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Abstract 

This research introduces an analytical procedure for simulating the nonlinear behavior of single piles and pile groups under 

lateral loads in multi-layered, heterogeneous soil. The methodology combines the finite element method, the p-y technique, 

and the p-multiplier concept. Duncan and Chang's hyperbolic equation, characterized by three parameters, was employed to 

represent the soil reaction for sand and clay soils. A newly proposed equation to derive p-multipliers as a function of a pile's 

location and spacing within a pile group. Its predictions show satisfactory agreement with those from existing methods. The 

procedure was implemented in a computer program to enable rapid and accurate computation. The proposed program 

validation involved comprehensive comparisons against results from field load tests and sophisticated 3D finite element 

analyses. These comparisons confirm that the developed program is both reliable and efficient, making it well-suited for 

preliminary design stages. A subsequent parametric study on a single pile revealed that replacing soft upper clay with a 

compacted sand layer significantly decreases lateral deflection and bending moment. For the cases examined, an optimal 

compacted layer thickness of three pile diameters and a stiffness 5.6 times that of the native soft clay were identified. 

Keywords: Laterally Loaded Single Pile; Laterally Loaded Pile Groups; P-Y Equation; P-Multiplier; Finite Element Method; Compacted 

Sand Layer; Soft Clay. 

 

1. Introduction 

Piles are foundational elements employed to carry both vertical and horizontal loading. Horizontal loads may be 

induced by seismic activity, wind, and soil pressure. Analyzing of piles under lateral loads constitutes a fully three-

dimensional and highly nonlinear problem of significant complexity. To address this challenge, researchers frequently 

employ simplifications to develop solution algorithms that are more practical to implement. The approaches currently 

available to analyze piles under lateral loads range from complex techniques such as nonlinear 2D or 3D finite element 

analysis [1-4] to simplified approaches such as those based on the elasticity theory [5], the subgrade reaction analysis 

[6], the p-y technique [7-13], and the strain wedge, SW, approach [14-16].  

The p-y technique, grounded in the Winkler model, is the common adopted practical method for analyzing laterally 

loaded piles among practicing engineers [13, 17]. This technique characterizes soil response through depth-specific, 

nonlinear p-y curves, whose properties are a function of soil type. Its prevalence is reflected in its incorporation into 

various design codes (e.g., [18, 19]) and commercial software packages like LPILE [9]. 

The original p-y curves for sand and clay soils, above and below the groundwater level, has been derived by back-

calibrating data from field loading tests performed on piles whose diameters varied from 0.32 m to 0.61 m [7, 8, 20]. 

Therefore, these traditional p-y methods are best suited for piles that has diameters less than 0.61 m [21, 22]. Their 
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application to larger-diameter piles requires specific adjustments to account for size effects [23-25]. Another recognized 

limitation of conventional p-y curve formulations is their excessively high initial tangent stiffness, which can lead to 

unrealistic modeling of soil-pile interaction, as noted by several researchers [26-29]. 

The experimentally derived p-y curves [30] were represented using the hyperbolic equation proposed by Kondner 

[31], which widely adopted in recent studies to represent p-y behavior in cohesionless soils [32-37]. Furthermore, Liang 

et al. [38] applied the same formulation to clay soils based on insights from 3D Finite Element Analysis (3D FEA). 

More recently, Alver & Eseller-Bayat [12] introduced a modified hyperbolic equation to characterize p-y curves for 

sand soil, informed by 3D FEA results. This enhanced equation incorporates four key parameters (i.e., initial tangent 

stiffness, limiting soil resistance, and two parameters describe the degree of nonlinear). 

The behavior of a pile embedded in a group under horizontal loads is markedly differs from that of a solitary pile. 

Furthermore, the performance of any given pile in a group is influenced by its specific location (e.g., first row or second 

row) and its spacing to adjacent piles. These so-called group effects are commonly addressed employing the p-multiplier 

concept [39], which has been broadly adopted [36-43]. While many methodologies for calculating p-multiplier values, 

based on field tests of single piles and/or pile groups, are documented in the literature [35-39], their results frequently 

conflict, demonstrating a lack of consensus even when founded on full-scale data. Consequently, a definitive 

requirement remains for an uncomplicated and robust formula to accurately ascertain the p-multiplier. 

This paper outlines a streamlined methodology for the nonlinear evaluation of laterally loaded piles in stratified soil 

deposits. The framework integrates the method of finite element (FEM) with the p-y technique and incorporates the p-

multiplier concept. Soil resistance for both clays and sands is modeled via a hyperbolic relationship, following the 

Duncan & Chang [44] formulation. Additionally, a novel predictive equation for determining the p-multiplier is 

presented. This analytical approach has been encoded into a dedicated software application to facilitate efficient and 

precise computations. 

The reliability of the developed program was assessed by benchmarking its predictions against both sophisticated 

3D FEA and field loading tests. These evaluations involved single piles of varying diameters and multi-pile groups. 

Furthermore, the application was employed to investigate how replacing a surface layer of soft clay with compacted 

sand affects the response of a single pile that loaded laterally. Explanation of the analytical methodology is detailed in 

the following section, which precedes the validation of the program's results. The document concludes with a 

presentation of findings from a parametric analysis and the key conclusions drawn from the study. 

2. Analysis Procedure 

Figure 1 provides a definition sketch of a pile embedded within a stratified soil profile. The analyzed pile, 

characterized by a diameter 𝐷 and a length 𝐿, experiences a constant axial force 𝑃𝑧 concurrently with a lateral head load 

comprising force 𝑃 and/or moment 𝑀. The properties of each distinct soil stratum, including its thickness 𝐻𝑖 , effective 

unit weight 𝛾𝑖
′, angle of internal friction 𝜙𝑖, and Poisson’s ratio 𝜈𝑠𝑖  are defined. The elasticity modulus of the soil layers 

may be constant, vary linearly, or change nonlinearly with depth, as depicted in Figure 1 and calculated from Equation 

1: 

𝐸𝑠𝑧𝑖 = 𝐸𝑠𝑜𝑖 + 𝑅𝑖𝑧𝑖
𝑛𝑖   (1) 

where 𝐸𝑠𝑧𝑖  is the elasticity modulus at depth 𝑧 from layer surface, 𝐸𝑠𝑜𝑖  is the elasticity modulus at the layer surface, 𝑅𝑖 

is the change’s rate with depth, 𝑛𝑖  is the exponent, and 𝑖  is the layer number. For cohesive soil layers, a similar 

formulation to Equation 1 is employed to represent the change of soil cohesion with depth within each individual layer.  

  
(a) (b) 

Figure 1. Schematic of the problem: (a) Modelling of a laterally loaded pile using nonlinear springs, (b) Multi-layered soil profile 
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The differential equation controls the bending of the laterally loaded pile subjected to a constant axial force, 𝑃𝑧 , is 

as follows: 

𝐸𝑝𝐼𝑝
𝜕4𝑦

𝜕𝑧4 + 𝑃𝑧
𝜕2𝑦

𝜕𝑧2 + 𝑘ℎ𝑦 = 0  (2) 

where 𝐸𝑝, 𝐼𝑝 are the pile’s elastic modulus and cross-sectional moment of inertia, respectively, 𝐸𝑝𝐼𝑝 is the pile’s flexural 

stiffness, 𝑦 is the displacement, 𝑧 is the depth below the head of the pile, and 𝑘ℎ is the horizontal modulus of subgrade 

reaction.  

The soil's resistance is simulated with a set of discrete, nonlinear p-y springs located at nodes along the pile shaft. In 

this study, the nonlinear response of soil resistance is simulated using the well-established hyperbolic equation of 

Duncan & Chang [44]. 

𝑝 = 𝑦 (
1

𝑘ℎ𝑖
+

𝑦 𝑅𝑓

𝑃𝑢
)

−1

  (3) 

where 𝑝 is the soil’s resistance (𝑘𝑁/𝑚); y is the displacement (𝑚); 𝑘ℎ𝑖 is the initial tangent stiffness (𝑘𝑁/𝑚2), 𝑃𝑢 is the 

limiting soil resistance (𝑘𝑁/𝑚), and 𝑅𝑓 is a curve fitting constant governing nonlinearity.  

This investigation employs the FEM to model the soil-pile system and compute the resulting internal pile forces 

alongside the corresponding soil reactions at nodal locations. The pile is subdivided into beam-column elements, capable 

of sustaining axial loads, which can have either uniform or variable lengths. The total count of these elements is 

determined by the number of segments within the soil strata plus any segments representing the unsupported pile 

segment above ground. At interface nodes between soil layers, the 𝑘ℎ𝑖  and 𝑃𝑢  are averaged from the values at the 

adjacent nodes in the upper and lower layers. The solution is achieved through an iterative nonlinear analysis procedure 

designed to capture the progressive reduction in system stiffness as the load is applied in increments. This numerical 

method is implemented in a FORTRAN-based computer program named LLSPNL. For each load increment, the tangent 

stiffness, 𝑘ℎ𝑡, of the p-y curve at each node is calculated by Equation 4 [45]. 

𝑘ℎ𝑡 = 𝑘ℎ𝑖 (1 −
𝑅𝑓𝑝

𝑃𝑢
)

2

  (4) 

where the parameters in Equation 4 are as previously described. 

Equation 3 is controlled by three parameters (i.e., 𝑘ℎ𝑖, 𝑃𝑢, and 𝑅𝑓) whose estimation is detailed in the subsequent 

sections. 

2.1. The Initial Tangent Stiffness 

The parameter 𝑘ℎ𝑖  is typically derived from the 𝐸𝑠  of the soil. Following a comparative analysis of six existing 

equations, Yu et al. [46] recommended that the expression developed by Liang et al. [38] was the most accurate. 

Consequently, the present study adopts Liang et al.'s equation (Equation 5) to estimate 𝑘ℎ𝑖. 

𝑘ℎ𝑖 = 0.943 (
1

𝜈𝑠
0.078) (

𝐷

𝐷𝑟𝑒𝑓
) (

𝐸𝑠
1.036

𝐸𝑝
0.031) (

𝑧

𝑧𝑟𝑒𝑓
)

0.016

  (5) 

where 𝐷𝑟𝑒𝑓 and 𝑧𝑟𝑒𝑓  are reference values for diameter and depth 𝑧 below the ground, respectively, both set to 1.0. All 

other parameters in Equation 5 retain their previously stated definitions. 

A key advantage of Equation 5 is its comprehensive incorporation of the primary parameters influencing laterally 

loaded pile behavior (i.e., soil elastic properties, pile modulus and diameter, and depth) into the calculation of 𝑘ℎ𝑖. 

Furthermore, it successfully mitigates the previously overlooked diameter effect [20] inherent in earlier p-y curve 

models. 

The soil elasticity modulus can be obtained through laboratory testing or estimated via empirical correlations. 

For cohesive soils, 𝐸𝑠 is commonly expressed as a function of undrained cohesion, 𝑐𝑢, with a typical 𝐸𝑠/𝑐𝑢 ratio 

ranging from 200 to 900 and an average of 500 [47]. For cohesionless soils, 𝐸𝑠 is correlated with the SPT blow 

count (e.g., 𝑁60) [47-51]. Appropriate values for the soil's Poisson's ratio may be selected from established sources 

such as Bowles [48]. 

2.2. Limiting Soil Resistance 

The limiting soil resistance, 𝑃𝑢, for different soil types has been estimated by using a 3D model of soil’s passive 

wedge in the side facing the direction of load [14-16, 38, 52]. For piles in clay, Jeong et al. [52] proposed Equation 6 

for 𝑃𝑢. 
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𝑃𝑢 = (𝑆1𝑝𝑚𝑎𝑥 + 𝑆2𝜏𝑚𝑎𝑥)𝐷 =  (𝑆110𝑐𝑢 + 𝑆22𝑐𝑢)𝐷  (6) 

where 𝑝𝑚𝑎𝑥 is the frontal pressure (10𝑐𝑢), 𝜏𝑚𝑎𝑥  is the maximum side shear resistance (2𝑐𝑢), 𝑆1 and 𝑆2 are cross-section 

shape factors. These shape factors for circular cross-section are 0.75 and 0.5, respectively, and both equal 1.0 for square 

cross-section [53]. 

For piles in sand, Zhang et al. [54] suggested Equation 7 to calculate 𝑃𝑢. 

𝑃𝑢 = (𝑆3𝑝𝑚𝑎𝑥 + 𝑆4𝜏𝑚𝑎𝑥)𝐷 =  (𝑆3𝐾𝑝
2𝛾′𝑧 + 𝑆4𝐾𝛾𝑧𝑡𝑎𝑛𝛿)𝐷  (7) 

where 𝐾𝑝 is the passive earth pressure coefficient, 𝐾 is the earth pressure coefficient (varies from 𝐾𝑜 to 1.75 [48]), 𝐾𝑜 

is the at-rest coefficient, 𝑧 is the depth, 𝛾′is the effective unit weight, 𝛿 is the pile-soil friction angle (𝛿 ≅ 0.67𝜙 [48]), 

and 𝑆3 and 𝑆4 are shape factors. For a circular cross-section, the shape factors are 0.8 and 1.0; for a square cross-section, 

they are 1.0 and 2.0 [53]. 

2.3. Hyperbolic Curve Fitting Constant 

The 𝑅𝑓 constant describes the soil nonlinearity. Its value ranges from 0 (elastic-perfectly plastic behavior) to 1.0 

(highly nonlinear behavior) [45].  

2.4. Pile Group 

The performance of a pile in a closely-spaced group that laterally loaded deviates from that of a solitary pile due to 

interactions among the piles. This group effects have been studied through full-scale and model load tests [39, 42, 55, 

56]. A pile in the 1st row (i.e., leading row) behaves as a single pile, while piles in subsequent rows exhibit reduced 

lateral resistance and a softer load-displacement response. This reduction, known as the "shadowing effect," is caused 

by overlapping stress zones from the front piles. The shadowing effect diminishes with increased pile spacing and 

becomes negligible at a spacing-to-diameter ratio greater than six [57]. 

Brown et al. [39] developed the p-multiplier, 𝑓𝑚, from field load test results to model group effects. This technique 

scales the p-values from a solitary pile's p-y curve by the factor 𝑓𝑚 to get the attenuated p-y reaction for a pile in a group, 

as illustrated in Figure 2. This study employs the following hyperbolic p-y curve equation for the group of piles, 

incorporating the p-multipliers concept [11]. 

𝑝 = 𝑦 (
1

𝑓𝑚𝑘ℎ𝑖
+

𝑦 𝑅𝑓

𝑓𝑚𝑃𝑢
)

−1

  (8) 

where 𝑓𝑚 is the p-multiplier and the other parameters in Equation 8 are as defined earlier. 

 

Figure 2. The p-multiplier concept of pile group 

2.4.1. The p-Multiplier  

The magnitude of the 𝑓𝑚 varies according to the pile's location in the pile group (leading or trailing row), spacing 

between piles, and type of soil. For a group analysis, an average 𝑓𝑚 value termed the Group Reduction Factor (GRF) is 

calculated across all rows [42, 58]. Recommended values for 𝑓𝑚 from the technical literature are depicted in Table 1 

[59]. 
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Table 1. Recommendations for the values of the 𝒇𝒎  

Reference Soil type Pile properties 
𝒇𝒎 

Lead row 2nd row 3rd row Trailing rows Last row 

[42] Clayey silt Driven steel pipe pile filled with concrete (D= 0.324 m) 0.60 0.40 0.40 - - 

[41] Loose fine sand Driven 0.72 m square prestressed concrete pile 0.80 0.70 0.30 0.30 - 

[39] Medium sand Driven 0.272 m OD steel pipe pile filled with grout 0.80 0.40 0.30 - - 

[60] Clay Driven 0.272 m OD steel pipe pile filled with grout 
0.70 0.60 0.50 - - 

0.70 0.50 0.40 - - 

[43]  Bored concrete shaft (D=1.5 m) 0.50 0.40 0.30 - - 

[43]  Driven 0.8-square prestressed concrete piles 0.90 0.70 0.50 0.40 - 

[40] Sand Recommendation 0.80 0.40 0.30 0.20 0.30 

In this research, the chart of Mokwa & Duncan [61] for the p-multiplier is transformed into an equation for simplicity 

and accuracy. The 𝑓𝑚 value for a given row is defined by the following linear expression. 

𝑓𝑚 = 𝑎 + 𝑏(𝑆/𝐷)  (9) 

where 𝑎, 𝑏 are two constants’ functions of the row number and the ratio 𝑆/𝐷 as shown in Table 2. 

Table 2. constants of Equation 9 for each row 

Row 

number 

Constants 

𝒂 𝒃 

1 0.64 0.06 

2 0.34 0.11 

3 0.10 0.15 

4+ 0.04 0.16 

The two constants 𝑎 and 𝑏 are drawn as functions of row number, 𝑁𝑟, and can be reasonably calculated from the 

following two polynomials fitting equations with 𝑅2 greater than 0.9968 and a residual sum of squares less than 0.0002. 

𝑎 = 1.09 − 0.504𝑁𝑟 + 0.06𝑁𝑟
2  (10) 

𝑏 = −0.015 + 0.084𝑁𝑟 − 0.01𝑁𝑟
2  (11) 

The 𝑓𝑚 calculated from Equations 9 to 11 is considered equal to 1.0 for 𝑆/𝐷 ratio greater than or equal to 6. Based 

on comparisons with numerous methods, it is observed that Equation 9 calculated higher values for the 𝑓𝑚 for the 

different rows. Consequently, the authors introduce a reduction factor, 𝑅𝑓𝑚
, applied to the calculated 𝑓𝑚 values as 

defined in Equation 12. 

𝑓𝑚 = 𝑅𝑓𝑚
[𝑎 + 𝑏(𝑆/𝐷)]  (12) 

As detailed in Table 3, the reduction factor, 𝑅𝑓𝑚
, depends on the row number and the soil type. 

Table 3. The reduction factor (𝑹𝒇𝒎
) 

Soil type Clay soil Sandy soil 

Row number 1st row (Leading row) 2nd row and subsequent trailing rows 1st row (Leading row) 2nd row and subsequent trailing rows 

𝑅𝑓𝑚
 0.95 0.80 0.85 0.70 

Table 4 compares the 𝑓𝑚 values calculated from Equations 9 and 12 with those obtained by the FEMA P-751 [62] 

and AASHTO [19, 63] recommendations for a 4×4 pile group at various 𝑆/𝐷 ratios. 
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Table 4. The 𝒇𝒎 values obtained by Equations 9 and 12 and those obtained from other guidelines for 𝟒 × 𝟒 group of piles 

Row No. 

FEMA P-751 [62] guidelines AASHTO [19] guidelines Equation 9 Equation 12 

𝑺/𝑫 𝑺/𝑫 𝑺/𝑫 𝑺/𝑫 

3 4 5 3 4 5 3 4 5 3 4 5 

1 0.79 0.86 0.92 0.8 0.9 1.0 0.82 0.88 0.94 0.78 0.84 0.89 

2 0.57 0.72 0.84 0.4 0.625 0.85 0.66 0.77 0.89 0.43 0.5 0.58 

3 0.41 0.58 0.72 0.3 0.5 0.7 0.55 0.71 0.85 0.36 0.46 0.55 

4+ 0.41 0.58 0.72 0.3 0.5 0.7 0.52 0.68 0.83 0.34 0.44 0.54 

As depicted in Table 4, Equation 12 predicted values of 𝑓𝑚 comparable to those obtained from FEMA P-751 [62] 

guidelines and AASHTO [19] guidelines for 4 × 4 group of piles. Therefore, Equation 12 is selected for use in the 

present study. 

3. Program Validation 

The LLSPNL program was validated against 3D FEA and field measurements. The validation cases included 

individual piles and pile groups in variant soil profiles, including sand, clay, and multi-layered soils. 

3.1. Comparison with 3D FEA  

Gupta & Basu [64] performed a nonlinear 3D FEA using the ABAQUS software for two single piles, one embedded 

in clay soil and the other in sand soil. The two examples of single piles were solved by the proposed program for 

validation and verification.  

3.1.1. Single Pile in Clay Soil  

The first example is an RC pile of 1.0 diameter, 30 m length, and the 𝐸𝑝 of 28 GPa. The pile  is embedded in 

undrained clay with the 𝐸𝑠 of 59.6 MPa and a Poission’s ratio of 0.49. The applied lateral load was 2000 kN. In the 

present analysis, the 𝑐𝑢 of the clay is considered 284.5 𝑘𝑁/𝑚2 (i.e., equal to 𝐸𝑠/210). 𝑅𝑓 is taken 1.0. Figures 3 and 4 

illustrate the current results with 3D FEA results for the load-displacement at the head of the pile and the profile of 

lateral displacement with depth, respectively. 

As illustrated in Figure 3, a generally good comparison is obtained. More specifically, at the early stages of lateral 

loads, the lateral displacements of the 3D FEA are slightly greater than the displacements obtained by the present 

method, whereas at the lateral load higher than 1.5 MN, the two methods generate the same lateral displacements. Figure 

4 shows a strong correlation between the lateral displacement profiles from the current analysis and the 3D FEA, 

especially within the upper 5-meter depth. 

 

Figure 3. The present study and the 3D FEA pile head load-displacement behavior for a single pile in clayey soil 
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Figure 4. The present study and the 3D FEA lateral displacement profile along pile length for a single pile in clayey soil 

3.1.2. Single Pile in Sand Soil  

The analysis considers a reinforced concrete pile of a 0.9 m diameter and a 30 m long, installed in sand soil. The 

elastic modulus of the pile was 28 GPa. The properties of the sand are 𝐸𝑠 of 80 MPa, a 𝜈𝑠 of 0.25, and a 𝜙 of 38.5°, as 

per Bowles [48]. The pile was loaded at its head a force 𝑃 of 1000 kN acting in conjunction with a 305 kN·m moment. 

𝑅𝑓 was considered 1.0. Figures 5 and 6 illustrate the current results with 3D FEA results for the load-displacement 

response and the profile of lateral displacement with depth, respectively. The close alignment between the present study 

and the 3D FEA validates the numerical model. 

 

Figure 5. The present study and the 3D FEA pile head load-displacement behavior for a single pile in sandy soil 

 

Figure 6. The present study and the 3D FEA lateral displacement profile along pile length for a single pile in clayey soil 



Civil Engineering Journal         Vol. 11, No. 09, September, 2025 

3637 

 

3.2. Comparison with Full-Scale Loading Test 

This segment provides a comprehensive validation of the developed program's output against data from field lateral 

loading tests conducted on piles (i.e., individual piles and pile groups) situated in diverse, stratified soil conditions. The 

case studies encompass piles with different diameters (i.e., 0.321 m to 1.0 m). 

3.2.1. Comparisons of Single Piles 

Field Test at Aliakmon River, Greece 

Comodromos & Pitilakis [65] documented a field lateral loading test performed of on a 52 m long, 1.0 m diameter 

concrete pile at the Aliakmon River bridge site in Greece. The pile was installed in a 3-layer soil profile, their properties 

detailed in Table 5. For the present modelling, the 𝜈𝑠 was taken 0.3 for all layers. The elastic moduli were defined as 

𝐸𝑠 = 234𝑐𝑢for soft clay and 𝐸𝑠 = 150𝑐𝑢 for hard clay. These 𝐸𝑠/𝑐𝑢 ratios are within the established range of 200 to 

900 reported by Callanan [47] and Bowles [48]. The 𝑅𝑓 was taken as 1.0.  

Table 5. Properties of soil layers at Aliakmon River, Greece [65] 

Layer 

No. 
Type of soil 

Layer thickness 

(m) 

Soil properties 

𝝓𝒐 𝜸 (𝒌𝑵/𝒎𝟑) 𝒄𝒖 (𝒌𝑵/𝒎𝟐) 

1 Soft clay (CL) 0.0 – 36.0 0.0 20 5 – 50 

2 Hard clay (CL) 36.0 – 48.0 0.0 20 110 

3 Gravel (GW) 48.0 – 52.0 40 22 0.0 

Figure 7 compares the lateral displacement from the present study with field measurements and 3D FEA (FLAC-

3D) predictions for an applied force of 1200 kN. The current results closely align with the field measurements. 

Conversely, the 3D FEA outcomes align with the recorded displacements solely up to a load of approximately 0.4 MN, 

deviating to slightly lower values under higher loads. 

 

Figure 7. The load-displacement curve at the pile head of the present study along with those measured and predicted by 

FLAC-3D for a single pile at Aliakmon River, Greece 

Field Test at Manor, Texas 

A field load test performed on a 15.20 m length, 0.642 m outer diameter steel pipe pile (𝐸𝑝𝐼𝑝 = 493.7 MN·m²) in 

Manor, Texas, was reported by Reese [66]. The pile, embedded in saturated, very stiff clay and laterally loaded by a 600 

kN at 0.305 m above the ground. For modeling purposes, the soil profile was simplified into two-layer. Layer No. 1 

(3.97 m thick) had an elastic modulus of 82,400 kPa, approximately 400 times the average 𝑐𝑢 of 206 kPa. Layer No. 2 

had an elastic modulus of 83,800 kPa, equivalent to 250𝑐𝑢 . Poisson’s ratio for the two-layer was considered 0.47, 

and 𝑅𝑓 was considered 1.0. Figure 8 demonstrates a close correlation between the current prediction and the measured 

load-displacement behavior. While the initial predicted displacements are slightly elevated, the curves converge 

precisely at the peak load of 600 kN. 
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Figure 8. Measured and predicted lateral load-displacement curve of the present study at the pile head at Manor test site 

Field Test at Lake Austin, Texas 

A loading test conducted on a steel pile at the site of Lake Austin in Texas, USA, was summarized by Reese 

[66] based on original work by Matlock [20]. The test pile was of 12.8 m length, 0.321 m outer diameter, and a 

bending stiffness, 𝐸𝑝𝐼𝑝, of 31.28 MPa. A lateral force was applied at the ground level. The soil was characterized 

as a lightly over-consolidated, fissured clay, possessing a shear strength of 38.3 kPa and a buoyant unit weight of 

7.86 kN/m³. In the numerical modeling, the 𝐸𝑠 of the clay was defined as 220 times its undrained shear strength [67, 

68], while a 𝜈𝑠 of 0.47 [48], and the 𝑅𝑓 value of 1.0 were adopted. Figure 9 shows a close agreement between the 

predicted and measured load-displacement responses at the ground surface confirms the model's accuracy in 

simulating the pile's behavior. 

 

Figure 9. Measured and predicted lateral load-displacement curve of the present study at the pile head at the Lake Austin 

test site 

Field Test at Sabine, Texas 

After testing in Lake Austin, the same pile was used and installed at a Sabine, Texas site and laterally loaded 0.305 

m above grade [20]. The slightly over-consolidated marine soft clay at this location had a cohesion of 14.40 kPa and an 

effective unit weight of 5.5 kN/m³.  

In the present modeling an elastic modulus defined as 486𝑐𝑢 [67, 68], a Poisson’s ratio of 0.47 [48], and 𝑅𝑓 equal 

to 1.0 were adapted. The strong concordance between the predicted and experimental load-displacement curves in Figure 

10 validates the program’s capability to accurately represent pile behavior in soft clay. 
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Figure 10. Measured and predicted lateral load-displacement curve of the present study at the pile head at Sabine test site 

Field test at Treasure Island, California  

A loading test conducted on a pipe pile, open ended, at the site of Treasure Island, California, was detailed by Rollins 

et al. [69]. The pile was of 11.5 m length, 0.324 outer diameter, and 0.305 inner diameter. To safeguard the 

instrumentation, steel angles were fastened along the sides of the pile aligned with the loading direction; this 

reinforcement increased its moment of inertia from an original 1.16 × 10−4 𝑚4 to 1.43 × 10−4 𝑚4  [65], yielding a 

composite bending stiffness, 𝐸𝑝𝐼𝑝, was 28,600 kN·m². The load was acting laterally at a 0.69 m above the grade, reached 

a peak value of 113.5 kN. During testing, the GWT was recorded at a 0.5 m depth below the ground. The pile installed 

in a subsurface profile consisting of eight distinct layers. The geotechnical properties and stratigraphy for these layers 

are detailed in Table 6. 

Table 6. Properties of the soil stratums [65] 

Soil Layer 

𝜸, (𝒌𝑵/𝒎𝟑) 𝒄 (𝒌𝑵/𝒎𝟐) (𝝓𝒐) 𝑵𝟔𝟎 𝑵𝟓𝟓 𝒌𝒉𝒊 (𝒌𝑵/𝒎𝟑) 𝒌𝒉𝒊 (𝒌𝑵/𝒎𝟑) 
No. Thickness (m) 

1 0.0 – 0.51 19.5 0 39 10 10.9 60 33820.2 

2 0.51 - 2.97 10.3 0 39 10 10.9 35.2 31662.0 

3 2.97 – 3.99 10.3 0 37 10 10.9 29.8 31662.0 

4 3.99 – 6.00 10.3 0 36 7 9.3 24.4 25399.2 

5 6.00 – 7.49 10.3 0 35 7 7.6 21.7 25399.2 

6 7.49 – 9.25 9.5 19.2 0 - - 1.2 3840.0 

7 9.25 – 10.16 10.3 0 34 2 2.2 19.0 10727.6 

8 10.16 – 11.84 9.5 19.2 0 - - 1.2 3840.0 

This analysis employs friction angles for the sand stratums that were adjusted by Bolton [70] and subsequently cited 

by Rollins et al. [69] (Table 6). The elastic modulus for each layer was derived from SPT (𝑁60) blow counts by averaging 

the values obtained from three separate equations (i.e., Equations 13 to 15) provided by Bowles [48]. For clay soil layers, 

the modulus of elasticity is taken as 200𝑐𝑢 according to Bowles [48]. The 𝑅𝑓 was taken 0.85. 

𝐸𝑠 = 500(𝑁55 + 15)  (13) 

𝐸𝑠 = 7000√𝑁55 (14) 

𝐸𝑠 = 6000𝑁55 (15) 

where 𝑁55 = (60/55)𝑁60 [53]. 
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As illustrated in Figure 11, the close correlation between the predicted and experimental load-displacement behavior 

validates the program's capability to accurately simulate the lateral response of a single piles. 

 

Figure 11. Measured and predicted lateral load-displacement curve of the present study at the pile head at Treasure 

Island test site 

3.2.2. Comparisons of Pile Groups 

Full-Scall Field Test on Pile Group in Sand 

A loading test on a group of piles (i.e., 3 × 3) was documented by Rollins et al. [56]. The group had an 𝑆/𝐷 ratio of 

3.3 in the two directions and was composed of piles similar to those employed in the prior test of the individual pile. 

Key differences in the group test configuration included a load application point elevated 0.86 m above grade and a 

significantly higher groundwater table, present at just 0.1 m below the surface. According to Rollins et al. [56], these 

altered hydrostatic and loading conditions preclude a reliable direct comparison between the isolated pile and group 

responses. To model the group's behavior, the soil parameters from Table 6 were adapted to reflect the elevated water 

table. Specifically, for the uppermost layer, the submerged unit weight was reduced to 10.3 kN/m³ and its elastic modulus 

was correspondingly set to 10.3 MPa. Figure 12 depicts a comparison of the curves of load-displacement. It includes 

the predicted response for the single pile (simulated using the LPILE program by Rollins et al. [56] and replicated here 

using the group's modified soil properties for consistency) alongside the measured responses for the front and middle 

rows of the group. The close match between the computed and observed group pile curves confirms the model's 

proficiency in analyzing pile group interaction. 

 

Figure 12. Measured and predicted lateral load-displacement curves at the pile head for the single pile, front row, and 

middle row at Treasure Island test site 
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The p-multipliers, 𝑓𝑚, computed in this analysis are 0.799 and 0.556 for the front and the middle rows, respectively. 

The results show minor variations from the values of 0.8 and 0.4 published by Rollins et al. [56]. The observed 

differences are primarily attributable to variations in the methods employed for generating p-y curves in the current 

model and the LPILE software. 

Figure 13 illustrates the correlation between the computationally modeled and experimentally observed lateral load-

displacement responses of the pile group. The simulation conducted in this study, which employed an average p-

multiplier, 𝑓𝑚, of 0.612, correlates closely with the field data. Conversely, the application of the average 𝑓𝑚 value of 

0.533 documented by Rollins et al. [56] results in a conservative prediction that slightly overestimates the displacements 

observed in the field test. 

 

Figure 13. Measured and predicted lateral load-displacement responses for the pile group at Treasure Island test site 

Full-Scale Field Test on a Pile Group in Clay 

Full-scale load tests were conducted by Rollins et al. [42] on a single pile and a 9-group of driven piles (i.e., 3 × 3) 

with an 𝑆/𝐷 ratio of 3. The test piles were 9.1 m long, steel closed-end pipes with a 0.324 outer diameter, and 0.305 m 

inner diameter, installed into a stratified soil system characterized as soft to medium stiff clays and sands. The steel 

elastic modulus of 200 GPa was used. Both foundations were in a condition of free-head, and the site investigation 

provided two sets of soil properties (i.e., a detailed profile and a conservative one).  

The present analysis adopts the conservative profile (Table 7) for practical purposes. For sand layers, the elastic 

modulus was calculated from the SPT blow count, 𝑁60, using Equations. 13 to 15, and the average value was used (Table 

7). For clay layers, the elastic modulus was defined as 500𝑐𝑢 [47, 48]. The 𝑅𝑓 was set to 0.9 for the analysis of single 

pile. For the front row, middle row, and overall group analysis, 𝑅𝑓 was set to 1.0 to capture the greater nonlinear behavior 

exhibited by the pile group. 

Table 7. Properties of the soil stratums [42]  

Soil Layer 
𝒄𝒖 (𝒌𝑵/𝒎𝟐) 𝝓𝒐 𝑵𝟔𝟎 𝜸, (𝒌𝑵/𝒎𝟑) 𝑬𝒔(𝑴𝑷𝒂) 

No. Thickness (m) Type 

1 0.0 – 3.0 Clay 47.5 0.0 - 10.0 23.750 

2 3.0 – 4.8 Sand 0.0 36 30 10.0 82.786 

3 4.8 – 6.5 Clay 47.5 0.0 - 10.0 23.750 

4 6.5 – 7.5 Sand 0.0 36 30 10.0 82.786 

The predicted lateral load-displacement curves for both the isolated pile and the group, illustrated in Figure 14, align 

well with the experimentally recorded data. The model produced an 𝑓𝑚  value of 0.5 for the group, a result that 

corresponds closely to the value of 0.47 derived empirically by Rollins et al. [42]. 
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Figure 14. Measured and predicted lateral load-displacement curves of single pile and pile group in a multi-layered soil 

deposit (Rollins et al. [42]) 

A strong correlation is evident in Figure 15 between the measured and predictands load-displacement behavior 

for each row (i.e., front, middle, back). The analysis generated 𝑓𝑚 values of 0.7 for the front row, 0.46 for the 

middle row, and 0.39 for the back row. These computed values show general consistency with the multipliers of 

0.6, 0.38, and 0.43 reported by Rollins et al. [42], with one notable discrepancy: their published value for the back 

row (0.43) is higher than that for the middle row (0.38), a trend that is inverted in the results of the current 

program. 

 

Figure 15. Measured and predicted lateral load-displacement curves for the front, middle, and back rows of the pile group 

in a multi-layered soil deposit (Rollins et al. [42]) 

Figure 16 compares the experimental and predicted moment distributions for a single pile at lateral loads 

of 53.6 kN and 97.9 kN. The model demonstrates strong agreement with field data at 53.6 kN, accurately 

capturing the value and depth of the maximum moment. At a higher load of 97.9 kN, the analysis provides a 

conservative prediction, overestimating the peak moment and placing its location slightly deeper than 

observed. 
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Figure 16. Measured versus computed bending moments for the single pile in a multi-layered soil deposit (Rollins et al. [42]) 

4. Parametric Study 

A common approach for increasing the resistance to the laterally loaded piles in weak soil (e.g., soft clay and loose 

sand) is to employ ground improvement techniques on the upper layer of the weak soil. Among these techniques, the 

excavation and replacement of weak material with a compacted sand layer offers a particularly simple and economical 

solution. The impact of soil replacement on the lateral response of a single pile is examined through a parametric study, 

with the geometrical and material properties of the finite element model provided in Figure 17. 

 

Figure 17. Replacement of the upper layer of soft clay with a compacted sand layer 

As detailed in Table 8, the soft clay and compacted sand layers have markedly different geotechnical properties. The 

numerical model represents a 20 m pile length, a 0.5 m diameter, and elastic modulus of 21,000 MPa. The 𝑅𝑓  is 

considered 0.95 across all studied cases. 

Table 8. The properties of the compacted sand layer and soft clay for the parametric study 

Item Compacted sand layer Soft clay 

Thickness 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 20.0, 19.5, 19.0, 18.5, 18.0, 17.5 

Effective unit weight (kN/m3) 10 8.0 

Cohesion (kN/m2) - 30 

Angle of internal friction (Degrees) 35 - 

Modulus of elasticity (MPa) 20, 30, 40, 50, 60 9 

4.1. Effect of the Sand Layer Thickness 

To investigate the impact of the sand layer’s thickness on lateral pile behavior. The thickness was systematically 

varied from 0 to 2.5 meters, corresponding to a range of 0 to 5 pile diameters (D = 0.5m), to assess its impact on the 

pile's behavior. The improvement in performance is quantified using two reduction factors, 𝑅𝑤 and 𝑅𝑚. These factors 

are calculated as follows: 

𝑅𝑤 =
𝑤𝑜−𝑤

𝑤𝑜
  (16) 

𝑅𝑚 =
𝑀𝑜−𝑀

𝑀𝑜
  (17) 

where 𝑅𝑤 and 𝑅𝑚 are the reduction factors quantify the improvement in ground surface displacement, 𝑤, and maximum 

moment, 𝑀, respectively, 𝑤𝑜 and 𝑀𝑜 are the displacement and maximum moment for the untreated case 
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Figures 18 and 19 depict the load-displacement and load-maximum moment curves, respectively, demonstrating that 
increasing the sand layer thickness effectively reduces both displacement and maximum moment. These findings align 
with previous numerical studies on piles in stratified sand-clay profiles [19] and investigations into soil improvement 

techniques for lateral capacity [71]. 

 

Figure 18. Effect of sand layer thickness on the load-displacement response (case of 𝑬𝒔𝟏/𝑬𝒔𝟐 = 𝟓. 𝟔) 

 

Figure 19. Impact of sand layer thickness on the lateral load maximum moment curve (case of 𝑬𝒔𝟏/𝑬𝒔𝟐 = 𝟓. 𝟔) 

The optimum compacted sand layer thickness was determined by analyzing the relationship between the normalized 
thickness, 𝐻1/𝐷, and the reduction factors 𝑅𝑤 and 𝑅𝑚. These relationships, plotted for different lateral load magnitudes, 
are presented in Figures 20 and 21. 

 

Figure 20. Impact of sand layer thickness on the reduction factor of the displacement at the ground at different lateral loads 
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Figure 21. Impact of sand layer thickness on the reduction factor of the maximum moment in the pile at different lateral loads 

The relationship between sand stratum depth and lateral pile capacity at displacements of 0.05D and 0.1D is 
illustrated in Figure 22.  

 

Figure 22. Effect of sand layer thickness on the lateral capacity of the pile at lateral displacements of 0.05D and 0.1D 

Analysis of Figures 20 through 22 reveals the following key trends: (1) the displacement reduction factor, 𝑅𝑤 , 
increases with both sand layer thickness and lateral load (Figure 20), (2) the moment reduction factor, 𝑅𝑚, decreases 
with sand layer thickness but increases with lateral load (Figure 21), (3) the lateral capacity at displacements of 0.05D 
and 0.1D increases with sand layer thickness (Figure 22), and (4) for practical purposes, an optimum sand layer thickness 
of 3D is identified. Beyond this depth, the rates of increase for 𝑅𝑤 and lateral capacity, and the rate of decrease for 𝑅𝑚, 
become negligible, indicating diminishing returns on further investment. 

Figures 23 and 24 depict the nonlinear increase in the reduction factors 𝑅𝑤 and 𝑅𝑚 with lateral load for various sand 
layer thicknesses. At a low load (P = 100 kN), 𝑅𝑤 ranges from 0.58 to 0.73 and 𝑅𝑚 from 0.38 to 0.53. These values 
approach 0.98 and 0.90, respectively, at a high load (P = 1000 kN), indicating a convergence in pile performance. The 
results confirm that the benefit of increasing the layer thickness beyond 3D is negligible, thereby validating this value 
as the practical optimum. 

 

Figure 23. Effect of sand layer thickness on the surface displacement reduction factor at different lateral loads 
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Figure 24. Effect of sand layer thickness on the maximum moment reduction factor at different lateral loads 

4.2. Effect of the Sand Layer Stiffness  

To investigate the impact of sand stratum’s stiffness, the elasticity modulus of the sand stratum, 𝐸𝑠1, was changed 

from 20 MPa to 60 MPa, while its thickness was held constant at the previously identified optimum of 3D. All other 

geotechnical and structural parameters for the soil layers (Table 8) and the pile were kept unchanged from the prior 

investigation. 

The impact of the sand stratum’s stiffness on the pile response is presented in Figures 25 and 26. The results indicate 

a consistent trend: higher layer stiffness causes a significant reduce in the displacement and a more moderate reduction 

in maximum bending moment. This suggests that soil improvement via stiffening is more effective at enhancing 

serviceability (controlling displacement) than at reducing structural demand on the pile (bending moment). 

 

Figure 25. Effect of sand layer stiffness on the lateral load-displacement response (case of 𝑯𝟏 = 𝟑𝑫) 

 

Figure 26. Impact of sand layer stiffness on the lateral load-maximum moment curve for the case of 𝑯𝟏 = 𝟑𝑫 
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Figures 27 and 28 plot the reduction factors, 𝑅𝑤 and 𝑅𝑚, against the stiffness ratio, 𝐸𝑠1/𝐸𝑠2, for various lateral loads. 
The key trends are: (1) both 𝑅𝑤 and 𝑅𝑚 increase with higher stiffness ratios and lateral loads. For instance, at P=300 
kN, 𝑅𝑤 rises from 0.68 to 0.79 and 𝑅𝑚 from 0.55 to 0.6 as 𝐸𝑠1/𝐸𝑠2 ratio changes from 2.2 to 3.3, (2) the rate of increase 

for 𝑅𝑤 is consistently greater than for 𝑅𝑚, (3) the rate of increase for both factors diminish at higher stiffness ratios, 
indicating diminishing returns, and (4) an optimum stiffness ratio of 5.6 is identified. Beyond this point, improvements 
are marginal, increasing the ratio from 5.6 to 6.7 at P=300 kN only raises 𝑅𝑤 from 0.86 to 0.88 and 𝑅𝑚 from 0.64 to 

0.65. 

 

Figure 27. Impact of sand layer stiffness on the reduction factor of the lateral displacement at the ground surface at 

different lateral loads 

 

Figure 28. Effect of sand layer stiffness on the reduction factor of the maximum moment in the pile at different lateral loads 

Figures 29 and 30 depict that the reduction factors 𝑅𝑤 and 𝑅𝑚 grow nonlinearly with lateral load at different stiffness 
ratios, 𝐸𝑠1/𝐸𝑠2. The figures highlight a critical contrast: a large dispersion of values at low loads (e.g., P=100 kN) and 

a strong convergence at high loads (e.g., P=1000 kN). This convergence, alongside the overlapping curves for ratios 
beyond 5.6, confirms this value as the effective optimum for the stiffness ratio. 

 

Figure 29. Effect of sand layer stiffness on the maximum moment reduction factor at different lateral loads 
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Figure 30. Effect of sand layer stiffness on the maximum moment reduction factor at different lateral loads 

5. Conclusions 

This study details an analytical procedure for the nonlinear analysis of isolated pile and pile groups under lateral 
loads in multi-layered, heterogeneous soil deposits. The proposed procedure integrates the FEM, the p-y technique, and 
the p-multiplier concept, implemented within an original computational code. Hyperbolic p-y curves, following the 
Duncan & Chang [44] model, are defined by three parameters: initial tangent stiffness, limiting soil resistance, and a 

curvature parameter controlling nonlinearity. A new equation for the p-multiplier, 𝑓𝑚, is introduced and validated for 
group pile analysis. The proposed program’s accuracy is checked through comparisons with 3D FEA and field loading 
tests on both isolated piles and pile groups in various soil deposits. The proposed program facilitated a parametric study 
to quantify the effect of ground improvement technique, achieved by replacing the upper soft clay with compacted sand, 
on the performance of an isolated pile 

The findings of this study support the following conclusions: 

 The proposed program accurately predicts the behavior of laterally loaded individual piles and pile groups 
embedded in diverse, multi-layered soil deposits. Validation against 3D FEA and field load tests confirms that the 
model's predictions of load-displacement behavior exhibit a close correlation with both numerical results and 
experimentally measured data. 

 The three-parameter hyperbolic Duncan-Chang model provides a satisfactorily accurate representation of p-y 
curves for both sand and clay soils. This formulation effectively captures the nonlinear soil response essential for 

the analysis of piles that are laterally loaded. 

 Validation through comparison with field loading tests and existing methods confirms the applicability of the 
suggested p-multiplier, 𝑓𝑚 , equation for small pile diameter (≤1.0 m). Further investigation is necessary to 
determine its suitability for larger-diameter piles, such as monopiles.  

 The replacement of the upper soft clay layer with compacted sand significantly enhances the lateral performance 
of piles, markedly reducing both ground surface displacement and maximum moment. The efficacy of this 

improvement is quantified by reduction factors 𝑅𝑤 and 𝑅𝑚 which increase nonlinearly with lateral loads across all 
tested sand layer thicknesses and stiffness values. For the cases studied, the optimal design parameters were 
determined to be a sand layer thickness of 3D and a stiffness of 5.6 times that of the native soft clay.  

The main benefits of the current program are that it offers a practical way to get precise answers with comparatively 
minimal input data, is computationally more cost-effective than the full 3D FEA, and is suitable in the preliminary 
design stage of single piles and pile groups loaded laterally. Despite obtaining satisfactory predictions, the current 

program needs more validation through comparisons with field measurements, 3D FEA, and previous studies, including 
results from existing programs such as LPILE. While the proposed program is robust for the preliminary design stage 
and parametric studies, its use is subject to important limitations. Advanced 3D FEA is recommended for more complex 
scenarios such as pile groups with inclined piles, large-diameter monopiles, sites of extreme spatial soil variability, and 
piles subjected to dynamic loads from earthquakes or wind. 
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