For simplification, the soil and the structure are modeled in this work by a commonly employed system [1] consisting of a basic structure based on a flexible foundation medium [4,14]. The ADINA solver is used in a parametric study to model the simplified structure, including the foundation (shown in Fig. 1a). The structure two parts are linked together at the top where all the applied loads are assumed to be exerted. As a result, the two sections are mostly subjected to axial forces, as they are in real tower with concentric tower legs and connectivity of paint of application of load. The members’ axial cross section A is 0.001 m2. The building stands 10 m tall and is made up of 2-node beam segments. The beams are completely weightless. The tower is made of linear elastic material with an elasticity modulus E of 2 × 105 MPa. There are 40 beams that make up the primary members. A punctual mass of 395 kg is placed to the top of the structure. Thus, the structure frequency is 10 Hz which is a common value for latticed towers. Two footings support the building. The supports are 4 m apart. Impedances vertically and horizontally are applied at the structure’s two supports to model the foundation (Fig. 1b). The values of horizontal and vertical impedances are varied in a parametric analysis.
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Figure 1: Simplified tower structure ((a): fixed base and (b): flexible base)

2.2 Foundation Model

The calculation of the interface structure—foundation (Fig. 1b), named as the impedance functions (K = K + iω C) and defined as the ratio force-to-the consequent displacement, is a crucial step in the assessment of the linear effects of SSI. The stiffness of the soil-foundation system is represented by the real component K. The damping caused by energy dissipation in the soil, primarily by radiation, is represented by the imaginary component C. Analytical, semi-analytical, and boundary formulations, dynamic finite-element methods, and hybrid methods combining analytical and finite element approaches can all be used to determine impedances [15]. Reference [16] investigated the impedance functions that are used in SSI problems in depth. Reference [16] created different equations and charts for various types of footings based on numerically implemented analytical-integral-method for impedance determination. The soil is substituted in this article by dynamic frequency dependent and complex impedances derived from numerical simulations [17] using the FLAC (Itasca 2005) program, which are in good agreement with the solutions developed by [18]. A wide range of foundation stiffness K is investigated for the parametric investigation. Several foundation damping C values were studied. The determined impedances were used to create linear springs and dashpots in ADINA. The breadth of the foundation and its embedment are taken into account while determining the suitable impedance values. The foundations of transmission line pylons are designed to be more reliable, thus they aren’t supposed to deviate too much from elastic behavior [12].

2.3 Pulse Loads

Some TL structures are built to withstand shock loads caused by conductors that have broken. An impulse load is used in this analysis to represent the shock wave effect caused by the conductor breakage or ground wire. When one of these cables’ snaps, a series of dynamic tensile shock waves travels along it and partially reflects at the boundaries. This dynamic load is typically a series of impulse loads with time-varying amplitudes transmitted to the tower.

The impulse load known, in this study, as a semi-sinusoidal pulse-type excitation (Fig. 2), it is a punctual horizontal force applied at the structure’s top. There are two stages to a response to such an impulse. The first is the forced vibration phase, during which the cable/tower is subjected to an impulse load, and the second is the free vibration phase that follows. Generally, the load shock duration t is in the range 0.1 to 0.5 s. The shock load durations t, applied to the structure, are equal to 0.1, 0.25, and 0.5 s, as shown in Fig. 2 based on the impulse loads shock spectra given by [19]. The calculations are carried out for a total of 10 t. In the time domain, ADINA [20] is used to model the impulse-load dynamic effects.
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Figure 2: Different impulse loads (0.1 s—pink, 0.25 s—green and 0.5 s—blue)

3  Dynamic System Properties

Dynamic SSI depends on the structure and the underlying soil the properties. To better understand the behaviour of the soil-structure system, the equivalent stiffness and damping were determined analytically. Analytic and numerical (ADINA) results are compared.

3.1 Equivalent Stiffness and Frequency

The soil-structure system equivalent stiffness shown on Fig. 1b can be expressed using [19] and [21]. In the following equation the soil and the simplified structure were considered as springs in series. The equation was developed by applying a horizontal force on the top. The stiffness of the structure K0 was calculated based on matrix analysis and using the tilt angle of the structure members.


Keq=a2K0KhKva2KvKh+a2K0Kv+4h2K0Kh
(1)


K0=2EAl×(a2l)2
(2)

Kh and Kv are the foundation horizontal and vertical stiffness, a is foundations supports distance, h is the structure height, l is the length of each structure member and K0, the horizontal structure stiffness.

3.2 Equivalent Damping

The system equivalent damping combines three terms: firstly, the structure's damping, secondly the foundation’s radiation damping as a result of soil medium wave propagation, and thirdly the material (or hysteretic damping) as a result of inter-granular friction in the soil. The structure is dampened by a Rayleigh damping of 2% in this investigation. To compute the equivalent damping of the soil-structure system, [22] presented the following approximation:


ωfound=ωeq2ωfix2ωfix2−ωeq2
(3)


ξfound=Cωfound2Kfound
(4)


ξeq=Keq(ξ0K0+ξfoundKfound)
(5)

where, ωfound_, is the foundation angular frequency, ωeq is the equivalent system frequency, ωfix is the fixed base frequency, ξeq is the equivalent damping ratio of the whole system, ξ0 is the structure damping ratio, ξfound is the damping ratio of the foundation accounting for both the radiational and hysteretic effects [23].

4  Linear Parametric Study

The finite element code ADINA allow calculating the support reaction of the simplified structure in the time domain. A complete transient dynamic analysis was carried out. The Newmark’s average acceleration method is used, which uses Newton’s complete iterative process for energy convergence. The stiffness and damping of the foundation were varied in a parametric study. In the case of three impact durations, the ground impedance varies within a wide range of values. The horizontal and vertical stiffness of the soil varies from 5 × 104 to 5 × 108 kN/m. Soil damping varies between 104 and 5 × 106 kN s/m. In total 120 computations were accomplished. The results are expressed as the time history of the structural support responses. The model maximum response in the case of elastic foundation is compared with that of rigid foundation under the TL structure.

4.1 Maximum Response

The Figs. 3–5 indicate the ratio dimensionless-reactions R -to- the fixed-base reaction Rfix vs. t/T with different impedances values (T is the system period). The two foundations stiffness is varying in the range 5 × 104 kN/m to 5 × 106 kN/m which corresponds to a system frequency from 0.5 to 9.85 Hz. We infer that, unless there is a dynamic amplification, the response amplitude increases with soil stiffness. The magnitude of the responses tends to be similar at higher frequencies, around the structure fundamental frequency for the fixed base. The response is unaffected by the foundation damping, and the ratio of support reactions is around 1.
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Figure 3: The supports reactions of the simplified structure in the of shock duration 0.1 s
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Figure 4: The supports reactions of the simplified structure in the of shock duration 0.25 s

There is a dynamic amplification for shock durations of 0.5 and 0.25 s, as can be seen. For t = 0.1 s, this phenomenon is not noticed because the length is so brief that damping has no major effect on the supports reaction. At lower frequencies, foundation damping has a greater influence. When the data for the three shock durations are compared, we find the maximum response at higher frequencies (5.8 Hz) correlates to td = 0.1 s. As a result, shocks with t equal to 0.5 s (3 Hz) cause the greatest response at lower frequencies. When the shock duration is equal to 0.25 s and the frequency is in the range 3 to 5.8 Hz, the maximum is reached. The shock spectra computed using LabVIEW code and presented in Fig. 6 are consistent with these results.

4.2 Comparison with the Fixed Based Structure

To enhance the parametric study, two types of soils, a coherent and a granular, were considered for which the impedances were determined and used for the simplified model supports. The coherent soil had a celerity Vs = 100 m/s, a Poisson’s ratio ν = 0.4 and a mass-density γ = 1600 kg/m3. The granular soil is sandy where Vs = 200 m/s, Poisson’s ratio ν = 0.33 and mass-density γ = 2000 kg/m3. The simplified structure response with rigid base is compared with that of the same structure on flexible supports (Fig. 1b). To get the greatest effect on structural reaction, an iterative calculation was performed using impedance and checking the value of the system’s frequency each time until the system frequency was identical to the frequency calculated using impedances. As an example, the terminal frequencies are 8.7 and 6.8 Hz for sandy and cohesive soil, respectively. Tab. 1 shows the soil stiffness and damping related to those frequencies.
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Figure 5: The supports reactions of the simplified structure in the of shock duration 0.5 s
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Figure 6: Shock spectra

As shown on Tab. 2, when shock duration increases the maximum supports reactions values decrease. The support responses values for t = 0.25 s and t = 0.5 s are practically same if we consider the tower with fixed rigid base. When the shock duration is 0.1 s, the support’s reflexes are stronger. It is because the damping forces don’t have enough time to absorb a lot of energy from the structure. When the duration length is brief, the foundation stiffness has a greater impact than the foundation damping. In both granular and cohesive soils, including SSI decreases the values of reactions from 6% to 40% when compared to the results with fixed base.
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4.3 Prediction of SSI Effect

The maximum response of the soil-structure reaction could be determined based on the shock spectra response given in Fig. 6 and the formulae defined by Eqs. (1), (4) and (5), and then the influence of SSI could be assessed. The shock spectrum response achieved with LabVIEW code under sinusoidal impulse loads is shown in Fig. 6. The maximum response generated in a damped simplified structure by a semi-sinus impulse load is plotted vs. of the ratio impulse duration-to-the structure’s natural period on this diagram. Each curve corresponds to an equivalent damping value. Tab. 3 indicates calculations of this method.
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As indicated in this table, when the equivalent soil-structure system damping and period are known, from Fig. 6 we deduce the maximum response which confirm the results obtained on Figs. 3–5. The effect of SSI might be assessed by dividing the acquired maximum response value to the fixed base analytic one.

5  Case Study: Lattice TLT

In this paragraph, a real latticed transmission tower is calculated. The impact of both linear and nonlinear SSI is measured. The foundation behavior is initially thought as elastic. A nonlinear analysis was also performed to account for the foundation's nonlinear behavior and the possibility of foundation uplift where deformations are larger.

5.1 Tower Modeling

A typical steel transmission tower [24] with real foundations shown in the Fig. 7 is considered to illustrate the SSI effect. The tower modeled with ADINA solver is 10 m height. It is supported by four footings and contains 144 beam elements and 130 truss elements. The tower has a mass of 3531 kg and a fundamental frequency of 10 Hz with a rigid base. Impulse loads of 0.1, 0.25, and 0.5 s are applied to the tower (Fig. 2).
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Figure 7: Latticed TLT model

5.2 Effect of Linear SSI

5.2.1 Soil Impedances Applied on the Bases of the Real Tower

The base tower foundations are modeled using springs and dashpots in all three translation directions. 4 m between two supports is considered at the tower base. FLAC simulations [25] provided the impedance values used in the ADINA model. iterative calculation was required to predict the structure response fundamental effect, and by applying impedance and checking the value of the soil-structure system’s frequency each iteration until a system frequency equalize that one corresponding to the applied impedances was obtained. On Tab. 3, the values of soil stiffness and soil damping are shown. The ultimate system frequency for granular soil is 6.5 Hz, whereas the final system frequency for cohesive soil is 3.9 Hz. It indicates that impedances were determined at a frequency of 6.5 Hz, and in the case of cohesive medium, the corresponding frequency of the soil-structure system with those impedances is likewise 6.5 Hz. On Tab. 4, the soil stiffness and damping applied at each support are shown.
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5.2.2 Time History

On the top of the tower model, an impulse load during 0.1 s is applied. The impedances of two soil types were applied on the supports of the tower: A coherent-soil having a Vs = 100 m/s, Poisson’s ratio 0.4 and a mass-density of 1600 kg/m3 and the second is a sandy media having a Vs = 200 m/s, Poisson’s ratio 0.33 and a mass-density of 2000 kg/m3.

Fig. 8 indicates the time histories in the cases of cohesive soil, granular soil, and with fixed base. The values of responses with a fixed base are higher than those with a flexible basis, as can be shown. When using granular media, the responses are more crucial than when using cohesive media. In cohesive soil, the effect of foundation damping is particularly critical.
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Figure 8: Time histories response examples on the latticed tower base

5.2.3 Comparison to the Fixed Base Response

On Tab. 4, the values of the applied impedances on the real tower base are shown. Tab. 5 summarizes the reactions on the structure’s foundation. When considering a transmission tower for a fixed rigid base, the support response values for 0.25 and 0.5 s are nearly identical. When the shock duration is less than 0.1 s, the support's reflexes are stronger. The reactions values decrease when shock duration increase.

As there is no amplification of the response, including SSI decreases the values of reactions from 3% to 33% when compared to the findings with fixed base. The values of reactions with a flexible basis are bigger than the values of reactions with a fixed base in the case of a shock load with t equal to 0.25 s. The gap ranges from −13% to −26%. This is supported by Fig. 4. The positive impact of SSI is validated in this research, except when the soil damping is low, causing the dynamic response to be increased, as illustrated in Figs. 4 and 5. In this scenario, the SSI has a negative impact on the structure.
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5.3 Effect of Nonlinear SSI

5.3.1 Modeling of the Nonlinear Foundation Behavior

In this section, nonlinear experimental vertical spring components were used to represent the non-linear behavior of the two raised foundations. Linear springs and dampers are used to model the two compacted foundations. The nonlinear elements are introduced in ADINA code as being experimental load-displacement curve [26]. The loading shown in Fig. 9 was applied directly to the foundation in the experimental test. Fig. 10 shows the load-displacement curve that was produced.
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Figure 9: Foundation subjected to experimental load

The foundation’s material and geometric non-linearities are described by the force-displacement curve. Fig. 11 indicates the tested foundation geometry. The soil is granular with Poisson’s ratio = 0.33 and a mass density 1970 kg/m3. Considering the numerical simulation [17] and the tables and charts of [16], the values of impedances used in the numerical calculations for the two compressed supports are Kv = 1.04 × 104 kN/m, Cv = 5 × 102 kN s/m. The horizontal impedances are so that Kh = 8.5 × 103 kN/m and Ch = 3.2 × 102 kN s/m.

5.3.2 Discussion

Vertical and horizontal displacements, as well as resistance forces, are reported as results. The results are compared to illustrate the influence of foundation non-linearities on support resistance and displacements, as well as to compare the behaviors of uplifted and compressed footings. A sinusoidal load (t = 0.5 s and Pmax) was applied on the top of the tower as indicated in Fig. 2.
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Figure 10: Experimental load-displacement curve
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Figure 11: Foundation used in experimental test [26] (L = 1.372 m, L2 = 0 m, B = 1.473, D = 1.61 m where D is the depth)

Displacements of the uplifted and compressed footings

Figs. 12 and 13 indicate the nonlinear displacements variation of the tower support vs. time for Pmax = 60 and Pmax = 100 kN. When Pmax = 60 kN, the compressed footing displacement is 12 mm and it is 4 mm in the case of uplifted footing. Then the uplift is less important than the settlement. However, when Pmax = 100 kN, the uplift displacement is 26 mm which is larger than the compressed footing settlement that is 17 mm. The maximum displacements of the uplifted and compressed footings may be compared using Tabs. 5 and 6.

It may be deduced that until the foundation’s carrying capacity is reached, compression displacements are more critical than uplift displacements (about 124 kN). After then, the raised footings’ displacements are larger than the compressed footings’ displacements. The variations in the time of the displacements for Pmax = 60 kN is shown in Fig. 12. Nonlinear displacements and forces are larger than linear displacements and forces for significant applied loads. When 130 kN is applied on the tower top, for example, the linear displacement is around 17 mm, and it is roughly 60 mm when the foundation’s non-linear behavior is taken into consideration. The variations in the time of the displacements for Pmax = 100 kN is shown in Fig. 13. It may be determined that the linear analysis may be utilized to calculate the tower’s reaction for modest deformations (10−3 m). When dealing with substantial deformations, however, the linear assumption is inconvenient. The foundation’s non-linear behavior resulted in increasing the maximum displacement on the b. Base uplifting and soil failure are the causes of large deformations. As shown in Tab. 6, the nonlinear behavior of the foundation causes a slight reduction in the resistance pressures on the TL structural supports as compared to the linear analysis, primarily for large applied-loads.
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Figure 12: Vertical displacements at the TL base for Pmax = 60 kN

Linear and nonlinear response in the case of uplifted foundation

On Tab. 6, the maximum displacements and resistance forces on the tower uplifted supports are shown. On the tower top, the total applied load varies between 1 and 130 kN. The foundation’s linear and non-linear behavior (soil collapse and foundation uplift) are both evaluated. The values of linear displacement at the base of the tower are larger than the non-linear values from the start of the load application until Pmax equals 60 kN.

Compressed foundation maximum response

On Tab. 7, the maximum displacement and resistance force values for the tower-compressed supports are shown. On the top of the tower, the total applied load varies between 1 and 140 kN. The displacement of the uplifted footing turn into larger than the displacement of the compressed footing when the load received by the foundation surpasses its bearing capacity (approximately 124 kN), as illustrated in Tabs. 6 and 7. The settlement is more significant than the uplift displacement under the foundation’s bearing capacity, and the settlement is roughly 21 mm near the bearing capacity.
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Figure 13: Vertical displacements at the TL base tower for Pmax = 100 kN
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6  Conclusions

In this research, the influence of SSI was investigated using both linear and non-linear foundation behavior. On the basis of soil stiffness and soil damping variation, a linear parametric study was conducted. Analysis in the frequency and temporal domains were carried out. Real foundations with linear and non-linear behavior were investigated in a real case. To get the largest impact on the structure response, an iterative calculation was performed using impedance and checking the value of the system’s frequency each time until a system frequency equal to the frequency calculated using impedances was obtained. This paper’s key results may be summarized as follows:

—   Through wave radiation and hysteretic action, a portion of the energy of the vibrating flexibly-supported structure is dissipated into the soil, resulting in a damping ratio greater than that of the comparable fixed-base structure.

—   Introducing impedances in place of rigid bases to account for soil structure interaction modifies the dynamic behavior of the soil structure system significantly.

The relevance of addressing the soil structure interaction impact is demonstrated by the values of supports responses under shock loadings. Except for low damping a dynamic reduction was observed, confirming the current dominant opinion in structural engineering that SSI can reduce dynamic load effect when taken into account. However, low soil damping results in increase of dynamic load effect, which might result in a hazardous design. In accordance with the results. It’s worth noting that using linear impedances instead of rigid supports has a considerable impact on the response. As a result, the dynamic tower’s reactive impulse loads are affected by soil structure interaction.

—   The impact of SSI may be anticipated using shock spectra curves and analytic formulations of comparable stiffness and damping.

—   The use of nonlinear springs in conjunction with experimental force-displacement curves revealed the linear approach’s limitations in the case of significant deformation.

—   When the hysteretic behavior of the soil and the possibility of foundation uplift were taken into consideration, the reaction at the base of the TL tower varied when compared to the identical reaction when linear assumptions were used.

—   Because TL towers are heavily stimulated by impulsive loads and the risk of substantial deformations and foundation uplift exists, it is vital to evaluate the foundation's non-linear behavior.

—   The displacement values obtained on the uplifted footing of the TL tower demonstrate that an uplift of 21 mm is a safe limit for the foundation and the supported structure, and that an uplift of 50 mm poses a risk to the foundation and the supported structure. These results are consistent with typical values used in the field of engineering.

—   The effect of soil-structure interaction might have a significant impact on the overall response of the tower, depending on the tower configuration and dynamic loading.

For soils behaving in their quasi-elastic range, the approach utilized in this research can be considered accurate. However, it will be more realistic if the structure’s nonlinear behavior is also taken into account to obtain a better understanding of this complex behavior.
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Table 3: Prediction of the SSI effect using shock spectra and analytic formulations
t Cohesive

Granular
Keq uT Eeq (V) Rinax Keq uT Eoq (%) Rumax
0.10 7.23 x 10° 0.68 40.52 0.57 1.19 x 10° 0.87 19.44 0.71
0.25 7.23 x 10° 1.70 40.52 0.51 1.19 x 10° 2,18 19.44 0.53

0.50 7.23 x 10° 3.40 40.52 0.50 1.19 x 10° 4.36 19.44 0.50
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Table 4: Foundation impedances intended for the real case
Cohesive soil 3.9 Hz Granular soil 6.5 Hz
Ky (N/m) C, (Ns/fm) K, (N/m) Cj (Ns/m) K, (N/m) C, (Ns/m) Kj (N/m) Cj (Ns/m)
8.5 x 10° 385 x 10° 7.7 x 10° 1.84 x 10° 3 x 107 7.5 x 10° 3.1 x 107 525 x 10°
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Table 7: Compressed supports response

Prax (kKN) Fz (kN) Uz (mm) Fy (kN) Uy (mm)

1 —26.56 —2.85 2.61 -0.3
5 —30.18 —3.34 34 0.41
20 —47.97 —5.57 6.92 0.86
40 —74.61 —8.52 11.95 1.53
60 —100.42 —11.51 17.06 2.19
80 —126.7 —14.5 22.05 2.83
100 —1529 —17.46 26.94 3.45
120 —179.2 —20.31 30.1 4.03

140 —205.43 —23.39 37.91 4.63
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Table 1: Foundation impedances used in the case of simplified structure
Cohesive soil (6.8 Hz) Granular soil (8.7 Hz)
Ky (N/m) C, (Ns/m) Kj (N/m) Cj (Ns/m) K, (N/m) C, (Ns/m) Ky (N/m) C; (Ns/m)
175 x 107 6.65 x 10° 1.49 x 107 3.75 x 10° 630 x 107 1.38 x 10° 6.10 x 107 8.05 x 10°
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Table 6: Linear and Nonlinear response in the case of uplifted supports

Nonlinear Linear

Fz (KN) Uz (mm) Fy (kN) Uy (mm) Fz (kN) Uz (mm) Fy (kN) Uy (mm)
-29.52  —1.02 —0.3 —2523 266 -224 022
—29.28 —1.02 —25.12  -2.67 -2.23 0.23
—28.36 —1.03 —2627 284 3.95 0.5
31.61 —1.13 1.14 31.805 358 9.58 1.2
55.49 4.28 1.86 58.8 6.52 15.18 1.95
81.17 13.28 2.58 85.8 9.56 20.92 2.69
107.54  25.53 3.32 112.8 12,6 26.7 344
130.48  44.02 4.05 139.79  15.65 3232 42
139.42  58.07 4.86 15329  17.10 35.16 4.6
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Table 2: Reactions on the simplified structure base

Shock 0.1 s Shock 0.25 s Shock 0.5 s

Rh Rv Rh Rv Rh Rv
Fix 0.82 4.12 0.54 269 0.53  2.66
Cohesive soil ~ 0.57 244 051 242 0.50  2.48

30.5%  40.7%  5.6% 10% 57%  6.8%
Sandy soil 0.71 312 053 25 0.50  2.49

13.4%  243% 1.9% 7.6% 5.7%  6.4%
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Table S: Reactions on the latticed transmission tower base

Shock 0.1 s
Rh Rv
Fixed 0.45 2.08
Cohesive soil ~ 0.34 1.39
24.4%  33%
Sandy soil 0.41 1.79
9% 14%

Shock 0.25 s
Rh Rv
0.27 1.33
0.34 1,57
—-26% —18%
0.31 1.51
—15%  —=13%

Shock 0.5 s
Rh Rv
0.28 1.33
0.24 1.33
143% 0%
0.26 1.29
7% 3%
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