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EXECUTIVE SUMMARY 

Despite the prevalence of the soldier piles retaining wall systems as temporary and even 

permanent shoring systems along state highways, relatively little is known on the effect of the 

foreslope bench width and the slope inclination on the arching capability factor used in design 

codes and standards. A review of literature indicated that no full-scale tests were conducted for 

soldier pile systems and only a few components have been modeled analytically, often using 2-D 

analyses that cannot capture the complex 3-D behavior of the arching behavior in active and 

passive regions of soldier pile retaining wall systems. To help address this gap in knowledge, an 

analytical research program is developed herein to assess the current design procedures on soldier 

pile walls and make recommendations for improvement, specifically with regard to 3-D effects of 

soil arching, foreslope sloping ground and bench width, based on a parametric study supported on 

advanced nonlinear finite element models of the soldier pile systems. Discussions on how to 

account for 3-D effects based on 2-D analyses and on how to account for bench width effects when 

classical soil theories are used in design are provided. Finally, a proposed experimental program 

is simulated using the modeling approaches developed in this study. 
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1 INTRODUCTION 

Retaining wall soldier pile foundations consist of two basic components, soldier piles and 

lagging. The soldier piles carry the full earth pressure load while the lagging, which spans the 

distance between the soldier piles, resists relatively small earth pressure loads. Soldier piles are 

either installed with pile driving equipment or are set in pre-excavated holes and then concreted in 

place. The most common soldier piles are rolled steel sections, normally wide flange. Lagging can 

be treated timber, reinforced shotcrete, reinforced cast in place concrete, precast concrete panels, 

or steel plates. This type of wall depends on the passive resistance of the foundation material and 

on the moment resisting capacity of the vertical structural members for stability. When these 

retaining wall pile foundations are temporary in nature, most often the lagging consists of treated 

timber boards. 

Despite the prevalent usage of soldier pile walls to resist the anticipated loads and deformations, 

upon close inspection of the “Trenching and Shoring Manual” (Caltrans 2000, Caltrans 2011) 

“AASHTO LRFD Bridge Design Specifications” (AASHTO, 2012), and based on experience 

gathered by CALTRANS engineers, it was concluded that the current methods may be overly 

conservative and a better approach could be adopted, specifically in what concerns the use of 

arching capability factor used in the design of soldier retaining wall systems.  

1.1 OBJECTIVE OF THIS STUDY 

The main objective of this research project is to assess the current design procedures on soldier 

pile walls and make recommendations for improvement, specifically with regard to 3-D effects of 

soil arching, sloping ground and bench width, based on an advanced nonlinear finite element 

parametric study developed herein. This work is also used to provide information on a proposed 

testing program for future full-scale testing to study these topics. 
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1.2 ORGANIZATION OF THIS REPORT 

The document is divided into eight (8) chapters.  

Chapter 2 provides a literature review that describes previous studies on soldier pile retaining 

walls. The discussion focuses on the arching effects and influence of the proximity to slopes in the 

estimation of earth pressures in soldier pile walls. Following a critical review of relevant technical 

literature where an exhaustive worldwide literature review search is performed, the main findings 

are used to define the numerical research program developed herein in order to evaluate the effect 

of the soil arching on performance of soldier piles.  

Chapter 3 presents the methodology developed for assessment of the arching capability factor. 

A three-dimensional finite element modeling approach is proposed for the soldier piles retaining 

systems, in order to capture complexities of soil arching, soil movement between piles, settlement 

of back-fill, and anisotropy of lagging. OpenSees (Mazzoni, et al., 2009) is used to model the 

soldier piles and wall lagging. Linear and non-linear static (displacement-based) pushover analyses 

were performed. In these analyses, both stiffness and strength of the main components are 

explicitly modeled.  

Chapter 4 presents the results of the finite element parametric study. All analytical studies 

considered a soldier pile with a foundation consisting of HP14x89 piles set in 24-inch diameter 

drilled holes with the annulus filled with concrete. Focus is placed on the effect of modeling 

options on the response of the soldier piles modeled, and main parameters changed include soil 

type, embedment depth, distance between piles, slope angle in front of the soldier piles retaining 

wall, and presence of a bench and its width.  
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Chapter 5 presents the main findings of the effects of slope angle and bench width on the 

arching capability factor. In addition, the effect of performing 3-D versus 2-D analyses are also 

addressed in this chapter. 

Chapter 6 presents a new design equation that considers the effects of the bench width in the 

capacity of soldier pile wall systems. This equation is proposed for granular soils, since for clays,  

based on the results of the 3-D analytical program, changes to the expressions are not needed. 

Chapter 7 presents the analysis of a proposed future experimental program, needed to support 

some of the numerical findings reported. The proposed experimental program could also be used 

to estimate the factor of safety of the proposed simplified analysis procedure developed herein. 

Chapter 8 presents a summary of the work and the main conclusions. In addition, proposed 

future work is also listed to aid follow on researchers. 
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2 LITERATURE REVIEW 

2.1 OVERVIEW 

This chapter presents a literature review of previous studies on the effects of soil arching and 

piles on retaining walls and on criteria typically used in analysis and design. Section 2.2 presents 

a review of soil arching theory, soil arching on drilled shaft stabilized slopes, and effects of soil 

slope on lateral capacity of piles. The availability of loading test data was determined to be 

relatively limited for soldier pile retaining systems and effects of soil arching. Section 2.3 

summarizes the existing criteria for design and analysis of soldier pile retaining wall systems. The 

literature review concludes with a summary of the review, including the identification of areas 

where information available in the literature is limited. 

2.2 EFFECTS OF SOIL ARCHING AND SLOPE ON PILES AND RETAINING WALLS 

In this section, first, studies focused on the theory behind soil arching are reviewed. Second, 

several analytical and experimental studies that focused on studying the effects of soil arching on 

pile and piles on slopes are also assessed. Finally, studies addressing effective forces measured on 

piles in the presence of soil arching and of slope proximity are discussed. 

 Soil Arching Theory and Experimental Tests  

Soil arching is defined as the transfer of pressure from a yielding mass of soil onto adjacent 

stationary parts of soil. In the transition zone between moving and stationary soil masses, shear 

stresses develop due to the relative displacement between the two masses. Since the shearing 

resistance tends to maintain the yielding mass in its original position, the pressure on the support 

of the yielding part is reduced while the pressure on the adjoining stationary part in increased. 

Arching occurs whenever there is a localized displacement along any restraining structure, 

horizontal or vertical, which confines a soil mass.  
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In soil arching, passive arching occurs when the soil is more compressible than the structure 

and as a result the soil undergoes large displacements. In this latter case, assuming the structural 

deformations are uniform, the stresses are highest at the edges and lowest at the centerline of the 

moving soil mass. When analyzing soldier pile walls, with or without lagging, passive arching can 

be developed, as the soil masses are restrained by stiffer structural elements (piles or supports) 

Soil arching was first investigated and defined by Terzaghi, (1936). The classic studies of soil 

arching (Terzaghi 1936, Terzaghi, 1943) consisted on predicting pressures on a trap door, when 

this trap door was displaced from under a soil mass. Based on these studies, soil arching has been 

applied in designs of silos, bins, and underground structures. Using elastic theory, Chelapati (1964) 

studied the soil arching phenomenon. Finn (1963) was the first to use plasticity methods, having 

recognized that elasticity methods in soils are only valid for small deformations and small strains, 

whereas soil arching is accompanied by large deformations and would thus need to be studied 

using plastic methods.  

The study of the soil arching was integrated with the analysis of slope stability by Wang and 

Yen (1974). Ito and Matsui (1978) provided a good understanding of the arching effects, 

developing an analytical procedure to derive closed-form equations used in the determination of 

earth pressure acting on the soil between the piles. Wang and Liang (1979) and Wang and 

Salmassian (1978) presented procedures for calculating lateral forces on soldier beams/piles. 

They analyzed the stability of an unsheathed mass of soil between the soldier beams/piles, using 

idealized free-body diagrams. The analysis conducted by Wang and Liang (1979), for example, 

can be used to predict the moment produced by the friction between moving soil masses between 

fixed vertical supports or soldier piles and stationary masses behind the supports. 
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Bosscher and Gray (1986) conducted a laboratory test to experimentally model soil arching for 

a sandy slope. In these tests, fixed gates and swing gates were used to simulate embedded vertical 

piles and the soil mass between piles, respectively. The authors concluded that: (1) discrete piles 

embedded into a firm, non-yielding, base in a slope could provide significant additional stability 

to a slope, (2) the loose soil is still capable of transferring stress, not precluding the possibility of 

mobilizing soil arching or side friction, and (3) in soldier pile and lagging systems, material costs, 

strengths, and sizes could be optimized in order to achieve maximum benefit from soil arching. 

Wang and Reese, (1986) presented a method for designing drilled shaft retaining walls. The 

method considers the height of the wall, the soil characteristics, the diameter, length and 

reinforcing of the drilled shaft, and the spacing between drilled shafts. Other experimental studies 

(Adachi, et al. 1989, Low, et al. 1994, Chen, et al. 1997) also indicated that the effects of soil 

arching were observed experimentally and that these significantly increased slope stability, 

depending on the soil and pile conditions. 

In a different context, Atkinson and Potts (1977) and Bolton (1979) studied soil arching in 

connection with the stability with tunnels. Other works in design of culverts also account for the 

effect of soil arching in determining the loads on structures, although these are not revised in this 

report since they fall somewhat outside the scope of the work discussed. 

 Soil Arching and Slopes 

Soil arching effects in drilled shaft stabilized slopes has been studied by several authors. Liang 

and Zeng (2002), Kahyaoglu et al. (2009), Liang amd Yamin (2010), Liu and Zhang (2010), Yue 

et al. (2011) and Kourkoulis et al. (2011) are among authors that performed studies on the influence 

of parameters regarding pile geometry and soil characteristics. Others studies such as Liang et al. 
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(2010) and Kourkoulis et al. (2012) developed methods for analysis and design of slope-stabilizing 

piles. 

Liang and Zeng (2002) investigated soil arching in drilled shaft stabilized slopes using two-

dimensional finite element analyses. The authors assumed rigid-plastic soil behavior, plane strain 

conditions, and uniform soil movement with respect to shaft length. The formation of soil arching 

was simulated by applying a triangular displacement field occurring in the soil between the drilled 

shafts. The model was validated through experimental testing done in the 1980’s (Bosscher and 

Gray 1986, Adachi et al. 1989). It was found that soil arching is highly dependent on the magnitude 

of soil movement, soil properties (strength parameters), and mainly geometric properties of the 

drilled shafts (spacing and diameter) as illustrated in Figure 2-1 to Figure 2-4.  

Figure 2-1, from Liang and Zeng (2002), shows the load acting on a single pile as a function 

of the soil movement. It can be observed from this figure that for pile spacing greater than 8d, 

where d is the diameter of the pile, the single pile results are identical to the ones obtained using 

the pile spacing of 8d. Figure 2-2 shows the variation of the friction angle with the pile spacing 

ratio and various soil friction angles for cohesionless soils. It can be observed that the percentage 

of residual load acting on the soil between piles decreases with increasing friction angle, but 

increases with increasing pile spacing ratio (in the range of 2d to 4d). Figure 2-3 highlights the 

effect of variation of soil cohesion. For low values of cohesion, the load acting between piles 

decreases with increasing friction angle, and decreases linearly as the soil cohesion increases. 

Figure 2-4 shows that for the same pile spacing ratio, the diameter of the pile also plays an effect. 

In this figure it can be seen that the pressures carried by the soil decrease with the increase in the 

pile diameter. 
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Figure 2-1: Load acting on the pile versus soil movement (Liang and Zeng 2002). 

 

 
Figure 2-2: Effect of variation in internal frictional angle: cohesionless soil (Liang and Zeng 

2002). 
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Figure 2-3: Effect of variation in cohesion (Liang and Zeng 2002). 

 

 
Figure 2-4: Effect of pile diameter (Liang and Zeng 2002). 
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Liang et al. (2010a) developed an analysis method to obtain the factor of safety of a drilled 

shaft on a slope system as well as to determine the earth thrust on the drilled shafts for structural 

design. The concept of the analysis is based on the limiting equilibrium approach, while 

incorporating the arching effects as the soil mass moved downslope and around the drilled shafts. 

Kourkoulis et al. (2012) developed a hybrid method for designing slope-stabilizing piles, 

combining the accuracy of rigorous three-dimensional (3-D) finite element simulation with the 

simplicity of widely accepted analytical techniques. The hybrid method consists of two steps: (1) 

evaluation of the lateral resisting force needed to increase the safety factor of the precarious slope 

to the desired value, and (2) estimation of the optimum pile configuration that offers the required 

resisting force for a prescribed deformation level. The first step utilizes the results of conventional 

slope-stability analysis. A novel approach was proposed for the second step, which consists in 

decoupling the slope geometry from the computation of pile lateral capacity, thus allowing for 

numerical simulation of only a limited region of soil around the piles.  

Liang et al. (2010b) used a 3-D finite element modeling approach to study soil arching between 

piles on slopes. The nonlinear and plastic nature of the soil, the elastic behavior of the drilled shafts, 

and interface friction, were modeled to gain a better understanding of the arching mechanisms in 

a slope with evenly spaced drilled shafts. The influence of various factors in both load transfer and 

lateral shaft movement was evaluated through a parametric study. The stiffness of the drilled shafts, 

shafts spacing and location on the slope, the material properties of rock and the socket length of 

shaft, and the soil movement and strength parameters were assessed. The simulation results 

showed evidences of soil arching and reduction in the stresses and displacements through load 

transfer mechanisms due to the presence of the drilled shafts. The different parameters analyzed 

were ranked in decreasing order of influence, as follows: (1) shaft diameter; (2) depth ratio along 
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the drilled shaft; (3) soil cohesion; (4) shaft length; (5) location in the slope; (6) rock-socket length 

ratio; (7) spacing-to-diameter ratio; and (8) rock elastic modulus.  

Other studies that used 3-D finite element analysis to study the effect of soil arching include: 

Kahyaoglu et al. (2009), Liu and Zhang (2010), Yue et al. (2011), and Kourkoulis et al. (2011). 

Parameters included in these studies are pile spacing, pile diameter, soil characteristics (e.g. 

cohesion, friction angle). Overall conclusions for these papers are: (1) pile spacing is the main 

influencing factor for soil arching effects, and it was observed that as pile spacing increases, the 

effects of soil arching become less pronounced; (2) soil arching is not effective when spacing 

between piles is larger than 8d; (3) soil elastic modulus and Poisson’s ratio have negligible 

influence in soil arching; (4) the arching effects increase with increasing friction angle; (5) soil 

inhomogeneity (in terms of shear stiffness) was found to be unimportant, because the response is 

primarily affected by the strength of the unstable soil layer. 

 Effects of Soil Slope on Lateral Capacity of Piles 

Even though there is available research on the effects of soil slope on lateral capacity of piles 

using small-scale model tests, centrifuge tests, finite element analyses, and full-scale lateral pile 

loading tests, the studies reviewed in this section address three main topics regarding to the effect 

of soil slope on the lateral capacity of piles: (1) distance between the pile and the slope crest (bench 

width) at which slope effects are insignificant (Poulos 1976, Terashi et al. 1991, Ogata and Gose 

1995, Boufia and Bouguerra 1996, Nimityongsukul et al. 2012); and (2) depth from the ground 

surface, zmax, at which slope effect is negligible (Brown and Shie 1991, Georgiadis and Georgiadis 

2010), and (3) scale factors to be applied to the p-component of the p-y curves in level ground, 

pmult (Terashi et al. 1991, Mezazigh and Levacher 1998). In addition, the effects of soil slope when 

the piles are subjected to displacements, as well as the soil slope effects on p-y curves, are also 
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reviewed (Chae et al. 2004, Brown and Shie 1991, Georgiadis and Georgiadis 2010, 

Nimityongsukul et al. 2012). 

Poulos (1976) conducted small-scale laboratory tests on piles in clay to study the effects of 

slope on lateral response of piles. The study suggests that the distance between the slope crest and 

the pile after which the slope has negligible effect on the lateral pile response, tlim, is approximately 

5d.  

Terashi, et al. (1991) performed centrifuge tests to investigate the behavior of laterally loaded 

piles in dense sand for different slope angles. The test results suggest that tlim is approximately 

2.5d. The same study also reported that pmult for pile installed at the crest of the slope is 0.44, 0.63, 

and 0.64 for slopes 3:2 (β = 33.7deg), 2:1 (β = 26.5deg) and 3:1 (β = 18.4deg), respectively, 

indicating that slope effects are function of the slope angle. 

Brown and Shie (1991) conducted 3-D elasto-plastic finite element analyses to study the effects 

of in-situ soil stresses, pile/soil interface friction, and sloping ground for laterally loaded piles in 

saturated clay. The study reported that the coefficient of earth pressure at rest (varying ratio of 

horizontal to vertical stress from 0.5 to 1.5) was not a major factor affecting p-y curves. However, 

pile/soil interface friction was observed to have significant effect on the lateral pile response. The 

effects of soil slope on the ultimate soil resistance are maxima at the ground surface. The study 

suggests that zmax is 4d. In addition, the study reported that the initial stiffness of the load-

displacement curve as well as p-y curves are independent of ground slope.  

Boufia and Bouguerra (1996) used a centrifuge to study the effects of the pile distance from 

slope crest on the lateral response of piles in sand. The study suggests that the range of tlim is 

between 10d and 20d. 
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Ogata and Gose (1995) reported that the presence of a soil slope affected the modulus of 

subgrade reaction, especially close to the ground surface. 

Chae et al. (2004) performed a series of 3-D finite element analyses, as well as small scale 

testing, to study the effects of soil slope on the lateral resistance of short single piles. The study 

concluded that the reduction of the lateral resistance due to slope effects is more significant for a 

small range of pile displacement and remain constant as the pile displacement increases. 

Georgiadis and Georgiadis (2010) proposed new criteria for the initial slope of p-y curves and 

ultimate soil resistance for piles on a slope crest. The study suggests that zmax is 6d from the ground 

surface. For undrained static lateral loading of a pile in level ground, the study proposed analytical 

methods for the ultimate soil resistance and the initial stiffness of hyperbolic p-y curves. The 

proposed p-y criteria take into account the soil slope and the adhesion of the pile-slope interface.  

Nimityongsukul et al. (2012) conducted a series of full-scale lateral loading tests for 

instrumented piles in cohesive and cohesionless soils to assess the lateral response of piles in free 

field and near slope conditions. For tests of piles in cohesive soils, it was found that: (1) for small 

pile head displacements (less than 1.0 inch) the proximity of slope has insignificant effects on piles 

at a distance of 2d or further from the slope crest; (2) for the piles on the slope crest, the effects of 

the soil slope should always be considered; (3) the presence of the slope has insignificant effects 

for piles installed at distances of 8d or greater from the crest. For piles in cohesionless soils: (1) 

the effects of slope on lateral pile capacity are insignificant at displacements of less than 2 inches 

for piles located at a distance 2d and further from the crest; (2) for piles located at a distance 4d or 

greater from the slope crest, the effects of slope on p-y curves are insignificant. Figure 2-5 and 

Figure 2-6 display the load-displacement curves between different distances from the slope crest 

and Caltrans method as well.  
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For design, Mezazigh and Levacher (1998) proposed p-multipliers to account for slope effects 

as a function of (1) the distance between the pile and the slope crest, and (2) the slope angle. The 

study suggests that tlim is 8d and 12d for slope angle of 2:1 and 3:2, respectively. 

 
Figure 2-5: Measured load versus measured pile displacement at 3 ft. from ground surface for 

0d, 2d, 4d, 8d piles (Nimityongsukul et al. 2012). 
 

 
Figure 2-6: Comparison of Caltrans method and measured results for 0d, 2d, 4d and 8d piles 

(Nimityongsukul et al. 2012). 
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2.3 CRITERIA FOR DESIGN AND ANALYSIS 

The pile tests in the previous section provide information on the effect of some of the design 

variables on the resistance of soldier piles. However, the capacity of piles must be predicted before 

a loading event in order for these to resist the possible load of the backfill. Thus, some discussion 

of the available design methodologies is warranted.  

 Design Procedures 

In general, the design of shoring systems that make use of soldier pile walls is performed using 

well-established theories developed from structural mechanics. The members of the shoring 

system are checked for flexure, shear, compression, and bearing strength, as well the stability of 

the shoring system considering the soil stiffness and loads. Driven piles, drilled shafts, and auger-

cast piles are among the vertical elements that are designed to support the full design earth, 

surcharge, and water pressures. Approximate calculations are satisfactory for most shoring systems, 

so common structural mechanics formulas are used for design of all members. The maximum 

spacing between vertical wall elements are determined based on the relative stiffness of the vertical 

elements and lagging, and characteristics of soil. For the steel members, lateral buckling is 

typically not checked since lateral and lateral-torsional buckling of piles is avoided since the entire 

length of the vertical element is laterally supported due to the presence of lagging. 

Lagging is designed assuming simple span between elements or assuming continuous support 

over several elements. The soil arching induces a redistribution of soil pressure away from the 

center of the lagging toward the much stiffer soldier pile, minimizing the soil pressure behind the 

lagging. Hence a reduction factor is applied to the theoretical or calculated earth pressures. A 

simple span model, where a factor of 0.6 is applied, is suggested by Caltrans to account for soil 

arching, and the bending moment in the lagging is given by: 
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where p is the applied pressure and L is the support span. On the other hand, AASHTO, for both 

simple span model and continuous beam model, suggest the application of a different reduction 

factor leading to the expression: 

 20 083=M . pL  (2-2) 

In AASHTO LRFD (AASHTO 2012), the overall stability of the retaining wall, retained slope, 

and foundation soil or rock is evaluated using limiting equilibrium methods of analysis. A Service 

I Load Combination is used in the evaluation of the overall stability of temporary cut slopes and 

capacities are affected by an appropriate resistance factor. The resistance factor may be taken as 

0.75 where the geotechnical parameters are well defined, and the slope does not support or contain 

a structural element, and the resistance factor of 0.65 where the geotechnical parameters are based 

on limited information, or the slope contains or supports a structure, such as a bridge, retaining 

wall, sound wall, or building. The Modified Bishop, simplified Janbu, and Spencer methods of 

analysis (Bishop 1955, Janbu et al. 1956, and Spencer 1967) can also be used in order to analyze 

the overall stability of the retaining wall, retained slope, and foundation soil or rock. 

 Analysis Procedures 

This type of walls, being non-gravity cantilever retaining walls, are analyzed by assuming that 

the vertical structural element rotates at a point below the excavation line. The point is labeled here 

as Point O, as shown in Figure 2-7. The realistic and simplified load distributions are also shown 

in this figure. Force R is assumed at Point O to compensate the resultant between active and passive 

pressure below point of rotation at Point O. The calculated depth, D, is determined by increasing 

D0 by 20% in order to approximate the total embedment depth of the vertical wall element and to 
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accounting for the rotation of the length of vertical wall element below Point O. More details can 

be found on this procedure in CALTRANS (2011) and AASHTO (2012). 

In determining earth pressures, Caltrans uses the concept of Adjusted Pile Width, recognizing 

that the width of soil contributing to the passive earth pressures can be greatly increased due to 

soil arching between soldier piles. The adjusted pile width is computed as the product of the 

effective pile width, d, and the Arching Capability Factor, f. The effective pile width d of a soldier 

pile is generally considered to be the dimension of the soldier pile taken parallel to the line of the 

wall for driven piles or drilled piles backfilled with material other than concrete, and can be taken 

as the diameter of the drilled-hole when 4-sack or better concrete is used.  

 
(a) (b) (c) 

Figure 2-7: Cantilever retaining walls (Caltrans 2011): (a) wall deformation; (b) load 
distribution, (c) load simplification. 

 

For cohesionless soils the arching capability factor is a function of the friction angle, determined 

according with Table 2-1 and for cohesive soils depends on consistency of the soil. The values of 

arching capability factor for cohesive soils are defined in Table 2-2. The adjusted pile width is used 

for the passive resistance in front of the pile as for any active loadings (including surcharge 
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loadings) on the back of the pile below the excavation depth. Obviously, the adjusted pile width 

should not be greater than the pile spacing, otherwise the system can be analyzed in the same manner 

as sheet pile systems. 

Table 2-1: Arching capability factor for cohesionless soils 

Pile spacing, s  Arching capability factor, f 

3 d≤ ⋅   3 

3 d> ⋅  ( )0 308 ≤.  φ  
 

Table 2-2: Arching capability factor for cohesive soils 

Consistency Very Soft Soft Medium Stiff Very Stiff Hard 

qu = 
unconfined 

comp. strength 
(psf) 

 

500 1000 2000 4000 8000 

 

Unit Weight 
(pcf) 

 100-120 110-130 120-140 130+ 

Arching 
Capability 

factor 

 
1 to 2 1 to 2 2 2 2 

 

 

2.4 SUMMARY 

This chapter presented a discussion on the effects of soil arching on the load developed in piles 

as well as the effects of slopes. Most of the literature reported address testing numerical work on 

piles and shafts. However, few loading tests were found in literature on soldier pile retaining 

systems. The main consensual conclusions reported in the literature include:  

(1) Discrete piles can provide significant additional stability to a slope;  

(2) In soldier pile and lagging systems, material costs, strengths, and sizes can be optimized to 

achieve maximum benefit from soil arching;  
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(3) Pile spacing is the main influencing factor for soil arching: as pile spacing increases, soil 

arching effects weaken gradually. In addition, several studies also highlight the importance 

of pile stiffness, embedment, soil’s cohesion, and friction angle. On the other hand soil 

elastic modulus and Poisson’s ratio have negligible influence in the soil arching effects;  

(4) For small head displacements, in cohesive soil, for distances from the slope crest greater 

than 2d, the proximity of slope on the pile forces and displacements has insignificant effects;  

(5) For the piles on the slope crest, the effects of the soil slope should always be considered; 

(6) The presence of the slope has insignificant effects for piles installed at distances of 8d or 

greater from the crest;  

(7) For piles located at 4d or greater from the slope crest, the effects of slope on p-y curves are 

insignificant. 

Regarding to the criteria established for design and analysis of retaining wall systems:  

(1) The design is performed using well-established theories from structural mechanics;  

(2) The soil arching is taken into account in the Adjusted Pile Width affecting the arching factor 

which depends on the soil friction angle;  

(3) No explicit consideration is given to the effect of the  

This summary serves as groundwork to study effects of soil arching on analysis and design of 

soldier piles. Unfortunately, no load transfer observations were reported for any of the full-scale 

tests, limiting our understanding of the contributions of soil arching and slopes on soldier pile 

retaining systems. Therefore, full-scale tests on soldier pile system instrumented to measure load 

transfer in and soil arching effects would address a major need for engineers concerned with topic. 

To further understand the points listed above for pile and shaft systems but now on soldier pile 

retaining systems a parametric study will be performed to inform designers and future testing 
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programs. The main parameters to be considered in the analyses include: (1) at least two soil types 

(cohesive and cohesionless); (2) soldier pile spacing (3d and 4d); (3) pile position relative to slope 

crest (bench width). These will be studied using 2-D and 3-D Finite Element models that will be 

developed accounting for symmetry and plain strain assumptions to reduce model complexity. 
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3 METHODOLOGY FOR ASSESSMENT OF THE ARCHING FACTOR 

3.1 OVERVIEW 

In order to develop confidence in the modeling approach for capturing the effects related to 

soil arching capability and its effect on the passive earth pressures, both 2-D and 3-D nonlinear 

modeling approaches are developed and results of the finite element models are compared to 

experimental test results when possible to gain an understanding of the arching capability factor 

and effects of different parameters on the estimates of the arching capability factor. First, the 2-D 

analyses are developed, in which the tools needed for assessment of soil arching capability factor 

taking into account the effects of soil slope and bench width are defined. In particular, the 2-D 

analyses are first performed to aid in: (1) the selection of reference soil materials; (2) definition of 

geometry of the numerical models, element sizes, number of elements in each direction, type of 

elements, materials, and other modeling options. Furthermore, mesh sensitivity studies and 

extensive parametric studies are developed as part of the validation of the modeling approach, 

which uses Open Sees as the primary nonlinear finite element modeling tool.  Finally, the same 

parameters are considered in the 3-D analyses performed, based on the findings of the 2-D analyses. 

In the interest of brevity mesh sensitivity studies and convergence of the finite element responses 

are not shown in this report, but could be made available upon request. 

3.2 DEFINITION OF CASE STUDIES 

 Soil Definition 

The selection of the soils used in this study was developed selecting soils expected to be found 

on site. Three different soils are selected from the set of tested soils available in Duncan, et al. 

(1980): a medium-dense sand, a medium-stiff clay, and a granular cohesive soil. The Table 3-1 

shows the soils parameters selected. 
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Table 3-1: Selected Soils 

Soil  
Description 

Medium-Dense 
Sand Medium-Stiff Clay Granular Cohesive Soil  

“Sacramento River  
Sand” 

Sandy Clay 
(Somerville Dam) 

Silty Clayey Sand 
 (Mica Dam Core) 

Bulk Modulus, tsf  
(kPa) 

1,305 
(125,000) 

1,514 
(145,000) 

1,514  
(145,000)  

Shear Modulus, tsf 
(kPa) 

627 
(60,000) 

679 
(65,000) 

679 
(65,000) 

Unit Weight, γ soil , pcf 
(kN/m3) 

94.0 
(14.8) 

106.7  
(16.8) 

114.9 
(18.0) 

Friction Angle, 'φ , deg 37 - 33 

Cohesion, uc , psf 
(kPa) 

- 1,817 
(87) 794 

(38) 
 

The values of shear and bulk moduli listed Table 3-1 were estimated as follows:  

(1) The SPT value N60 were estimated using relationships in Kulhawy and Mayne (1990) that 

correlate N60 with friction angle and undrained cohesion for granular and cohesive soils, 

and are respectively given by: 

 0.34

1 60' tan
'12.2 20.3

a

N

p

φ
σ

−

 
 
 =   

+     

 (3-1) 

 
600.06u

a

c N
p

=  (3-2) 

where pa is the atmospheric pressure.  

(2) The shear wave velocity is estimated using N60 and equations from Wair et al. (2012) for 

granular and cohesive soils, respectively,  
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 0.23 ' 0.25
6030.0 σ= ⋅ ⋅S vV N  (3-3) 

 0.17 ' 0.32
6026.0 σ= ⋅ ⋅S vV N  (3-4) 

(3) The maximum shear modulus is determined using: 

 
max soil SG Vγ= ⋅  (3-5) 

where Gmax is the maximum shear, VS is the shear wave velocity, and γ soil  is the unit weight 

of the soil. To estimate the shear wave velocity, the following steps were performed: 

(4) Estimate the shear modulus and the bulk modulus for isotropic materials, considering the 

Gmax estimated in Step 3, and assuming Poisson’s ratios defined in Kulhawy & Mayne 

(1990).  

 

 Parameter Selection 

The following parameters were defined to be of interest in the analysis: (1) height of the wall; 

(2) spacing between piles; (3) slope angle; and, (4) bench width. These parameters have an 

important contribution in the capacity of soldier pile wall system and consequently in the arching 

capability factor. Table 3-2 shows the values considered in the analysis and design of the numerical 

specimens. As listed in Table 3-2, for each type of soil, four base situations are defined combining 

the two wall heights (10-ft and 15-ft) and the two assumed  pile spacings  (3d and 4d), and for each 

situation five different slope conditions are analyzed. A total of 60 different analyses are performed 

with the objective of performing the assessment of the arching capability factor. 
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Table 3-2: Parameter definition 

Type of Soil 
(3 levels) 

Height of the 
wall, hw 

(2 levels) 

Spacing between 
piles, s 

(2 levels) 

Slope conditions (5 levels) 

Ratio 
horiz.:vert. 

Bench width, 
bw 

Med. Stiff Clay 
 

Med. Dense 
Sand 

 
Granular 
Cohesive 

10 ft 
 

15 ft 

3d 
 

4d 

None (“slno”) 

3:2 (“sl32”) 
2d (“b2d”) 
4d (“b4d”) 
8d (“b8d”) 

2:1 (“sl21”) 4d (“b4d”) 

Note: the text in quote is the code name assigned to the variable 

3.3 PARAMETRIC CASE STUDY 

In order to develop the most realistic condition for the analysis steps, the following steps were 

performed for each analysis case: (1) Soldier pile design; (2) develop the numerical models for 

each study case; (3) Perform the pushover analysis; (4) post-process the analysis results; and, (5) 

develop an assessment of the arching capability factor. The methods defined in each of steps is 

described in detail in this section. 

 Soldier Pile Design  

For each one of the 60 study cases defined, the soldier pile embedment depth was designed on 

a case-by-case basis. All cases consider the use of an HP14x89 pile embedded below the wedge 

line in a 2-ft diameter circular pile consisting of structural concrete. Regarding the pile embedment 

depth, the following procedure is applied for each case study: 

(1) Obtain active and passive earth pressure load distributions as a function of the embedment 

depth, D0, according to Figure 3-1.  
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a. Figure 3-1 shows the distributions for each soil type considered. For cohesive soils, 

the height of the tension zone, hcr (see Figure 3-2) is ignored and the simplified 

lateral earth pressure distribution acting along the entire wall height, h, including 

presence of water pressure within the tension zone as shown in Figure 3-2 was used.  

b. The active lateral earth pressure (σa) acting over the wall height, h, should not be 

less than 0.25 times the effective vertical stress (σv = γh) at any depth. The Active 

Earth Pressure is given by: 

 2
0 0

1 2
2a soil a aP K D c K Dγ= −  (3-6) 

 

c. The Passive Earth Pressure is given by: 

 2
0 0

1 2
2p soil p pP K D c K Dγ= +  (3-7) 

where γsoil  is the soil density, c corresponds to the apparent cohesion, and Kp is the 

passive earth pressure coefficient. For Granular Soils (ϕ>0) Kp was obtained using 

the (Caquot and Kerisel 1948) graphs (Figure 3-4), which is based on the Log-

Spiral earth pressure theory. For Clays, Kp was considered to be equal to 1. It is 

worth noting that this methodology and does not take into account the presence of 

a slope crest (bench width = 0), and thus the bench width was neglected in the 

design. 

(2) Compute the Driving Moment (MDR) and Resisting Moment (MRS) about the toe of the pile 

as a function of the embedment depth, D0. 

a. The driving moment accounts for the spacing between piles which corresponds to 

the total influence length of the pile and is given by:  
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DR aM DrivingForce Arm P s Arm= ⋅ = ⋅ ⋅∑ ∑  (3-8) 

b. The resisting moment accounts for the adjusted pile width which is the product of 

the capability arching factor, f  with the pile effective width, d  

 
RS pM ResistingForce Arm P f d Arm= ⋅ = ⋅ ⋅ ⋅∑ ∑  (3-9) 

c. The width d for this study corresponds to the diameter of the embedded pile which 

is 2 feet, as shown in Figure 3-3. 

 
 

(a)  (b) 
Figure 3-1: Load diagram for a single layer (Caltrans 2011): (a) granular soil; (b) cohesive soil. 

 
Figure 3-2: Load distribution for cohesive backfill (Caltrans 2011). 
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(3) Solve for D0 using a factor of safety (FS) equal to 1.3, given by:  

 
1.3RS

DR

M
M

≥  (3-10) 

(4) Increase D0 by 20%. Note that the calculated depth, D, is determined by increasing D0 by 20% 

to approximate the total embedment depth of the vertical wall element. The 20% increase is 

not a factor of safety, it accounts for the rotation of the length of vertical wall element below 

Point O. 

 
Figure 3-3: Cross-section of the embedded pile. 



38 
 

 
Figure 3-4: Passive earth pressure coefficient (Caquot and Kerisel 1948). 
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 Development of Numerical Models 

The development of the numerical models is of crucial importance in the study. Open Sees was 

selected as the analysis software due to the extensive capabilities built in for modeling geotechnical 

and structural engineering problems. The model development included the following stages. First, 

2-D plan view analyses were performed to establish mesh sizes and the extension of the model, 

and if identical results can be obtained when using a single strip of soil-pile (between mid-distances 

of two adjacent piles) versus multiple soil-pile strips. Second, all case studies were analyzed using 

2-D elevation models, and finally, 3-D analyses were performed. Since the methods and 

approaches are similar for the 2-D elevation analyses and 3-D analyses, on the latter are described 

here in this section. 

3.3.2.1 2-D Plan Models 

Figure 3-5 shows the plan geometries tested. The models were developed (along with other 

mesh geometries not shown) to study: (1) differences that would be obtained when considering 

different spacing between piles; (2) if one soil-pile strip (Figure 3-5a) can reproduce the identical 

responses and soil behavior obtained when using 3 (Figure 3-5b) or 5 strips, and (3) observe the 

stress distribution and deformation patterns in front of the pile.  

Figure 3-5 shows the soil mesh, which is the mesh generated for the soil, which was 

automatically generated using scripts developed in TCL. The pile was modeled using linear elastic 

quadrilateral elements (not shown in the figures). It can be seen in the figure, that for this analysis 

type, only the passive side was modeled. Uniform distributed loads are applied on the pile elements, 

into the direction of the soil elements. The models have a dimension of 10 ft (3 m) along X-

direction, two levels for the width of the strip equal to the space between piles adopted in the model 

along Y-direction (s = 3d and 4d). In terms of restraints in the model, both horizontal boundaries 
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are restrained in Y-direction, and the vertical boundary located on the opposite side of the pile is 

restrained in the X direction, all through pinned supports. The UC San Diego soil models 

PressureIndependMultiYield and PressureDependMultiYield materials were used for cohesive and 

cohesionless soils, respectively. More details on the models can found elsewhere (Parra 1996, 

Yang 2000, Elgamal et al. 2002, Yang and Elgamal 2002, Yang et al. 2003, and Elgamal and Yang 

2003). The pile was modeled using linear elastic quadrangular elements. 

 

 
(a) (b) 

Figure 3-5: 2-D Modeled soil meshes (plan view); (a) considering one strip; (b) considering 
three strips. 
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3.3.2.2 2-D Elevation and 3-D Models: Meshing 

The global models developed refers here either to the 3-D model or for the 2-D model in 

elevation. Figure 3-6 displays a reference 3-D model. In terms of numerical model dimensions, 

the difference between 2-D and 3-D models lies on the width. For the 2-D models, Quad elements 

are used and a plane-strain condition is assumed. In the 3-D numerical models, 8-node brick 

elements are used. The dimensions on the numerical models are: (1) in the Y-direction, 24 feet of 

soil-active side (see for example,  Figure 3-6c) and 40 to 50 feet of passive side, depending on the 

slope and bench width considered; (2) in the Z-direction, the total dimension accounts for the 

height of the wall, the embedment depth, and 10 to 15 feet below the toe of the pile; and (3) 6 feet 

or 8 feet for the X-direction for the 3-D numerical models, depending if the distance between piles 

considered is 3d or 4d, while for the 2-D cases, the width assigned to the elements is the adjusted 

pile width is given by: 

 adjusted  pile width f d= ⋅  (3-11) 

where the arching capability factor, f,  is defined in Table 2-1 for cohesionless soils and Table 2-2 

for cohesive soils. 

For the 3-D model, the finite element meshes were developed using a combination of 

OpenSeesPL (Lu et al. 2011), to generate a refined mesh around the pile, and TCL language scripts 

developed within the scope of this project to model the remain soil domain. Since OpenSeesPL 

does not generate meshes for HP piles, all the elements that lie between a distance of 4 feet in front 

of the pile and 4 feet behind the pile, along the whole width and height of the model, as displayed 

in Figure 3-7 were also developed using an automated mesh generator implemented by the authors.  
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(a) 

(b)

 
(c) 

Figure 3-6: 3-D model mesh: (a) 3-D view; (b) zoom over region of the pile; (c) elevation view 
 

 
Figure 3-7: Part of the numerical model created in OpenSeesPL and adjusted using TCL scripts 

for modeling the HP section above the excavation line. 
 

3.3.2.3 Material Models 

In terms of selection of the most appropriate materials to assign soil elements, several materials 

were tested. Depending on the soils, among the tested materials in Open Sees, are the University 
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h
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of Washington implemented Manzari Dafalias material (Dafalias and Manzari 2004), the Drucker 

Prager material (Drucker and Prager 1952), and the UC San Diego soil models 

PressureIndependMultiYield and PressureDependMultiYield materials for cohesive and 

cohesionless soils, respectively.  

For cohesionless soils, initially two models were tested. First, the Manzari Dafalias material 

was tested, but the version of the model which was implemented in Open Sees by August 2015 

had several convergence issues. After personal communications by the authors of this report with 

the team implementing the models in Open Sees, several improvements have been made since, 

which seem to have addressed the issues detected. However, these improvements were only 

completed after the first draft of this report was completed. The Drucker Prager material model 

was also tested, but in the case of low to negligible cohesion the model implemented in Open Sees 

also seemed to provide several challenges when running analyses that simulated cohesionless soils. 

The models that were seen to be most appropriate and stable for this work were the UC San Diego 

soil models. The PressureDependMultiYield material model was therefore used in this study. The 

PressureDependMultiYield material was assigned to cohesionless soils. It is an elastic-plastic 

material for simulating the essential response characteristics of pressure sensitive soil materials 

under general loading conditions.  

For cohesive soils, the PressureIndependMultiYield material was used. This model is an 

elastic-plastic material in which plasticity exhibits only in the deviatoric stress-strain response. 

The volumetric stress-strain response is linear-elastic and is independent of the deviatoric response. 

This material is implemented to simulate monotonic or cyclic response of materials whose shear 

behavior is insensitive to the confinement change. 
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Figure 3-8: Schematic of constitutive model response of a PressureDependMultiYield material 
showing shear stress, effective confinement, and shear strain relationship. 

 

 

 

 

Figure 3-9: Schematic of constitutive model response of a PressureIndependMultiYield material 
showing shear stress, effective confinement, and shear strain relationship. 

 

3.3.2.4 Soil Element Types 

The FourNodeQuad elements were used to model the soil domain in 2-D analyses. The 

FourNodeQuad element is a quadrilateral element that uses use a bilinear isoparametric 

formulation. For 3-D analyses, the Bbarbrick element was used to model the soil. The Bbarbrick 
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element is an eight-node mixed volume/pressure brick element object that uses a trilinear 

isoparametric formulation. In both type of elements, the solid-fluid coupling is not considered in 

the pushover analyses performed in this study. 

3.3.2.5 Pile Element Types 

The soldier pile considered were defined as an HP14x89 steel section, which was grouted with 

structural concrete below the dredge line. The whole pile was modeled using Displacement-based 

BeamColumn elements with 3 integration points per element. Figure 3-10a shows the fiber section 

discretization for the pile embedded in concrete, while Figure 3-10b shows the discretization of 

the steel section above the dredge line. 

 

  

(a) (b) 
Figure 3-10: Fiber section: (a) embedded pile; (b) pile above the dredge line. 

 

Both linear and nonlinear material behavior was assumed to assess the influence of the pile 

nonlinearity in this study. When nonlinear behavior was considered, the bilinear steel material 

(Steel01) was assumed for the steel fibers and the Popovics concrete material model (Concrete04) 

(Popovics 1973) was used to model the concrete fibers, respectively.  
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A compressive strength of about 3500 psi was considered for the concrete and 50 ksi for the 

yield strength of steel (assumed A36 steel). 

  

  
(a) (b) 

Figure 3-11: Constitutive models used in fiber sections: (a) steel01; (b) concrete04. 
 

 
3.3.2.6 Interface Elements 

In order to model the interface between the soldier pile and the soil, two different modeling 

options were considered: (1) the nodes of the pile were restrained to the soil nodes located at the 

same elevation, using a master-slave algorithm (equalDOF in Open Sees), and (2) beam contact 

elements, providing interaction between the beam element and the soil elements. 

In the 2-D analyses, BeamContact2D elements were used, while in the 3-D analyses 

BeamContact3D and BeamEndContact3D elements (Petek 2006, Arduino et al. 2007) were used. 

These beam contact elements provide the beam-to-node interaction, defining a frictional contact 

interface between a beam element and a separate body which follows the form shown in Figure 

3-12 and is given by (Wriggers 2006): 
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 0s nf t cµ= − ⋅ − ≤t  (3-12) 

 
Figure 3-12: Mohr-Coulomb friction model. 

 

Equation (3-12 defined a regularized Coulomb frictional law that is implemented in Open Sees 

as a ContactMaterial2D/3D. This material assigned to the interface elements between two adjacent 

bodies in contact. The interface defined by this material object allows for sticking, frictional slip, 

and separation between the two bodies. The values used recommended in NAVFAC (1986) are 

applied to model both the ContactMaterial2D and ContactMaterial3D material models. 

 Pushover Analysis Methodology 

A displacement controlled nonlinear pushover analysis is performed applying an incremental 

load on the pile. The application of the load has an extreme importance on this study, because 

depending how it is applied, the system capacity can vary considerably as can be evaluated in the 

subsection below. Using the appropriate load pattern, a nonlinear pushover analysis is performed, 

in which the horizontal pile-head displacement at each step and the load total force applied is 

recorded at each step. Figure 3-13 shows the analysis scheme for the case of cohesionless soils.  
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Figure 3-13: Pushover analysis scheme.  
 

The following parameters were adopted for nonlinear finite element static pushover analysis. 

First, for the gravity load analysis, the Load Control algorithm is used to set the initial state of 

stress in the model. Second, the pushover analysis is performed using a displacement controlled 

analysis. In both gravity and pushover analyses, OpenSeesSP is used and the solver of for the 

system of equations used is Mumps, which is a multifrontal massively parallel sparse direct solve. 

The use of OpenSeesSP and the Mumps solver allow for efficient parallel computation of the large 

nonlinear finite element models. The type of convergence test selected was the NormDispIncr. The 

algorithm used in the analysis of the nonlinear system of equilibrium equations was KrylovNewton 

(Scott and Fenves 2010), which uses a Krylov subspace accelerator to accelerate the convergence 

of the modified newton method. The constraints in the model are enforced using a Penalty 

constraint handler.  
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Each case study corresponds to a TCL file, including node location, element connectivity, and 

assigned material properties. Node and element recorders are defined to outputs results of analysis, 

for nodal displacements as well as strains and stresses at gauss points. 

 Analysis of Results / Post-processing 

A Matlab code was developed to parse input and output Open Sees model data to generate a 

file for visualization in Paraview, which is used to visualize the results in terms of displacement 

shapes and stresses, both in model Cartesian directions as well as in the principal stress directions. 

For 2-D analyses, the principal stresses are obtained using the expressions:  

 2
211 22 11 22
122 2I

σ σ σ σσ σ+ − = + + 
 

 (3-13) 

 2
211 22 11 22
122 2II

σ σ σ σσ σ+ − = − + 
 

 (3-14) 

For the 3-D analyses, the principal stresses in three orthogonal directions I, II, and III are 

respectively given by: 

 ( )21
1 2

2 3
3 3I
I I I cosσ φ= + + ⋅  (3-15) 

 ( )21
1 2

2 23
3 3 3II
I I I cos πσ φ = + + ⋅ + 

 
 (3-16) 

 ( )21
1 2

2 43
3 3 3III
I I I cos πσ φ = + + ⋅ + 

 
 (3-17) 

where terms in equations (3-15), (3-16), and (3-17) are given by: 
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 3
1 1 1 2 3

2 3 2
1 2

2 9 271
3 2 3 /

I I I Icos
( I I )

φ −  − +
=  − 

 (3-18) 

 
1 11 22 33I σ σ σ= + +  (3-19) 

 2 2 2
2 11 22 22 33 33 11 12 23 31I σ σ σ σ σ σ σ σ σ= + + − − −  (3-20) 

 2 2 2
3 11 22 33 11 23 22 31 33 12 12 23 312I σ σ σ σ σ σ σ σ σ σ σ σ= − − − +  (3-21) 

and where the quantities I1, I2 and I3 are the stress invariants. 

 Assessment of the Arching Capability Factor 

The assessment of the arching capability factor has the following steps. 

(1) Determine the passive resistance, Rp, in front of a soldier pile based on accepted analytical 

expressions. The passive earth pressure is given by 

 
p p _ theoryR P d f= ⋅ ⋅  (3-22) 

where the arching capability factor, f, is given in Table 2-1 and Table 2-2, d is the pile 

diameter, and Pp_theory is the theoretical passive earth pressure. For a given embedment 

length,  Pp_theory is obtained from Figure 3-4 (Caquot and Kerisel 1948) neglecting the 

bench width and using the nominal slope values. For clayey soils, when 0φ = , Rankine 

earth pressure theory is used to estimate the passive earth pressure.  

(2) Determine the pushover load as a function of the tracked horizontal displacement 

horizontal, ( )∆F  
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(3) Determine the ratio of the pushover load to the passive resistance obtained in Step 1. This 

ratio is assigned the variable n and it is a function of the level of displacement, being given 

by: 

 
( ) ( )∆
∆ =

p

F
n

R
 (3-23) 

Note that for values of n higher than 1, the capacity obtained from the pushover analysis is 

greater than the theoretical passive resistance, which means that the definition of capability 

factor is conservative using logspiral theories. 
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4 FINITE ELEMENT RESULTS AND DISCUSSION 

4.1 OVERVIEW 

This chapter first presents the results for the soldier pile design and the theoretical passive 

resistance, which are needed to define the numerical models and to evaluate the ratio of the 

resistance obtained from the computational models with the one obtain from the theory. Then, 

results on the 2-D plan models are performed to illustrate effect of pile spacing and number of 

piles/soil strips needed for consideration in the 3-D models. Next, results of the nonlinear static 

pushover analyses for the three soil types and for all model permutations considered are shown. 

Differences between the results obtained using 2-D and 3-D analyses are highlighted for future 

modelers and designers. Finally, the arching capability factor assessment based on the numerical 

analyses is presented.  

4.2 SOLDIER PILE DESIGN 

The embedment depth of the soldier pile was designed for each specific study case, resulting 

in different embedment depths for most of the cases when considering different slopes. However, 

in order to be able to compare the effect of the slope characteristics in front of the wall, equal 

values of embedment depth were also considered in the analyses. Table 4-1, Table 4-2, and Table 

4-3 show the values obtained in design and consequently used in the study cases considered, for 

medium-dense sand, medium-stiff clay, and granular cohesive soils, respectively. In some cases, 

the design calculations required very small embedment depths. For those cases, the embedment 

depth h was assumed be at least equal to the wall height, i.e. h ≥ hw. 
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Table 4-1: Pile embedment depths considered for the medium dense sand study cases  

Wall Height 
hw 

Pile Spacing, 
s 

Slope, 
H:V 

Bench width,    
bw 

Embedment depth,       
h 

10 ft 

4d 

No slope 
(slno) 

12 ft 
*30 ft 

2:1  
(sl21) 4d (b4d) 18 ft 

*30 ft 

3:2  
(sl32) 

2d (b2d) 
30 ft 4d (b4d) 

8d (b8d) 

3d 

No slope 
(slno) 

10 ft 
*22 ft 

2:1  
(sl21) 4d (b4d) 14 ft 

*22 ft 

3:2  
(sl32) 

2d (b2d) 
22ft 4d (b4d) 

8d (b8d) 

15 ft 

4d 

No slope 
(slno) 

20 ft 
*42 ft 

2:1 
(sl21) 4d (b4d) 26 ft 

*42 ft 

3:2  
(sl32) 

2d (b2d) 
42 ft 4d (b4d) 

8d (b8d) 

3d 

No slope 
(slno) 

16 ft 
*32 ft 

2:1 
(sl21) 4d (b4d) 22 ft 

*32 ft 

3:2  
(sl32) 

2d (b2d) 
32 ft 4d (b4d) 

8d (b8d) 
*equal to the maximum obtained for the same type of soil. These analyses results will be 

denoted using the “_eqh” as an identifier. 
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Table 4-2: Pile embedment depths considered for the medium-stiff clay study cases  

Wall 
Height hw 

Pile 
Spacing, s 

Slope, 
H:V 

Bench width,    
bw 

Embedment depth,       
h 

10 ft 

4d 

No slope 
(slno) 

14 ft 2:1  
(sl21) 4d (b4d) 

3:2  
(sl32) 

2d (b2d) 
4d (b4d) 
8d (b8d) 

3d 

No slope 
(slno) 

12 ft 
2:1  

(sl21) 4d (b4d) 

3:2  
(sl32) 

2d (b2d) 
4d (b4d) 
8d (b8d) 

15 ft 

4d 

No slope 
(slno) 

16 ft 
2:1 

(sl21) 4d (b4d) 

3:2  
(sl32) 

2d (b2d) 
4d (b4d) 
8d (b8d) 

3d 

No slope 
(slno) 

16 ft 
2:1 

(sl21) 4d (b4d) 

3:2  
(sl32) 

2d (b2d) 
4d (b4d) 

8d (b8d) 
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Table 4-3: Pile embedment depths considered for granular cohesive soil study cases 

Wall Height hw Pile 
Spacing, s Slope, H:V Bench 

width,    bw 
Embedment 

depth,       h 

10 ft 

4d 

No slope 
(slno) 

12 ft 
*16 ft 

2:1  
(sl21) 4d (b4d) 

12 ft 
*16 ft 

3:2  
(sl32) 

2d (b2d) 
16 ft 4d (b4d) 

8d (b8d) 

3d 

No slope 
(slno) 

10 ft 
*12 ft 

2:1  
(sl21) 4d (b4d) 12 ft 

3:2  
(sl32) 

2d (b2d) 
12 ft 4d (b4d) 

8d (b8d) 

15 ft 

4d 

No slope 
(slno) 

16 ft 

*40 ft 

2:1 
(sl21) 4d (b4d) 

26 ft 

*40 ft 

3:2  
(sl32) 

2d (b2d) 
40 ft 4d (b4d) 

8d (b8d) 

3d 

No slope 
(slno) 

16 ft 

*24 ft 

2:1 
(sl21) 4d (b4d) 

16 ft 

*24 ft 

3:2  
(sl32) 

2d (b2d) 
24 ft 4d (b4d) 

8d (b8d) 
*equal to the maximum obtained for the same type of soil. These analyses results will be 

denoted using the “_eqh” as an identifier. 
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4.3 THEORETICAL PASSIVE RESISTANCE VALUES 

Table 4-4, Table 4-5, and Table 4-6 list the values of the arching capability factor estimated 

using expressions in Caltrans (2011) and the theoretical passive resistance obtained using the 

methodology listed in section 3.3.5, for medium-dense sand, medium-stiff clay and granular 

cohesive soil, respectively. 

Table 4-4: Pile embedment depth for the medium dense sand study cases  

hw s Slope bw f Rp 

10 ft 

4d 

No slope (slno) 

2.96 

275 kip 
2:1 

(sl21) 4d (b4d) 120 kip 

3:2 
(sl32) 

2d (b2d) 
110 kip 4d (b4d) 

8d (b8d) 

3d 

No slope (slno) 

3.0 

70 kip 
2:1 

(sl21) 4d (b4d) 65 kip 

3:2 
(sl32) 

2d (b2d) 
90 kip 4d (b4d) 

8d (b8d) 

15 ft 

4d 

No slope (slno) 

2.96 

285 kip 
2:1 

(sl21) 4d (b4d) 240 kip 

3:2 
(sl32) 

2d (b2d) 
320 kip 4d (b4d) 

8d (b8d) 

3d 

No slope (slno) 

3.0 

200 kip 
2:1 

(sl21) 4d (b4d) 180 kip 

3:2 
(sl32) 

2d (b2d) 
190 kip 4d (b4d) 

8d (b8d) 
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Table 4-5: Pile embedment depth for the medium-stiff clay study cases 

hw s Slope bw f Rp 

10 ft 

4d 

No slope (slno) 

2.0 

180 kip 

2:1 
(sl21) 4d (b4d) 

3:2 
(sl32) 

2d (b2d) 
4d (b4d) 
8d (b8d) 

3d 

No slope (slno) 

160 kip 

2:1 
(sl21) 4d (b4d) 

3:2 
(sl32) 

2d (b2d) 
4d (b4d) 
8d (b8d) 

15 ft 

4d 

No slope (slno) 

220 kip 

2:1 
(sl21) 4d (b4d) 

3:2 
(sl32) 

2d (b2d) 
4d (b4d) 
8d (b8d) 

3d 

No slope (slno) 

220 kip 

2:1 
(sl21) 4d (b4d) 

3:2 
(sl32) 

2d (b2d) 
4d (b4d) 
8d (b8d) 
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Table 4-6: Pile embedment depth for the granular cohesive soil study cases 

hw s Slope bw f Rp 

10 ft 

4d 

No slope (slno) 

2.0 

275 kip 
2:1 

(sl21) 4d (b4d) 120 kip 

3:2 
(sl32) 

2d (b2d) 
110 kip 4d (b4d) 

8d (b8d) 

3d 

No slope (slno) 210 kip 
2:1 

(sl21) 4d (b4d) 120 kip 

3:2 
(sl32) 

2d (b2d) 
80 kip 4d (b4d) 

8d (b8d) 

15 ft 

4d 

No slope (slno) 390 kip 
2:1 

(sl21) 4d (b4d) 220 kip 

3:2 
(sl32) 

2d (b2d) 
360 kip 4d (b4d) 

8d (b8d) 

3d 

No slope (slno) 380 kip 
2:1 

(sl21) 4d (b4d) 170 kip 

3:2 
(sl32) 

2d (b2d) 
180 kip 4d (b4d) 

8d (b8d) 
      

4.4 2-D PLAN ANALYSIS RESULTS 

The analysis performed using the plan geometry is conceptually illustrated in Figure 4-1. First, 

the incremental force, F, is applied as a pushover analysis. The capacity is provided by the 

numerical “passive resistance” developed in the soil model that resist the pushover. A unit passive 

earth pressure is computed and load-deformation plots are obtained. The effect of the number of 

strips used in the analysis is evaluated running an example with one and three soil-pile strips shown 

in Figure 4-1.  
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Figure 4-2 shows that the pushover curves of the force required to push one pile/soil strip of 

shows negligible differences when compared to the three pile/soil strip model. These results are 

shown for a medium-stiff clay soil using parameters defined in Chapter 3.  

Figure 4-3 shows the results when s = 4d and s = 3d are considered. It can be seen that higher 

capacities are achieved when a smaller spacing between piles are considered, even though for 

medium-dense clay the differences are negligible.  

Figure 4-4 and Figure 4-5 show representative results of displacements and stresses, 

respectively, at 1 inch of displacement of the pile, for a medium-dense sand and spacing between 

piles of 4d. Note that no smoothing of the results are done. Figure 4-6 and Figure 4-7 also show 

representative results of displacements and stresses, respectively, at 1 inch of displacement of the 

pile, for medium-stiff clay with spacing between piles equal to 3d. The results in these four figures 

illustrate the pressure bulbs in front of the wall, which are well captured in this analysis.  
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(a) (b) 

Figure 4-1: 2-D plan analysis scheme for: (a) 1 pile/soil strip; (b) 3 pile/soil strips. s is the 
center-to-center pile distance. 

 

 
Figure 4-2: Capacity curves from 2-D plan analyses considering 1 and 3 pile/soil strips for the 

medium-stiff clay. 
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(a) (b) 

Figure 4-3: Effect of pile spacing on capacity curves from 2-D plan analyses: (a) medium-stiff 
clay; (b) medium-dense sand. 

 

 
(a) (b) 

Figure 4-4: Plan model for medium-dense sand with width = 4d: (a) displacements in X 
direction; (b) displacements in Y direction. 
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(a) (b) 

 
(c) 

Figure 4-5:  Plan model for medium-dense sand with s = 4d: (a) stresses in X-direction; (b) 
stresses in Y-direction; (c) stresses in XY direction. 

 

 
(a) (b) 

Figure 4-6: Plan model for medium-stiff clay with s = 3d: (a) displacements in X-direction; (b) 
displacements in Y-direction. 
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(a) (b) 

 
(c) 

Figure 4-7: Plan model for medium-stiff clay with s = 3d: (a) stresses in X-direction; (b) stresses 
in Y-direction; (c) stresses in XY direction. 

 

4.5 3-D MODEL RESULTS 

 Effect of load distribution and detachment effects 

The load distribution along the pile plays a fundamental role in this study. Depending on how 

it is applied, the passive soil resistance may not be totally mobilized. Two different load 

distributions were considered: (1) a concentrated load applied at the pile head as represented in 

Figure 4-8a, based on a common experimental test set ups where a top displacement is imposed to 

the wall; and (2) a triangular load distributed along the whole pile shown in Figure 4-8b, which is 

based on the load distribution considered during the design. 
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(a) (b) 

Figure 4-8: Load distributions considered: (a) concentrated load; (b) triangular load. 
 

Comparisons between both load distributions are herein shown in terms of system capacity and 

consequent arching factor evaluation for a case in which no slope in front of the pile is considered 

(flat case). Figure 4-9 shows the curves for medium-dense sands, for medium-sense clays shows 

the results for granular cohesive soils. In all cases, when applying the triangular load, the system 

shows about three times more capacity than when considering a concentrated load. This can 

explained due to the fact that with the load applied on the pile-head, the system is not able to 

develop full passive resistance.  

The triangular load distribution is the selected hereforth for the subsequent analyses. Analyses 

with the concentrated load were also performed and results are shown in Appendix A. For medium-

dense sand, Figure 4-9a shows that when applying a triangular load along the pile, the system 

capacity obtained is similar to the design values showing values of n reaching 1.0 for pile head 

displacements of about 2 inches. The same statement can be made for cohesive granular soils, 

shown in Figure 4-9b, where n=1 is reached at approximately 2 inches of top displacement.  
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For medium-stiff clay the system capacity is shown to three times more than expected when 

considering the triangular load, shown in Figure 4-9c, and considering the equal DOF assumption. 

The reason for this discrepancy can be related to the pile soil connection behind the pile assumed 

in the numerical model. In contrast to what happens with granular soils where the soil moves 

following the pile, for clays this does not happen, in which a gap behind the pile and consequent 

detachment of the pile relatively to the soil occurs, thus affecting the capacity of the whole system. 

Thus, the model of the pile-soil interface for the cohesive soils was improved by introducing gap 

elements to allow for the detachment of the wall.  

 
 

(a) (b) 

 
(c) 

Figure 4-9: Comparison between capacity obtained with different load distribution: (a) medium-
dense sand; (b) medium-stiff clay; (c) granular cohesive soil. 
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Figure 4-10 plots the capacity curve and consequent comparison with the expected capacity 

evaluated by n, considering occurrence of a gap and detachment of the pile on the medium-stiff 

clay for a flat case compared to the one when the detachment is not considered. With the improved 

model, both the expected capacity and the system capacity obtained through the numerical model 

are similar at large pile head displacements. Thus, for medium-stiff clays, this modeling 

assumption was considered in the analyses performed.  

 
Figure 4-10: Capacity of medium-stiff clay considering gap behind the pile. 
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 Validation of the 3-D Modeling Approach  

In the absence of experimental results that could be used to validate the modeling approach for 

soldier pile retaining systems, in order to validate the modeling approach and analysis 

methodology used, two numerical models were developed in OpenSees to simulate full-scale tests 

performed at Oregon State University under the auspice of a Caltrans funded project  

(Nimityongsukul et al. 2012). The two tests simulated: (1) a single pile embedded in the soil with 

no slope, designated as the Baseline case; and (2) a pile embeded in the soil, but with a slope crest 

located four pile diameters in front of the pile, designated as the 4D Pile case. The tests consisted 

of the application of an incremental horizontal load at a steel pipe pile head in both cases. The two 

simulated cases are described in detail in Nimityongsukul et al. (2012), in which the capacity of 

the single piles were evaluated through experimental testing and through analysis using Plaxis 3D.  

 Figure 4-11 shows the mesh of the finite element models developed in Plaxis 3D and Figure 

4-12 shows mesh the finite element models developed in OpenSees. For both the Baseline and 4D 

Pile cases, two numerical models in OpenSees are developed, differring in the way in which the 

interface between the soil elements and the pile was modeled. In the first model, the nodes of the 

pile were restrained to the soil nodes located at the same elevation, using a master-slave algorithm 

(equalDOF in Open Sees). In the second model, beam contact elements providing interaction 

between the beam element and the soil elements were defined using the formulation described in 

section 3.3.2.6. The parameters used in the Open Sees numerical models were defined based on 

the input parameters of the numerical model developed in Plaxis 3D by Nimityongskul et al. The 

assumed values are listed in Table 4-7 and Table 4-8 regarding to the soil and pile, respectively. 
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(a) (b) 

Figure 4-11: Numerical models developed in Plaxis 3D by Nimityongsukul et al. (2012): (a) 
baseline model; (b) 4D pile model. 

 

  
(a) (b) 

Figure 4-12: Numerical models in OpenSees: (a) baseline model; (b) 4D pile model. 
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Table 4-7: Soil parameters 

Soil Layer 
Soil Unit 
Weight 

pcf 

Cohesion 
puff 

Young’s 
Modulus 

ksf 

Poisson’s 
Ratio 

Friction 
Angle 

degrees 

(1) Upper Cohesive 115 2400 158 0.495 - 
(2) Upper Sand 130 - 600 0.35 40 
(3) Lower Cohesive 115 2400 158 0.495 - 
(4) Lower Sand 130 - 600 0.35 45 
(5) Blue Gray Clay 110 3500 158 0.495 - 

Table 4-8: Pile parameters 

Material 
Parameter 

Density 
lb/in3 

Thickness 
in 

Young’s Modulus 
ksf 

Poisson’s 
Ratio 

Steel Pipe Pile 0.289 0.375 4.1x107 0.1 

 

Figure 4-13 shows the results measured in the field, results obtained for the numerical model 

developed in Plaxis 3D, and the results obtained considering the two cases modeled in OpenSees. 

Two curves are shown for the OpenSees results. The first curve shows results when the model 

considers master-slave (equalDOF) constraints between pile nodes and auxiliary pile nodes at the 

soil interface. In this case, the soil element nodes are connected with zero-length compression only 

gap in the case of the clayey soils and rigid links when in sandy soils. The compression only gap 

elements allow for detachment of the pile with respect included. The second curve corresponds to 

the case when friction contact interface elements are modeled in the interface.  

Results in Figure 4-13 show a close match between the results obtained in OpenSees and the 

experimental results for the model that uses the equalDOF elements. In contrast, the OpenSees 

model in which friction contact elements are used provides relatively low stiffness and strength 

values. In addition, the model using friction contact elements had significant convergence issues 
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and computational times were greatly increased due to the increased number of iterations and 

reduced displacement increments needed to achieve convergence. Hence, based on these validation 

results, the model with the equalDOFs and detachment gap elements is considered to be the most 

adequate moving forward.  

  

 
(a) (b) 

Figure 4-13: Comparison of capacity curves between the values measured, values obtained in 
Plaxis 3D and values obtained in Open Sees: (a) baseline model; (b) 4D pile model.  

 
Figure 4-14 shows pile deflections and rotations at different elevations obtained from field 

measurements and the OpenSees analyses. It can be seen that the deflections match extremely well, 

while the rotations show a reasonable match. Note, however, the finite element model estimates 

larger rotations than those observed in the field. For reference, Figure 4-15 shows an overlay of 

the deformed shapes obtained from the numerical analysis with the stresses in Y-direction.  

In summary, the results displayed in terms of force-pile head displacement, rotation, and 

deflection obtained with the numerical model in Open Sees show a good approximation with the 

experimental tests for the two cases studied. Therefore, the modeling approach that considers 

equalDOF constraints and detachment effects for clays is considered to be adequate to achieve the 

main objectives of this study.   
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(a) 

 

 
(b) 

Figure 4-14: Deflection and rotation measured in the field (markers) and obtained from the 
OpenSees models (continuous lines): (a) baseline model; (b) 4D pile model. 
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(a) (b) 

Figure 4-15: Stresses in Y direction obtained with the Open Sees model: (a) baseline model; (b) 
4D pile model. 

 

 Nonlinear Static Pushover Analysis Results 

This section presents the results obtained for 3-D analyses. Results are summarized below by 

soil-type and considering the triangular load distribution for the pushover analyses. For the 

medium-dense sand a total of 28 analyses were performed, for the medium-stiff clay a total of 20 

analyses were performed, and for the granular cohesive soil 27 analyses were performed.  

4.5.3.1 Medium-dense sand 

In the following figures and discussions presented for this soil type, a soldier pile wall height 

of 10 feet and spacing between piles of 4d was considered to illustrate the effect of the main 

parameters considered in the analysis. 

Figure 4-16 shows the capacity of the system for a flat dredge line (no slope) and different 

embedment depths, which are 12 feet (slno) and 30 feet  (slno_eqh), the latter being the design 

depth for the case with a 3:2 slope. It can be seen from this figure that increasing the embedment 

depth increases significantly the lateral capacity of the system. 
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Figure 4-16: Effect of embedment depth on capacity curves for a soldier pile retaining wall with 

hw = 10 ft and s = 4d. Soil type is medium-dense sand. 
 

Figure 4-17 shows the effect of a slope in front of the soldier pile and the effect of the slope 

angle. It can be seen that for the same embedment depth and the same bench width (4d), the slope 

angle has only a negligible effect.  

 
Figure 4-17: Effect of slope on capacity curves for a soldier pile retaining wall with hw = 10 ft 

and s = 4d. Soil type is medium-dense sand. 
 

Figure 4-18 shows the bench width effect on the system capacity. Clearly there is a noticeable 

increase in the system capacity as the bench width increases. 
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Figure 4-18: Effect of bench width on capacity curves for a soldier pile retaining wall with hw = 

10 ft and s = 4d. Soil type is medium-dense sand. 
 

Figure 4-19 to Figure 4-22 show the deformed shapes overlaid with stresses for the flat dredge 

line. It can be seen that the model captures the soil heaving in front of the wall, while the backfill 

drops due to the lateral deformation of the wall. With respect to the stresses, from Figure 4-19 one 

can see that there is no tensile stresses, which means that the soil follows the pile and lagging 

without any resistance. This is expected since the medium-dense sand modeled does not have any 

cohesion. The arching effect in front of the pile is visible through stresses σyy shown in the plan 

view figures (Figure 4-20).  In Figure 4-21, the stresses in the principal direction I, σI show a 

distribution of stresses that is consistent with the load distribution applied on the pile. The failure 

surface is not clearly identified in the σxy shown in Figure 4-22, although the formation of the 

active state starting at the toe and propagating towards the top on the backfill side indicate the 

initiation of the formation of the failure surface.  

Other deformed shapes and stresses for cases in which the slope is considered are shown in 

Appendix B. 
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Figure 4-19: 3-D model – 3-D view of σyy stresses and deformed shape for a pile-head 

displacement = 2 in. Case: medium-dense sand, hw=10 ft,  s=4d, and no slope. 
 

 
Figure 4-20: 3-D model – Plan view of σyy stresses at depth = -2d, for pile-head displacement = 

2 in. Case: medium-dense sand, hw=10 ft,  s=4d, and no slope. 
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Figure 4-21: 3-D model – Elevation view of σI stresses for a pile-head displacement = 2 in. 

Case: medium-dense sand, hw=10 ft,  s=4d, and no slope. 
 

 
Figure 4-22: 3-D model – Elevation view of σYZ stresses in YZ direction and deformed shape for 

pile-head displacement = 2 in, Case: medium-dense sand, hw=10 ft,  s=4d, and no slope. 
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4.5.3.2 Medium-stiff clay 

Figure 4-23 shows the capacity of the system for five different cases, including three different 

slope conditions and three bench widths. It can be seen from this figure for the medium-stiff clay, 

the different parameters have little effect on the capacity of the system. Results obtained with other 

soldier pile wall system geometries displayed in Appendix C show the same conclusions 

 
Figure 4-23: Capacity curves for soldier pile retaining wall system. Case: medium stiff clay, hw 

= 10 ft and s = 4d. 
 

Figure 4-24 to Figure 4-26 show the deformed shapes and stresses of the soldier pile wall 

system for the cases. In Figure 4-24, the impact of considering the compression only gaps can be 

observed as the pile detaches from the backfill, which remains vertical due to the cohesion of the 

soil. The soil arching is pretty evident in Figure 4-25, which shows the .In the stresses obtained 

with medium-stiff clay the failure surface is even more evident in the XY stresses. As seen for 

medium-dense sands, the load distribution applied in the pile can be identified in Figure 4-26. Plots 

of analysis with slope are also shown in Appendix D. 
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Figure 4-24: 3-D model – 3-D view of stresses in σyy for a pile-head displacement = 2 in. Case: 

medium-stiff clay, hw = 10 ft, s = 4d, no slope. 
 

 
Figure 4-25: Plan view of stresses in σyy at z = - 2d, for a pile-head displacement = 2 in.   Case: 

medium-stiff clay, hw = 10 ft, s = 4d, no slope. 
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Figure 4-26: Elevation view of σI stresses for a pile-head displacement = 2 in. Case: medium-

stiff clay, hw = 10 ft, s = 4d, no slope. 
 

4.5.3.3 Granular Cohesive Soil 

The figures in this subsection show, for the granular cohesive soil case, plots for a soldier pile 

system with a wall height of 10 ft and spacing between piles of 4d. Figure 4-27 shows the capacity 

of the system, considering a 2:1 slope with different embedment depth considered. The effect of 

the embedment depth is discernible, just as was the case for the medium-dense sand. 

Figure 4-28 shows that the system capacity is only marginally affected by slope effects, when 

the soldier pile wall height is 10 ft. However, similarly to what was observed for the medium-

dense sands, little effect is observed when considering the 10 ft wall case. However, the effects of 

slope in granular cohesive soils are noticeable for wall height of 15 ft (see in Appendix D).  
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Figure 4-29 illustrates the effect of the bench width on the system capacity on granular 

cohesive soils. From inspection of the figure, it can be seen that there are slight differences for hw 

= 10 ft. These effects tend to be greater when hw = 15 ft (see Appendix D), as the capacity increases 

as bench width increases.  

 
Figure 4-27: Capacity curves different embedment depths.  

Case: granular cohesive soil, hw = 10 ft and s = 4d. 
 

 
Figure 4-28: Capacity curves for different slope conditions.  

Case: granular cohesive soil, hw=10 ft and s=4d. 
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Figure 4-29: Capacity curves for different bench widths.  

Case: granular cohesive soil, hw=10 ft and s=4d. 
 

Figure 4-30 shows an overlay of the deformed shape and stresses in the soil of the soldier pile 

retaining system for the granular cohesive soil when the pile head moved 2 inches in the Y-

direction. The stresses represented are the σyy. From the observation of the deformed shape in this 

figure, it can be seen that the movement of the soil towards the load direction of the pile movement 

is not as pronounced as in case of the medium-dense sand, due to the cohesion of the soil model. 

Therefore, some tensile stresses are developed in the soil domain.  

Figure 4-31 illustrates a plan view at a depth of 2d below the dredge line for the same 

deformation state represented in Figure 4-30. In terms of the values of the stresses developed for 

this example, it can be seen that the granular cohesive soil shows similar response patterns when 

compared with medium-stiff clay, but with smaller values.   

Similarly to the other soil type cases modeled, plots containing stresses and deformed shapes 

of a case with slope are shown in Appendix D. 
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Figure 4-30: 3-D view of σyy stresses for a pile-head displacement = 2 in. Case: granular 

cohesive soil, hw = 10 ft, s = 4d, no slope. 
  

 
Figure 4-31: Plan view of σyy stresses for a pile-head displacement = 2 in at z = -2d. Case: 

granular cohesive soil, hw = 10 ft, s = 4d, no slope.  
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5 ARCHING CAPABILITY FACTOR ASSESSMENT 

5.1 Overview 

The main objective of this work is to make inferences on the arching capability factor. In the 

subsequent analysis of the results presented in this subsection, the n factor is used to compare the 

values of the arching capability factor used in the design and the one is estimated based on the 

finite element model results and the procedures described in section 3.3.5 on Assessment of the 

Arching Capability Factor. The n factor used herein is given by equation (3-23). Note that when 

the n factor is equal to one (1), the estimated passive resistance from the finite element model 

results in the passive resistance estimated in the design (using equation (3-22)), which makes use 

of the arching capability factor as obtained using the Caltrans (2011) procedures. 

5.2 Effect of Bench Width 

Figure 5-1 shows the n factor obtained for the case in which the soil modeled is the medium-

dense sand. The results displayed in this figure show that the arching capability factor is adequate 

when no slope is considered in front of the soldier pile wall, with n approaching values larger than 

1 for displacements in excess of 2 inches. In turn, when the presence of slope is considered, the n 

factor is always larger than 1, even for relatively small displacements, indicating that the f factor 

in conjunction with the procedure used to estimate the lateral resisting capacity of the soldier pile 

system is too conservative. These results can be justified due to the fact that the bench width was 

not considered in the design. Even though the impact of choosing analytical methods for estimating 

the passive resistance could be analyzed in the future, these results clearly indicate that the bench 

width should be a parameter considered in design.  

Figure 5-2 shows the n factor obtained for the case in which the soil modeled is the medium-

stiff clay. This figure shows that the arching capability factor is adequate for all cases, since n 
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approaches 1.0 for large displacements. Neither slope nor bench width affects the capability 

arching factor for medium-stiff clays as aforementioned. Thus the adjustment capability factor 

seems adequate for all cases analyzed.  

  
(a) (b) 

  
(c) (d) 

Figure 5-1: Arching capability factor assessment for medium-dense sand: (a) hw = 10 ft and s = 
4d; (b) hw = 10 ft and s = 3d; (c) hw = 15 ft and s = 4d; (d) hw = 15 ft and s = 3d. 
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(a) (b) 

  
(c) (d) 

Figure 5-2: Arching capability factor assessment for medium-stiff clay: (a) hw = 10 ft and s = 4d; 
(b) hw = 10 ft and s = 3d; (c) hw = 15 ft and s = 4d; (d) hw = 15 ft and s = 3d.  
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used in this report for the design of the walls; (3) the bench width plays an important role in the 

capacity of the system. 

  
(a) (b) 

 
 

(c) (d) 
Figure 5-3: Arching capability factor assessment for medium-stiff clay: (a) hw = 10 ft and s = 4d; 

(b) hw = 10 ft and s = 3d; (c) hw = 15 ft and s = 4d; (d) hw = 15 ft and s = 3d.  
 

5.3 Effect of Soldier Pile Retaining Wall Geometry: Wall height and pile spacing 

After a general view of the arching capability factor assessment, parameters involved in this 

study as the height of the wall or the spacing between piles are also assessed in order to evaluate 

their influence in the results presented obtained.  

0

1

2

3

4

0 2 4

n

Top Displacement, in

slno sl21_b4d
sl32_b2d sl32_b4d
sl32_b8d

0

1

2

3

4

0 2 4

n

Top Displacement, in

slno sl21_b4d
sl32_b2d sl32_b4d
sl32_b8d

0

1

2

0 2 4

n

Top Displacement, in

slno sl21_b4d
sl32_b2d sl32_b4d
sl32_b8d

0

1

2

3

0 2 4

n

Top Displacement, in

slno sl21_b4d
sl32_b2d sl32_b4d
sl32_b8d



87 
 

Figure 5-4, Figure 5-5, and Figure 5-6 illustrate the effect of the wall height on the arching 

capability factor. The results obtained for hw = 15 ft show smaller n for higher top displacements, 

meaning that the resistance obtained is generally closer to the theoretical resistance than when 

considering hw= 10 ft, being the results more conservative when dealing with walls with smaller 

height. 

Figure 5-7, Figure 5-8 and Figure 5-9 show the comparison between different spacing between 

piles. Regarding to the comparison between different space between piles for many cases 

considered it is worth noting that only Figure 5-7 shows that for s = 3d yields more conservative 

results. In other words, as seen in Figure 5-7a, for example, it can be seen that a larger displacement 

is needed to mobilize the passive resistance for the s = 4d than the s = 3d case. For all other cases, 

the pile spacing does not play a role on this parametrization of the n factor. 

 
 

(a) (b) 
Figure 5-4: Effect of wall height on arching capability factor for medium-dense sand case: (a) s 

= 4d, with no slope; (b) s = 4d, 3:2 slope, and bench width = 8d. 
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Figure 5-5: Effect of wall height on arching capability factor for medium-stiff clay soil case: s = 

4d, no slope. 

  
(a) (b) 

Figure 5-6: Effect of wall height on arching capability factor for granular cohesive soil case: (a) 
s = 4d, no slope; (b) s = 4d, 2:1 slope, and 4d bench width. 
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(a) (b) 

Figure 5-7: Effect of pile spacing on arching capability factor for medium-dense sand case: (a) 
hw=10 ft, no slope; (b) hw=10 ft, 2:1 slope, and 4d bench width. 

 
Figure 5-8: Effect of pile spacing on arching capability factor for medium-stiff clay case: hw=10 

ft, no slope. 

0

1

2

0 2 4

n

Top Displacement, in

s = 4d s = 3d

0

1

2

3

0 2 4

n

Top Displacement, in

s = 4d s = 3d

0

1

2

0 2 4

n

Top Displacement, in

s = 4d s = 3d



90 
 

  
(a) (b) 

Figure 5-9: Effect of pile spacing on arching capability factor for granular cohesive soil case: (a) 
hw=10 ft, no slope; (b) hw=10 ft, 3:2 slope, and 8d bench. 
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unconservative when compared to the 3-D analysis counterparts. Other results are shown in 

Appendix E. 

  
(a) (b) 

Figure 5-10: Effect of analysis dimensionality on system capacity and arching capability factor 
for medium-dense sand: (a) hw = 10 ft, s = 4d, no slope; (b) hw = 10 ft, s = 4d, 2:1 slope, and 4d 

bench width. 
 

  
a) b) 

Figure 5-11: Effect of analysis dimensionality on system capacity and arching capability factor 
for medium-stiff clay: (a) hw = 10 ft, s = 4d, no slope; (b) hw = 10 ft, s = 4d, 2:1 slope, and 4d 

bench width. 
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(a) (b) 

Figure 5-12: Effect of analysis dimensionality on system capacity and arching capability factor 
for granular cohesive soil: (a) hw = 10 ft, s = 4d, no slope; (b) hw = 10 ft, s = 4d, 3:2 slope, 8d 

bench width. 
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6 PROPOSED REVISIONS TO THE PASSIVE RESISTANCE EQUATION  

Based on the numerical results shown in this report and referring to the design procedure 

adopted in this study, which makes use of classical theories for passive pressure estimation, 

including logspiral and Rankine theories, a new adjustment factor is proposed herein to account 

for the bench width and a methodology for its computation is also proposed.  

In general, the calculation of the passive pressures can be divided in two different components, 

the frictional component and the cohesion component. Thus, the passive pressure can be given by: 

 = +p p _ cohesion p_ frictionP P P  (6-1) 

where 

 
_ 2p cohesion pP c K h=  (6-2) 

 21
2p_ friction soil pP K hγ=  (6-3) 

Thus the total passive resistance for a soldier pile system can be given by (Caltrans 2011): 

 21 2
2p soil p pR K h f d c K h f dγ= ⋅ ⋅ + ⋅ ⋅  (6-4) 

As shown in the finite element analyses results, the bench width affected primarily the granular 

soils, therefore the cohesion component need not be affected, while the friction component should 

be affected by a new factor. Thus, the adjusted equation for the passive resistance is given by:  

 21 2
2p soil p pR K h f d c K h f dγ= ⋅ ⋅ ⋅ + ⋅ ⋅Bf  (6-5) 

where fB is a bench width adjustment factor.  
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To obtain fB, an auxiliary factor, fb, needs to be derived first. The auxiliary factor can be obtained 

from experimental data, when available, or from results of high-fidelity nonlinear finite element 

models. Based on the analyses developed herein, in which the bench width was only varied for the 

3:2 slope conditions, the auxiliary factor determines the increase in capacity with the increase of 

the bench width, which could be given by: 

 
{ }32

32 2

2 4 8= =sl ,i
b

sl , d

n
f ;i d , d , d

n
 (6-6) 

where 32sl ,in  is the n factor for the slope case considered (sl32) and i corresponds to the bench 

widths considered, which are 2d, 4d, and 8d. In this study, a minimum bench width of 2d was 

considered as reference. This assumption is conservative since the design approach followed 

herein used the Caquot & Kerisel (1948) graphs which considers no bench width at all. 

Recalling that only the frictional component in the system capacity is affected by the bench 

width, the capacity obtained from analysis can be inferred by the following equation (6-7). 

 
b friction B cohesionF f F f F⋅ = ⋅ +  (6-7) 

which can be simplified to: 

  − 
 =

cohesion
b

B
friction

Ff
Ff F

F

 (6-8) 

For cohesionless soils, Fcohesion = 0, therefore fB = fb, and for frictionless soils fB is not valid. 

Figure 6-1 shows the values to be used for fB obtained for medium-dense sand and granular 

cohesive soil cases and for a bench widths equal 2d, 4d, and 8d. In this graph, fB is plotted versus 
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the design value D0 and the pile diameter d. By fitting a power law to the points, the following 

general expression can be obtained:  

 0 133

0

1 22
.

w
B

bf .
D d

 
=  ⋅ 

 (6-9) 

Note that the main objective of this section was to illustrate how this factor could be estimated. 

However, based on the lack of experimental data on the topic, and due to the limited number of 

numerical analyses for different values of the slopes, soil characteristics, and bench widths 

available in the literature it is still premature to propose a general equation for fB.  

 
Figure 6-1: Plot to determine bench width effect factor, fB. 
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7 SIMULATION OF A PROPOSED EXPERIMENTAL PROGRAM  

7.1 OVERVIEW 

This chapter corresponds to the last task proposed in this project. The main objective here is to 

perform an assessment of an analytical model able to predict the performance of eventual large 

scale tests.  

7.2 PROPOSED EXPERIMENTAL PROGRAM 

Figure 7-1 shows a plan view of the proposed experimental plan. In the design of the full-

scale testing program to study the effect of bench width and soil slope, several factors (e.g., pile 

properties, testing method, and soil properties) must be controlled for consistency of the test results. 

Most of these factors can be controlled within the limits of the experimental planning and design.  

The experimental program should include at least three different bench widths (0d, 4d, and 

8d), two different wall heights, and two different soil types, and two different slopes. These could 

be developed by pre-installing piles in one site containing cohesionless soils and another one 

containing cohesive soils. This series of 6 to 8 full-scale tests for each soil type will utilize the 

existing native cohesive soils on site as shown in Nimityongsukul et al. (2012). These tests will 

include a series of single soldier pile tests driven to various depths, as well as two 3-pile system 

tests. All tests will use a central reaction mass. These test results are complemented by the eight 

full-scale driven pile tests conducted in the same material at the site in 2009. It is expected that the 

prototype for our model testing is a soldier pile and lagging retaining structure, with a foundation 

consisting of HP14x89 piles set in 24-inch diameter drilled holes with the annulus filled with 

concrete (typically a “four-sack mix”). Figure 7-1 and Figure 7-2 illustrate the main features of the 

proposed test set-up for combined single pile and system tests. 
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Figure 7-1: Plan view of the proposed test set-up for combined single pile and system tests. 

 

7.3 SIMULATION OF AN EXAMPLE OF A PROPOSED EXPERIMENT 

In the absence of the final selection of a possible testing site, three numerical models, one 

representing three possible type of soils were developed. The model of the experimental test is 

shown in Figure 7-3. The modeling assumptions described in Chapter 3 were employed in this 

analysis also. In these models, the height of the pile above the ground is 10 ft, and the spacing 

between piles is 4d. The slope modeled corresponds to the 3:2 condition shown in Figure 7-2. 
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Figure 7-2: Profile view of proposed test set-up for combined single pile and system tests. 
 

 
Figure 7-3: Schematic representation of the experimental simulation. 

 

Figure 7-4 shows the system capacity of the experiment simulation. It can be seen that in the 

cohesionless soil (medium dense sand case), the effect of the bench width is noticeable as there is 

a drop of 30-40% from the 8d bench width case to the case with a bench width of 2d (see Figure 

7-4a).  This effect is not as noticeable in the granular cohesive soil case shown in Figure 7-4b.  The 

total capacity in the simulation of the experiments is about 150 kips, which is well below the 
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capacity of the actuator of 550 kips. In addition, the stroke capacity of the actuator is +/- 24 inches, 

which is well within the limit of the expected deformation capacity of the system. 

  
(a) Medium-dense sand case (b) Granular cohesive soil case 

Figure 7-4: Capacity curves obtained from the experiment simulation, hw = 10 ft, s = 4d. 
 

7.4 EFFECT OF LOAD DISTRIBUTION 

It is worth noting that the testing program proposed includes the use of a concentrated load 

applied at the pile tip. However, as discussed in this report, the loading distribution affects the 

passive resistance that can be mobilized. Thus, the testing proposed would be used to validate 

numerical models that could be then used to assess the effect of different load distributions.  
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8 SUMMARY, CONCLUSIONS, AND SUGGESTIONS FOR FURTHER RESEARCH 

In this work, an assessment of the current design procedures for soldier pile wall systems was 

performed to gain a fundamental understanding of the effects of several parameters on the arching 

capability factor used in Caltrans (2011). The 3-D effects for soil arching were extensively studied 

as well as the influence of a sloping ground in front of the soldier pile walls through nonlinear 

static analyses where incremental loads were applied to the soldier pile in order to develop the 

passive resistance of the system.  

The nonlinear finite element modeling approach and modeling assumptions were validated 

using experimental results available from a testing program recently performed at Oregon State 

University. The correlation between experimental results and analytical results obtained using the 

OpenSees models developed was very good. The first modeling assumption that plays an important 

contribution to the response is the load distribution. Significantly different capacities were 

obtained when loads are applied on the pile head only, or when loads are distributed along the 

height of the wall. It was found that depending on how the load is applied the total passive 

resistance might not be mobilized. Thus, in the interest of the main objective of this study, the 

earth pressure distribution considered in design was applied to the soldier pile retaining system 

analyses. Nonetheless, it was shown that the modeling performed could capture the differences in 

the results and mobilized passive resistance. The second modeling assumption was related to the 

way the soil was connected with the pile in the numerical model. For clays, it was found that 

compression only gaps needed to be placed connecting the pile and the soil elements, leading to a 

model that could capture the effect of the pile detaching from the wall. While this is clearly not an 

active state of stress in clay soils, the passive resistance was modeled more realistically this way. 

This modeling option was not needed when modeling cohesionless soils. 
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Based on the parametric analyses performed, the analyses results indicated that: 

(1) For granular soils: 

a) The presence of slope in front of the pile affects the system capacity for granular soils. If a 

slope is present, in contrast to a flat dredge line, a decay in passive resistance is observed. 

b) When results for slopes with different angles (3:2 and 2:1 slopes) are compared, small 

differences in capacity can be observed. However, the n factor values obtained were higher 

for steeper slopes. This difference in capacity cannot be well explained by the Caquot and 

Kerisel graphs, which do not account for pile spacing, and the arching capability factor 

does not seem to also capture those effects. 

c) The bench width plays a significant role in the passive resistance of the system for granular 

soils. This effect is typically not considered explicitly in design when using classical soil 

theories, such as logspiral and Rankine. Gathering all results for the granular soils, an 

exponential relationship was proposed to take into account the bench width effects in the 

determination of the passive resistance of granular soils. This exponential relationship is a 

first step to address the issue, but results are very preliminary and these need to be 

confirmed with further numerical and experimental studies. 

d) When slope is present in front of the soldier pile, the arching capability factor seems 

conservative being related with the aforementioned considerations in design. 

(2) For medium-stiff clays: 

a) The existence of slope in front of a soldier pile wall did not significantly affect the capacity 

of the system. 
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b) Results indicate that the arching capability factors defined in CALTRANS (2011) are 

adequate when the slope in front of the pile is not present. The n factor obtained tended to 

1.0 for large displacements (nearing 5 inches).  

In terms of geometry of the soldier pile system, some conclusions can also be drawn:  

(1) In general, the values of the arching capability factor seemed to better estimate capacity 

when considering larger wall heights (15 foot versus 10 foot); (2) the n factor increases 

with increasing space between piles, indicating that the arching capability factor is more 

conservative for larger pile spacing. 

(2) Comparing results from 3-D and 2-D analyses, the 2-D analyses capture adequately the 

initial stiffness of the system for all soil types, and results between the 3-D and 2-D 

analyses match well for pile head displacements up to approximately 1 inch. For larger pile 

head displacements, the capacity of the 2-D numerical models typically is considerably 

greater than that of the corresponding 3-D numerical model. Thus, after a pile head 

displacement greater than 1 inch, 2-D analyses might be unconservative for all types of 

soil. These results indicate that another factor may be warranted when designing soldier 

pile retaining systems, where 3-D effects are important. 

(3) A preliminary experimental program was developed and results of the simulation of the 

experimental program indicate that the bench width effects and slope effects will be well 

captured with the experimental program proposed. In addition, the current capabilities at 

OSU allow for these tests to be executed successfully.  
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A. NONLINEAR STATIC PUSHOVER ANALYSIS RESULTS 
CONSIDERING A CONCENTRATED LOAD AT THE PILE HEAD 

A.1 Medium-dense sand 

A.1.1 Capacity Curves 

  

(a) (b) 

Figure A-1: Capacity curves for medium-dense sand, hw = 10 feet and s = 4d: (a) Effect of slope 
angle; (b) Effect of bench width  

  
(a) (b) 

Figure A-2: Capacity curves for medium-dense sand, hw = 10 feet and s = 3d: (a) Effect of slope 
angle; (b) Effect of bench width 
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(a) (b) 

Figure A-3: Capacity curves for medium-dense sand, hw = 15 feet and s = 4d: (a) Effect of slope 
angle; (b) Effect of bench width 

  

(a) (b) 

Figure A-4: Capacity curves for medium-dense sand, hw = 15 feet and s = 3d: (a) Effect of slope 
angle; (b) Effect of bench width 
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A.1.2 Deformed Shapes and Stresses 

 
Figure A-5: Applied pushover load: concentrated load at the pile head – Plan view of σYY for a 

pile-head displacement = 2 in. Case: medium-dense sand, hw = 10 feet, s = 4d, no slope 
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Figure A-6: Applied pushover load: concentrated load at the pile head – Elevation view of σYZ 

for a pile-head displacement = 2 in Case: medium-dense sand, hw = 10 feet, s = 4d, no slope 
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Figure A-7: Applied pushover load: concentrated load at the pile head – Elevation view of σI for 

a pile-head displacement = 2 in,. Case: medium-dense sand, hw = 10 feet, s = 4d, no slope 
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A.2 Medium-stiff clay  

A.2.1 Capacity Curves 

 

 
Figure A-8: Capacity curves for medium-stiff clay for hw = 10 feet and s = 4d 

 
Figure A-9: Capacity curves for medium-stiff clay for hw = 10 feet and s = 3d 
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Figure A-10: Capacity curves for medium-stiff clay for hw = 15 feet and s = 4d 

 
Figure A-11: Capacity curves for medium-stiff clay for hw = 15 feet and s = 3d 
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A.2.2 Deformed Shape and Stresses 

 
Figure A-12: Applied pushover load: concentrated load at the pile head – Plan view of σYY for a 

pile-head displacement = 2 in. Case: medium-stiff clay, hw = 10 feet, s = 4d, no slope 
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Figure A-13: Applied pushover load: concentrated load at the pile head – Elevation view of σYZ 

for a pile-head displacement = 2 in. Case: medium-stiff clay, hw = 10 feet, s = 4d, no slope 
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Figure A-14: Applied pushover load: concentrated load at the pile head – Elevation view of σI  

for a pile-head displacement = 2 in. Case: medium-stiff clay, hw = 10 feet, s = 4d, no slope 
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A.3 Granular cohesive soil 

A.3.1 Capacity Curves 

  
(a)  (b) 

Figure A-15: Capacity curves for granular cohesive soil for hw = 10 feet and s = 4d: (a) Effect of 
slope angle; (b) Effect of bench width 

  
(a) (b) 

Figure A-16: Capacity curves for granular cohesive soil for hw = 10 feet and s = 3d: (a) Effect of 
slope angle; (b) Effect of bench width 
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(a) (b) 

Figure A-17: Capacity curves for granular cohesive soil for hw = 15 feet and s = 4d: (a) Effect of 
slope angle; (b) Effect of bench width 

  
(a) (b) 

Figure A-18: Capacity curves for granular cohesive soil for hw = 15 feet and s = 3d: a) Effect of 
slope angle; b) Effect of bench width 
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A.3.2 Deformed Shape and Stresses 

 
Figure A-19: Applied pushover load: concentrated load at the pile head – Plan view of σYY for a 

pile-head displacement = 2 in, for granular cohesive soil, hw = 10 feet, s = 4d, no slope 
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Figure A-20: Applied pushover load: concentrated load at the pile head – Elevation view of σYZ 
and deformed shape for a pile-head displacement = 2 in, for granular cohesive soil, hw = 10 feet, 

s = 4d, no slope 
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Figure A-21: Applied pushover load: concentrated load at the pile head – Elevation view of σI 

and deformed shape for a pile-head displacement = 2 in, for granular cohesive soil, hw = 10 feet, 
s = 4d, no slope 
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B. DEFORMED SHAPES AND STRESSES FOR CASES WITH SLOPE IN 
FRONT OF THE PILE 

 
Figure B-1: 3-D model – Plan view of σYY at depth = -2d, for a pile-head displacement = 2 in, for 

medium-dense sand, hw = 10 feet and s = 4d with 3:2 slope  and 4d bench 
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Figure B-2: 3-D model – Elevation view of σI and deformed shape for a pile-head displacement 

= 2 in, for medium-dense sand, hw = 10 feet and s = 4d with 3:2 slope and 4d bench 
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Figure B-3: 3-D model – Elevation view of σYY and deformed shape for a pile-head displacement 

= 2 in, for medium-dense sand, hw = 10 feet and s = 4d with 3:2 slope and 4d bench 
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Figure B-4: 3-D model – Plan view of σYY at depth = -2d for a pile-head displacement = 2 in. 

Case: medium-stiff clay, hw = 10 feet and s = 4d with 3:2 slope and 4d bench 
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Figure B-5: 3-D model – Elevation view of σYZ and deformed shape for a pile-head displacement 

= 2 in. Case: medium-stiff clay, hw = 10 feet and s = 4d with 3:2 slope and 4d bench 
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Figure B-6: 3-D model – Elevation view of σI and deformed shape for a pile-head displacement 

= 2 in. Case: medium-stiff clay, hw = 10 feet and s = 4d with 3:2 slope and 4d bench 
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Figure B-7: 3-D model – Plan view of σYY at depth = -2d for a pile-head displacement = 2 in, for 

granular cohesive soil, hw = 10 feet and s = 4d with 3:2 slope and 4d bench 
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Figure B-8: 3-D model – Elevation view of σYZ and deformed shape for a pile-head displacement 

= 2 in, for granular cohesive soil, hw = 10 feet and s = 4d with 3:2 slope and 4d bench 
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Figure B-9: 3-D model – Elevation view of σI and deformed shape for a pile-head displacement 

= 2 in, for granular cohesive soil, hw = 10 feet and s = 4d with 3:2 slope and 4d bench 
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C. RESULTS FOR MEDIUM-STIFF CLAYS, WITHOUT INTERFACE 
GAP ELEMENTS 

C.1.1 Capacity Curves 

 

Figure C-1: Capacity curves for medium-stiff clay for 3-D analyses not considering detachment: 
hw = 10 feet and s = 4d 

 
Figure C-2: Capacity curves for medium-stiff clay for 3-D analyses not considering detachment: 

hw = 10 feet and s = 3d 
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Figure C-3: Capacity curves for medium-stiff clay for 3-D analyses not considering detachment: 

hw = 15 feet and s = 4d 

 
Figure C-4: Capacity curves for medium-stiff clay for 3-D analyses not considering detachment: 

hw = 15 feet and s = 3d 
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C.1.2 Deformed Shape and Stresses 

 
Figure C-5: 3-D model not considering detachment – 3-D view of σYY and deformed shape for a 

pile-head displacement = 2 in. Case: medium-stiff clay: hw = 10 feet, s = 4d, no slope 
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Figure C-6: 3-D model not considering detachment – Plan view of σYY for a pile-head 

displacement = 2 in. Case: medium-stiff clay, hw = 10 feet, s = 4d, no slope 
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Figure C-7: 3-D model not considering detachment – Elevation view of σI and deformed shape 

for a pile-head displacement = 2 in. Case: medium-stiff clay, hw = 10 feet, s = 4d, no slope 
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Figure C-8: 3-D model not considering detachment – Elevation view of σYZ and deformed shape 

for a pile-head displacement = 2 in. Case: medium-stiff clay, hw = 10 feet, s = 4d, no slope 
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C.1.3 Arching Capability Factor Assessment 

  
(a) (b) 

  

(c) (d) 

Figure C-9: Arching capability factor assessment for medium-stiff clay not considering 
detachment: (a) hw = 10 feet and s = 4d; (b) hw = 10 feet and s = 3d; (c) hw = 15 feet and s = 4d; 

(d) hw = 15 feet and s = 3d 
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D. NONLINEAR STATIC PUSHOVER ANALYSIS RESULTS WITH 
TRIANGULAR PUSHOVER LOAD 

D.1 Medium-dense sand 

D.1.1 Capacity Curves 

 

 
Figure D-1: Effect of embedment depth on capacity curves for medium-dense sand in 3-D 

analyses: hw = 10 feet and s = 4d  

 
Figure D-2: Effect of slope angle on capacity curves for medium-dense sand in 3-D analyses: hw 

= 10 feet and s = 4d 
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Figure D-3:  Effect of bench width on capacity curves for medium-dense sand in 3-D analyses: 

hw = 10 feet and s = 4d 

  

(a) (b) 

Figure D-4: Capacity curves for medium-dense sand in 3-D analyses for hw = 10 feet and s = 3d: 
(a) slope effect; (b) effect of bench width 
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(a) (b) 

Figure D-5: Capacity curves for medium-dense sand in 3-D analyses for hw = 15 feet and s = 
4d:(a) slope effect; (b) effect of bench width 

Figure D-6: Capacity curves for medium-dense sand in 3-D analyses for hw = 15 feet and s = 3d: 
(a) slope effect; (b) effect of bench width 
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D.2 Medium-stiff clay 

D.2.1 Capacity Curves 

 

 

Figure D-7: Effect of bench width for medium-stiff clay for 3-D analyses: hw = 10 feet and s = 
4d 
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Figure D-8: Effect of bench width for medium-stiff clay for 3-D analyses: hw = 10 feet and s = 

3d 
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Figure D-9: Effect of bench width for medium-stiff clay for 3-D analyses: hw = 15 feet and s = 

4d 
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Figure D-10: Effect of bench width for medium-stiff clay for 3-D analyses: hw = 15 feet and s = 

3d 

D.3 Granular cohesive soil 

D.3.1 Capacity Curves 
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Figure D-11: Effect of embedment depth on capacity curves for granular cohesive in 3-D 
analyses: hw = 10 feet and s = 4d 

 
Figure D-12: Effect of slope angle on capacity curves for granular cohesive in 3-D analyses: hw = 

10 feet and s = 4d 
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Figure D-13: Effect of bench width on capacity curves for granular cohesive in 3-D analyses: hw 

= 10 feet and s = 4d 

  

(a) (b) 

Figure D-14: Capacity curves for granular cohesive soil in 3-D analyses for hw = 10 feet and s = 
3d: (a) slope effect; (b) effect of bench width 
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(a) (b) 

Figure D-15: Capacity curves for granular cohesive soil in 3-D analyses for hw = 15 feet and s = 
4d: (a) slope effect; (b) effect of bench width 

  
(a) (b) 

Figure D-16: Capacity curves for granular cohesive soil in 3-D analyses for hw = 15 feet and s = 
3d: (a) slope effect; (b) effect of bench width 
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E. PUSHOVER RESULTS FOR 2-D ANALYSES WITH TRIANGULAR 
LOAD DISTRIBUTION 

E.1 Medium-dense sand 

E.1.1 Capacity Curves 

  
(a) (b) 

  
(c) (d) 

Figure E-1: Capacity curves for medium-dense sand in 2-D analyses: (a) hw = 10 feet and s = 4d; 
(b) hw = 10 feet and s = 3d; (c) hw = 15 feet and s = 3d; (d) hw = 15 feet and s = 4d 
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Figure E-2: Effect of slope angle on capacity curves for medium-dense sand in 2-D analyses: hw 

= 10 feet and s = 4d  

 
Figure E-3: Effect of bench width on capacity curves for medium-dense sand in 2-D analyses: hw 

= 10 feet and s = 4d  
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Figure E-4: Effect of embedment depth on capacity curves for medium-dense sand in 2-D 

analyses: hw = 10 feet and s = 4d  

E.1.2 Deformed Shape and Stresses 

 
Figure E-5: 2-D model - stresses σYY and deformed shape for a pile-head displacement = 2 in, for 

medium-dense sand, hw = 10 feet, s = 4d, no slope 
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Figure E-6: 2-D model - σI at a pile-head displacement = 2 in, for medium-dense sand, hw = 10 

feet, s = 4d, no slope 
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Figure E-7: 2-D model - σYZ at a pile-head displacement = 2 in, for medium-dense sand, hw = 10 

feet and s = 4d with 3:2 slope and 4d bench 
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E.1.3 Arching Capability Factor Assessment 

  

(a) (b) 

  

(c) (d) 

Figure E-8: Arching capability factor assessment for medium dense sand using 2-D analysis: (a) 
hw = 10 feet and s = 4d; (b) hw = 10 feet and s = 3d; (c) hw = 15 feet and s = 3d; (d) hw = 15 feet 
and s = 4d 
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E.2 Medium-stiff clay 

E.2.1 Capacity Curves 

 

  

(a) (b) 

  
(c) (d) 

Figure E-9: Capacity curves for medium-stiff clay for 2-D analyses: (a) hw = 10 feet and s = 4d; 
(b) hw = 10 feet and s = 3d; (c) hw = 15 feet and s = 3d; (d) hw = 15 feet and s = 4d 
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E.2.2 Deformed Shape and Stresses 

 
Figure E-10: 2-D model - σXX direction and deformed shape for a pile-head displacement = 2 in. 

Case: medium-stiff clay, hw = 10 feet, s = 4d, no slope 
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Figure E-11: 2-D model - σI for a pile-head displacement = 2 in. Case: medium-stiff clay, hw = 

10 feet and s = 4d with 3:2 slope and 4d bench 
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Figure E-12: 2-D model - σXY and deformed shape for a pile-head displacement = 2 in. Case: 

medium-stiff clay, hw = 10 feet and s = 4d with 3:2 slope and 4d bench 
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E.2.3 Arching Capability Factor Assessment 

  

(a) (b) 

  

(c) (d) 

Figure E-13: Arching capability factor assessment for medium-stiff clay using 2-D analysis: (a) 
hw = 10 feet and s = 4d; (b) hw = 10 feet and s = 3d; (c) hw = 15 feet and s = 3d; (d) hw = 15 feet 
and s = 4d 
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E.3 Granular cohesive soil 

E.3.1 Capacity Curves 

 

  
(a) (b) 

  

(c) (d) 
Figure E-14: Capacity curves for granular cohesive soil for 2-D analyses: (a) hw = 10 feet and s = 

4d; (b) hw = 10 feet and s = 3d; (c) hw = 15 feet and s = 3d; (d) hw = 15 feet and s = 4d 
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Figure E-15: Effect of slope angle on capacity curves for granular cohesive in 2-D analyses: hw = 

10 feet and s = 4d 

 

 
Figure E-16: Effect of bench width on capacity curves for granular cohesive in 2-D analyses: hw 

= 10 feet and s = 4d 
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E.3.2 Deformed Shape and Stresses 

 
Figure E-17: 2-D model - σYY at a pile-head displacement = 2 in, for granular cohesive soil, hw = 

10 feet, s = 4d, no slope 
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Figure E-18: σI at a pile-head displacement = 2 in, for granular cohesive soil, hw = 10 feet, s = 

4d, no slope 
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Figure E-19: σYZ at a pile-head displacement = 2 in, for granular cohesive soil, hw = 10 feet and s 

= 4d with 3:2 slope and 4d bench 
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E.3.3 Arching Capability Factor Assessment 

  

(a) (b) 

  

(c) (d) 

Figure E-20: Arching capability factor assessment for granular cohesive soil using 2-D analysis: 
(a) hw = 10 feet and s = 4d; (b) hw = 10 feet and s = 3d; (c) hw = 15 feet and s = 4d; (d) hw = 15 

feet and s = 3d 
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