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Abstract 

This study aimed to investigate whether the seismic fragility and performance of interaction soil-pile-structure (ISPS) 

were affected by different parameters:  axial load, a section of the pile, and the longitudinal steel ratio of the pile were 

implanted in different type of sand (loose, medium, dense). In order to better understand the ISPS phenomena, a series of 

nonlinear static analysis have been conducted for two different cases, namely: (i) fixed system and (ii) ISPS system, to 

get the curves of the capacity of every parameter for developing the fragility curve. After a comparison of the numerical 

results of pushover analysis and fragility curves, the results indicate that these parameters are significantly influenced on 

lateral capacity, ductility and seismic fragility on the ISPS. The increasing in the axial load exhibit high probabilities of 

exceeding the damage state. The increase in pile section and longitudinal steel ratio, the effect of probability damage 

(low and high) are not only related to the propriety geometrically, but also related to the values of ductility and lateral 

capacity of the system. 
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1. Introduction 

The results after catastrophic damage of environmental and financial of serious engineering systems have turned so 

severe that manufactures are seriously considering improvements analysis and design to provide quantitative measures 

of structural performance.  

It is generally believed that pile foundations are advantageous for the superstructure under seismic excitations [1].  

Nevertheless, post-earthquake investigations have explained that many of the observed failures were fundamentally 

due to design methodologies that expect hinges at the pile head [2-3]. To better the information about the seismic 

behavior of piles and micropiles, both empirical and numerical studies were taken out lately. SSI effects on the 

inelastic bridge response were studied by Ciampoli and Pinto (1995) [4] by considering a spread footing foundation. 

For foundation layouts, they found that, SSI are not affected, because the demand remained unaffected. Elnashai and 

McClure [5] studied the behavior of SSI of the bridge, finding that SSI has an important role in the behavior of the 

system and the ductility of structure are important. Later, Mylonakis and Gazetas (2000) and Jeremić et al. (2004) [2, 

6] found that SSI in inelastic bridge piers supported on deformable soil may cause significant augmentation in the 

inelastic ductility of the piers, depending on the parameters of the structure and the motion. 

                                                           
* Corresponding author: n.guettafi@univ-batna2.dz 

 
http://dx.doi.org/10.28991/cej-2021-03091660 

 

© 2021 by the authors. Licensee C.E.J, Tehran, Iran. This article is an open access article distributed under the terms 
and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

http://www.civilejournal.org/
http://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/


Civil Engineering Journal         Vol. 7, No. 02, February, 2021 

377 

 

Djarir and Abdelkrim (2012) [7] investigated the effect of combined horizontal and vertical accelerations on the seismic 

response of reinforced concrete frames on flexible foundations. The analysis considered five and nine story buildings. 

It has been found that the inclusion of the vertical ground motion with the soil-structure interaction has resulted in a 

reduction in the horizontal displacement compared to the case with only the horizontal earthquake component. 

Huynh et al. (2020) [8] has used a new a macro-element for simulating the seismic behavior of the soil- shallow 

foundation interaction, the comparison between simulation and experiment results show that this model suited for 

simulating a couple of material and geometric behaviors of a shallow foundation under seismic loading. 

Looking extra deeply into this problem, Mylonakis et al. (2006) [9] studied the role of interaction soil structure on 

the failure of the bridge in the Hanshin Expressway. The bridge, building from a single concrete pier with circular 

section monolithically connected to a concrete deck with 18 spans in total, was founded on groups of 17 piles in 

different layers of sand (loose to dense) and moderate to stiff clays. It was shown that the augmentation in seismic 

demand in the piers had override 100% in comparison compared to piers with fixed base. From the experimental point 

of view, there are very few experimental investigations examining the PSSI effects on the seismic responses of integral 

bridges with pile foundations instill in site soil, such as cable-stayed bridges. During the past two decades, there were a 

large number of shaking table studies focusing on the PSSI effects on the seismic responses of only simplified bridge 

structures with various sand or soil [10-16], namely, their superstructures were modelled as a simplified structure. 

Makris et al. (1997) [10] measured the displacement transfer functions and the strain spectra of a model including 

the single pile instill in sand and modeling superstructure with lumped mass, and examined the Winkler foundation 

model. Yao et al. (2004) [11] using a large-scale shear box to investigate the interactive behavior of the pile soil-

superstructure model in a saturated sand, and the resultants that considering the ground behavior is remarkable when 

evaluating the responses of the superstructure. 

Tokimatsu et al. (2005) [12] examined the impacts of inertial forces and kinematic forces on the stresses of the pile 

according to a shake table testing on structure-pile-sand model, and the results showed that if the period of the 

structure is least than that of the soil, the kinetic force is almost in phase with the inert force, augmentation the stress in 

piles. Chau et al. (2009) [13] experimental studies on the structure-pile-soil system, and the interaction between the 

soil and structure-pile was observed. Gao et al. (2011) [14] used various shaking amplitudes for studying dynamic 

interaction between the soil and pile; the results indicated that, the shaking amplitudes are an effect on the excess pore 

pressure ratio, ground acceleration and pile acceleration, and pile bending moment. Wang et al. (2014) [15] used shake 

table testing a shear box to show the effects of the soil-structure interaction on a scoured bridge system, explain that 

the augmentation in the bending moment of the pile is tied with increased in depth while the pier bending moment 

decreased. Durante et al. (2015) [16] beginning of conduct experimental researches on a model that was composed of 

an oscillator mass and a pile group or single pile placed in a bi-layered soil, and found that the pile bending was mainly 

depended on the coupling degree between the frequencies of the structure-soil system and earthquake wave. 

Aforementioned studies underline the significance of the impact of the PSSI. 

The owner and designer view how to select the desired of performance and hazard levels to use as design criteria 

(objective). The force acceptability and element deformation criteria of performance are fixed for different element 

structural for linear or nonlinear, static or dynamic analyses. PEER performance assessment methodology has been 

summarized in various publications [17, 19] and various benchmark studies have been conducted in [20, 21]. Houda et 

al. (2018) and Sekhri et al. (2020) [18, 22], studied the influences of pile diameter, vertical loads, longitudinal steel 

ratio, length of the pile and type of soil on the lateral response of piles, using nonlinear static analysis. The results 

show that the spectral capacity and lateral capacity are influenced by these parameters.  

Saha et al. (2020) [23], studied the seismic response of different lateral period of building structures supported by 

piled raft foundation considering simplified substructure approach and incorporating only inertial interaction. Both 

elastic and inelastic behavior of superstructure and foundation (i.e. considering both pile and soil behaving linearly, 

pile linearly and soil nonlinearly and lastly pile and soil both nonlinearly) are taken into consideration. It finding that 

the designing of pile members with high ductility may reduce the seismic risk of failure of superstructure system. This 

physical insight may be an important consideration for performance based seismic design of structures. 

Hence, seismic fragility analysis is a crucial approach for evaluating seismic performance of soil pile interaction 

and to improve the seismic design, retrofitting, and enhancing reliable decision-making on structural engineering. 

More recently, Ajamy et al. (2018) [24] worked on an analytical approach to evolve seismic fragility curves for an 

existing Jacket Type Offshore Platforms (JTOP) located in Persian Gulf utilizing the same record set as described in 

[25]. The approach used for developing seismic fragility curves is based on the comprehensive interaction IDA method 

considering the effects of both epistemic and aleatoric uncertainties on the probability seismic performance of the 

JTOP. Shafieezadeh et al. and Su et al. [26, 27], used three-dimensional nonlinear FE models for conducted seismic 

performance evaluation of wharf structures. Su et al. and Na et al. [27, 28], using the uncertainties in structural and soil 

properties within a numerical analysis for investigated the variability of the seismic behavior of pile-supported 
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wharves. Mitropoulou et al. and Stefanidou et al. [29, 30], estimate the effete of SSI on the seismic fragility of bridges 

and building structures respectively. Wang et al. (2019) [31] have identified sensitivity rankings of parameters for 

seismic performance assessment of pile-group-supported bridges in liquefiable soils undergoing scour potentials.  

This study aims to identify structural and soil parameters (types of the sand, pile diameter, longitudinal steel ratio, 

and axial force level) that have the effects on the seismic fragility of bridges with an account the effect of interaction 

soil–pile-structure (ISPS) system. To achieve this goal, harness used the fully nonlinear method in which main 

component of the interaction soil-pile-structure finite element (FE) model. For this purpose, a tow-dimensional finite 

element program, SAP2000 [32], has been used to numerically model and examine the influence of the soil-pile-

structure interaction on seismic fragility. Three types of sand (loose, medium, dense), axial load (0.1P,0.2P,0,3P), four 

sections of the pile (0.5m, 0.7m,1m,1.2m) and the longitudinal steel ration, have been considered. The Pushover 

analysis is used to estimate the curve of the lateral capacity of the ISPS system and generates the IDA curves for 

evaluation the fragility curves. 

2. Interaction Soil-pile-structure and Finite Element Modeling 

The numerical analyses developed and described in this paper with different nonlinear source were performed using 

the computer program SAP2000. The software allows for the use of element with lumped-plasticity (with fixed length, 

so called plastic-hinge). Nonlinear analysis of RC structures using concentrated plastic with fiber hinge option in 

SAP2000 [33-35]. The structure and pile are subdivided into sufficient number of 2D beam-column elements, while 

the soil is replaced by sets of nonlinear spring along the pile length.  

 

Figure 1. Discretization of typical reinforced concrete cross-section 

Figure 1 presents the element cross section, subdivided into a number of fibers, and its behavior is characterized by 

some monitoring cross sections along the element. The actual stress distribution across the cross section is calculated 

using appropriate stress–strain relationship for the pile material. The constitutive relationship proposed by Filippou et 

al. [36] for steel is used in the model to account for material nonlinearity and isotropic strain hardening. For reinforced 

concrete, the monotonic envelope curve is based on the model proposed by Kent and Park [37], Menegotto and Pinto 

[38] and Scott et al. [39]. The fiber model can represent the loss of stiffness caused by concrete cracking, yielding of 

reinforcing steel due to flexural yielding, and strain hardening. 

To simulate the nonlinear response of piles to static lateral loads, there are two main simplified approaches that can 

be used, p–y curve approach and the strain wedge model. The concept of using p–y curves to simulate the soil 

resistance, p, to pile deflection, y, under lateral loading is demonstrated in Figure 2a. The spring force–deformation 

relationship represented by the p–y curves can be obtained from results of lateral load tests on instrumented piles. The 

procedure to construct the p–y curves is illustrated in Figure 2b. The distribution of pile bending moment can be 

established based on the pile curvature obtained from the strain gauge data along the pile. The soil reaction and pile 

deflection along the pile can then be determined by double and fourth integration of the bending moment, respectively, 

and the variation of soil resistance with pile deflection, i.e., p–y curve, can be assessed at any given depth. This process 

is given by: 
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𝑝(𝑧) =
𝑑2𝑀(𝑧)

𝑑𝑧2
   𝑎𝑛𝑑   𝑦𝑝𝑖𝑙𝑒(𝑧) = ∬

𝑀(𝑧)

𝐸𝑝𝐼𝑝

 𝑑𝑧 (1) 

Where M(z) is the pile bending moment at depth z; and Ep, Ip are the elastic modulus of pile material and its cross-

sectional moment of inertia. 

 

Figure 2. Pile lateral response analysis using p–y curves: a typical model, b methodology for developing p and y profile 

In this study, the 2D numerical model is used to evaluate the seismic response of the interaction soil-pile-structure 

using the SAP2000 software (Computers Structures Inc., 2004). The soil was modeled using nonlinear springs. The 

multi-linear plastic element available in SAP2000 (2002) was used in the proposed model. The nonlinear properties of 

link element were obtained using the generated p– y curve from 2D finite difference (FD) solution by LPILE. Springs 

were assigned at each 0.5 m along the pile. The p–y curves were developed in LPILE at the defined depth location and 

hence the soil stiffness at various depth locations was calculated and hysteretic behavior was obtained. The fixity was 

assigned at the bottom of the pile to simulate the embedment of the pile into rock. 

3. Fragility Curves   

Data on seismic damage are generally given in term of discrete variables. A fragility curve is a mathematical 

expression which allows transforming discrete variables into a continuous relation. Fragility curves express the 

conditional probability of reaching or exceeding a particular damage state (DSi) given a certain level of seismic 

intensity measure (IM). The use of the lognormal distribution enables easy development and expression of these curves 

and their uncertainty. With this formulation, it is assumed that all uncertainty in the fragility curves can be expressed 

through uncertainty in its median alone Kennedy et al. (1980) [40]. Hence, only two parameters are needed to plot the 

curves. Seismic fragility analysis of structures is a popular approach under the framework of performance-based 

earthquake engineering (PBEE). It constitutes a large portion of seismic risk analysis and post-earthquake loss 

assessment of structures, especially those having lifeline characteristics. The seismic vulnerabilities of structures under 

different earthquake hazards can be evaluated by means of fragility analysis from a probabilistic perspective. Seismic 

fragility describes the conditional probability of a structure exceeding a specific damage level for a given earthquake 

intensity, which can be generally expressed as Equation 2. Different parameters can be used to represent the seismic 

intensity of the used ground motions such as spectral acceleration, spectral displacement, peak ground velocity and 

PGA. For this study, PGA was selected to be the corresponding parameter in developing the fragility curves. 

𝐹 = 𝑃(𝐿𝑆|𝐼𝑀 = 𝑦) (2) 

Where LS = damage limit states defined for individual structural components or system; IM = intensity measures of 

ground motion [e.g., PGA, spectral acceleration at the first mode period of vibration [Sa(T1)], peak ground velocity 

(PGV), peak ground displacement (PGD)]; and y = given intensity of IM. The seismic fragility of a structure can be 

well described by fragility curves, which can be developed by empirical, judgmental, or analytical approaches. The 

empirical approach generally requires a large amount of reconnaissance data obtained from past earthquakes, while the 

judgmental approach largely depends on personal opinions and experiences from experts. Compared with the first two 

approaches, the analytical approach is more efficient in generating the fragility curves of a structure. To obtain the 

analytical fragility curves, the seismic demand and capacity of a structure should be properly characterized and 

quantified (Figure 3).  
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Fragility curves are derived based on four limit states in this study. The limit states (IO, LF, CP) are considered 

according to Vision 2000, SEAOC standard [41] and are based on maximum drifts. Regarding the damage from 

previous events, four cases are considered in this study. For all limit states that have been assigned deterministic 

exceedance thresholds, estimation of the lognormal fragility function parameters {η, β}. In cases where some limit 

states have been assigned exceedance thresholds with an associated lognormal probability density, the fragility 

function is estimated by means of numerically evaluating, via Monte Carlo, the integral resulting from application of 

the total probability theorem: 

𝑃[𝐷/𝑃𝐺𝐴] = Φ (
ln(𝑃𝐺𝐴) − η

𝛽
) (3) 

Where: Φ is the standard normal cumulative distribution function, η and β are the mean value and standard deviation 

of logarithm PGA, and D is the damage state. 

 

Figure 3. Schematic of the probabilistic seismic assessment framework. 

In this study used the SPO2FRAG software is an interactive and user-friendly tool that can be used for 

approximate, computer-aided calculation of building seismic fragility functions, based on static pushover analysis 

(Figure 4). At the core of the SPO2FRAG tool is the SPO2IDA algorithm, which permits analytical predictions for 

incremental dynamic analysis summary fractiles at the single degree-of-freedom system level [42]. 
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Figure 4. SPO2FRAG flowchart, schematically showing the grouping of the sub-modules into ‘‘SPO2IDA tools’’ and 

‘‘Fragility curve tools” [42]. 

4. Numerical Model and Parameters  

4.1. Parameters Analysis and Geometry 

4.1.1. Parameter  

In order to evaluate the level of the parameters affecting on the curve of fragility of interaction soil-pile-structure 

and help engineers to take a good decision, for this reason some parameters are adopted are listed in Table 1. 

Table 1. Parametric cases 

Parameter Type of soil Axial force P/(fc Ag) Pile diameter D (m) Column diameter D (m) 

value Loose, Medium, Dense 0.1, 0.2, 0.3 0.5, 0.7, 1, and 1.2 m 0.5 m 
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4.1.2. Geometry and Materials 

The system studied in this paper is a bridge build in the East Algeria, as show in Figure 5. The single-column is 3 m 

high above the ground and extends to a depth of 5 m below the ground. It carries a total weight of 500 KN. For 

modeling the soil, using nonlinear p-y soil springs model at different depths as shown in Figure 5. Based on NL-Multi-

Linear Plastic model for build nonlinear p-y. The material properties of the structure, piles and soils are given in 

Tables 1 and 2. The design criteria to selecting beam and column dimensions are corresponding to RPA code. 

 

Figure 5. Interaction soil-pile-structure configuration 

Table 2. Initial stiffness, Kpy according to Cox, Reese and Grubbs [43] 

 Loose (𝝋 < 𝟑𝟎°) Medium (𝟑𝟎° < 𝝋 < 𝟑𝟔°) Dense (𝝋 > 𝟑𝟔°) 

𝐊𝐩𝐲 (𝐛𝐞𝐥𝐨𝐰 𝐰𝐚𝐭𝐞𝐫 𝐭𝐚𝐛𝐥𝐞)(𝐌𝐍/𝐦𝟑) 5.4 16.3 34 

𝐊𝐩𝐲 (𝐚𝐛𝐨𝐯𝐞 𝐰𝐚𝐭𝐞𝐫 𝐭𝐚𝐛𝐥𝐞)(𝐌𝐍/𝐦𝟑) 6.8 24.4 61 

5. Results of Seismic Fragility Analysis 

5.1. Effects of Axial Load 

Figures 6 (a, b, c) show the lateral response of the fixed and ISPS systems with the variation of the axial load (0.1, 

0.2, 0.3) respectively. The results show that the increase in axial load in ISPS systems and fixed systems gives an 

increase in lateral capacity for all types of sands with the values (11, 19%) for loose, (7.8, 13.14 %) medium and 

(8.9%, 13.3%) for dense. The comparison between fixed and ISPS systems gives a decrease in lateral capacity for all 

types of sands due to the effect of the interaction between soil-pile-structure, which exhibits high ductility. 
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A.  Loose sand 

 

B. Medium sand 

 

C. Dense sand 

Figure 6. Lateral load–displacement response for the ISPS system with variation of axial load 
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A. 

 

B. 

 

C. 

Figure 7.1. Fragility curve for loose sand with variation of axial load 
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A. 

 

B. 

 

C. 

Figure 7.2. Fragility curve for medium sand with variation of axial load 
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A. 

 

B. 

 

C. 

Figure 7.3. Fragility curve for dense sand with variation of axial load 
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Figures 7.1, 7.2 and 7.3 show the fragility curves for fixed and ISPS systems with the variation of the vertical load. 

The increase in the axial load indicates an increase in the probability of damage in both fixed and ISPS systems for all 

sand types and limit states, this increase is due to the increase in resistance (Figure 6) which is decreased the period of 

the system. This decrease causes an increase in the acceleration of the system. The decrease in resistance in ISPS 

systems compared to fixed systems, results in more positive fragility curves due to the ductility of ISPS systems. 

The values of Sa (50%) of the fragility curves in the fixed and ISPS systems with the variation of the vertical load. 

The results give two important remarks: 

 Taking into account the effect of the interaction with axial loads 0.1, 0.2, 0.3 respectively, gives an increase in 

Sa (50%) of the order of 17.7, 33 and 36% for loose sand, 41, 58 and 67% of medium sand and 25, 17 and 37% 

of dense sand in all limit states. 

 The comparison of the values of Sa (50%) in the ISPS systems with the considering the effect of the increase in 

the load gives a decrease of the order of 45.35% and 68% for loose sand, 45.7 and 67%, for medium sand and 

54.63 and 69.5% for dense sand, because of the increase in mass. 

5.2. Effects of the Section of Pile  

Figures 8 (a, b, c) show the lateral response of the ISPS system with variation of the pile diameter (0.5, 0.7, 1, 1.2 

m) respectively. The results indicate that the lateral capacity of the ISPS system increases with increasing the pile 

diameter and is not affected by sand types.  

The Figures 9.1, 9.2 and 9.3 show the fragility curves with a variation of the pile section for loose, medium and 

dense sand for the different damage states (FO, IO, LS, CP).  

The fragility curves for the diameter D = 0.7m in the ISPS system for all types of soil and limit states give a greater 

probability of damage than the fixed system in order of (39, 35.3, 28.5%) for medium, dense and loose sand 

respectively, because the ductility is decreasing in order (67%). And for the diameter D = 1m are nearer to the curves 

obtained from a fixed system but its lateral capacity is greater than fixed system in order (28.6%), because the ductility 

of ISPS system is decreased in order (43.5%). 

The fragility curves for the diameter D = 1.2m in the ISPS system give a positive probability of damage that fixed 

system of the order of (27.6, 30, 36%), because increasing in the lateral capacity (64.3%) and the ductility (29.7%). 

 The values of Sa (50%) for the diameters (0.7m; 1m) are reduced compared to the D = 0.5m of the order (47.8, 54, 

and 42.7%); (18.8, 31, and 18.4%) in loose, medium and dense sand respectively, and for D = 1.2m a slight increase in 

order (8.32, 8.76%) for loose and dense sand. 

 

A. Loose sand 
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B. Medium sand 

 

C. Dense Sand 

Figure 8. Lateral load–displacement response for the ISPS system with variation section of pile 
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C. 

Figure 9.1. Fragility curve for loose sand with variation section of pile 
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B. 

 

C. 

Figure 9.2. Fragility curve medium sand with variation section of pile 
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C. 

Figure 9.3. Fragility curve dense sand with variation section of pile 

5.3. Effects of Longitudinal Steel 

Figures 10 (a, b, c) show the lateral response of the ISPS system with the variation of the section of the longitudinal 

reinforcements (3, 4, 5, and 6%) respectively.  

The results indicate that the lateral capacity of the ISPS system increases with the increase in the section of the 

longitudinal reinforcements. The lateral capacity is reached at 137 KN and remains stable, because the plastic hinges 

appeared at the level of the column. For loose and medium sand, the lateral capacity is stopped at As5%, and for dense 

sand the lateral capacity is stopped at the As4%. 

The Figures. 11.1, 11.2 and 11.3 show the curves of fragility with the variation of the cross-section of the 

reinforcements for loose, medium and dense sand for different states of damage (FO, IO, LS, CP). 

The fragility curves for the sections of reinforcement (As5%, As6%) in the ISPS system are given a greater 

probability of damage than the fixed system in order (57.4, 51, and 52%) for loose, medium and dense sand 

respectively, because the ductility is decreasing about 75%. The fragility curves for As4%, in loose and medium sand 

give a lower value of probability of damage than of the fixed system in order to 15, 46%, but in dense sand it is greater 

by around 52% because the ductility is decrease about 71%. 
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A. Loose sand 

 

B. Medium sand 

 

C. Dense Sand 

Figure 10. Lateral load–displacement response for the ISPS system with variation of longitudinal steel 
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C. 

Figure 11.1. Fragility curve for loose sand with variation of longitudinal steel 
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A. 
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C. 

Figure 11.2. Fragility curve for medium sand with variation of longitudinal steel 
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C. 

Figure 11.3. Fragility curve for dense sand with variation of longitudinal steel 
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6. Conclusions 

Seismic fragility curves, which defines the probability of reaching or exceeding a specified damage state given 

different ground motion intensity measures, are very powerful tools for seismic vulnerability assessment. The 

Interaction Soil-Pile-Structure (ISPS) has been found to have a significant impact on seismic performance of pile-

structures. ISPS system is a complex process involving inertial and kinematic interaction between piles and soil, and 

the nonlinearity of soil and structure. In this study, the focus is placed on seismic fragility evaluation of the effect of 

interaction soil-pile-structure system on the seismic vulnerability. Specifically, the seismic fragility of the interaction 

soil–pile-structure (ISPS) system under different effect of parameters of materials and geometry (types of the sand, pile 

diameter, longitudinal steel ratio, and axial force level) on the interaction soil pile structure: 

 Pushover analysis gives a reliable system for damage state classification.  It is not handiest able to able to detect 

which pile of the ISPS system is maximum probable to fail under seismic actions, however also effective for 

inferring the bound limits of seismic demands. 

 The increase in the axial load gives an increase in the lateral capacity for all types of soils (Fixed-ISPS) systems, 

which causes a probability of importance damage. Taking into account the interaction reduces the lateral 

capacity and increases the ductility which gives a positive effect on the curves of fragility. 

 Increasing the pile section increases the lateral capacity of the ISPS system and is not affected by sand types. But 

according to the fragility curves, the damage effect is not only related to the diameter of the pile, but also related 

to the values of ductility and resistance. 

 The increase in the longitudinal steel ratio (As) in the piles increases the lateral capacity and ductility in ISPS 

systems depending on the type of soil and the formation of the plastic hinges. 
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