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ABSTRACT 
 

2D plane strain Finite Element (FE) analyses are performed for rigid circular piles to evaluate undrained seismic 

limiting pressure behind soil gaps in contiguous pile walls (CPW). Taking advantage of symmetrical conditions, only 

one quarter of the rigid circular pile and one half of the soil gap have been modelled. The pile has been modelled as a 

rigid material, whereas soil (clay, with isotropic and constant undrained shear strength property) has been considered as 

a perfectly plastic Tresca material following an associated flow rule. Boundary conditions were considered as per the 

field conditions and seismic loads were considered as pseudo-static force applied in terms horizontal seismic 

coefficient, kh. Adaptive meshing technique was adopted to obtain results reasonably closer to exact solutions. The 

effect of soil gap ratios, adhesion factors and intensity of seismic loading on limiting pressure behind the piles are 

studied in detail using OptumG2 software based on finite element limit analysis approach. For deeper insights and 

influence of various affecting parameters non-dimensional charts are provided for seismic limiting pressure. Further, it 

has been observed that the considered parameters have a significant effect on the seismic limiting pressure behind the 

soil gap in CPW. 
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1. INTRODUCTION  

 

In developing countries, rapid urbanization and infrastructure development are basic demands of growing 

population. Due to the constraint of limited open-land usage, to fulfi ll peoplesô requirements, construction of 

high-rise buildings with basements, subways, and metro railway tunnels have increased rapidly over the past 

few decades. Sometimes due to legal and unavoidable issues, these structures are forcefully constructed in 

soft soil by creating deep excavation. Usually, sheet pile walls and concrete diaphragm walls have been 

preferred to provide continuous support for deep excavation in soft soils. Moreover, for cohesive soils with 

groundwater table much below the excavation level, contiguous pile walls (CPW) is one of the economic 

solutions to support deep excavations temporarily or permanently (Gaba et al. 2002; Kumar 2008; Teparaksa 

2011; Zhang et al. 2015; Richards et al. 2016; Ramadan et al. 2017). Contiguous piles (typically consist of 

discrete bored cast-in-place column piles of large or small diameter) are installed into drill holes created by 

augers at relatively small gap (as compared to the diameter of individual pile) in soft soils and at large gap in 

stiff soils. The major benefits of CPW are its cost-effectiveness since a smaller volume of concrete is used to 

construct unconnected/ connected piles and low-cost augers can be utilized to drill holes for these piles, thus 

providing another option for an economical retaining wall. The static lateral earth pressure acting on the 

freely exposed soil gaps develop self-supporting stable mechanism produced by an arching effect between 

neighbouring piles. But during a seismic event, the undrained lateral earth pressure behind soil gaps could 

increase and alter the behaviour of CPW. Hence, estimation of the undrained seismic limiting pressure 

behind soil gaps of CPW is a prominent issue in the design of supporting pile, especially for the perpetual 

purpose. 
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One of the major factors that affects the performance of CPW is the gap ratio between adjacent piles. Due to 

self-supporting mechanism developed by arching effect in soil gaps between adjacent piles acting against 

seismic earth pressure, the freely exposed soil gaps in CPW are stable behind them. Apart from the above 

mentioned fact during an earthquake due to additional seismic load these CPW might experience large 

stability issues. Predictions of the undrained seismic limiting pressure behind soil gaps acting on a pile in a 

CPW in this regard is an important aspect. 

 

Figure 1 shows the problem definition of undrained seismic limi ting pressure behind soil gaps in CPW in 

homogeneous clay. The plane strain condition is assumed along the direction of pile depth in the analysis. 

This assumption is applicable if the soil movements take place below a certain depth from the ground surface 

and thus the present solutions are only applicable for CPW sections that are located at a finite depth from the 

ground surface. It is assumed that the contiguous pile wall system is formed by a single row of rigid circular 

piles of diameter, D placed at an equal distance, S. In addition, the piles are assumed as an integral system by 

use of continuous bracings to ensure no relative movement. A uniform pressure, P represents a lateral 

pressure behind soil gaps that cause a general failure in the soil mass. The clay is assumed to follow a 

perfectly plastic Tresca material model obeying associated flow rule with constant undrained shear strength, 

Su. In this study, the interaction between soil and pile interface is considered through an adhesion factor (Ŭ) 

as shown in Equation 1 (Keawsawasvong and Ukritchon 2017). 

 

ui

u

S

S
a=                                      (1) 

 

where, Sui is the undrained shear strength at soil-pile interface and Su is the undrained shear strength of the 

surrounding soil. The stability problem of the proposed study is to determine the undrained seismic limiting 

pressure (Pu) that produces a failure in soil gaps of a CPW and can be expressed as dimensionless parameter, 

Pu/Su presented in Equation 2. 
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where, Pu/Su is the undrained seismic limiting pressure factor behind soil gaps, S/D is the soil gap ratio, ɔ the 

unit weight of soil and kh the horizontal seismic coefficient 

 

This paper presents finite element limit analysis (FELA) based on lower and upper bound plasticity solutions 

available in software, OptumG2 (2018) to estimate the seismic undrained limiting pressure factor (Pu/Su) 

behind soil gaps acting on a pile per unit length in a CPW. It can be observed from Figure 2 that CPW used 

for deep excavations are subjected to a huge amount of pressure from the existing structures. In this study, 

extensive analyses have been carried out by varying parameters affecting the limiting pressure in CPW like 

soil gap ratio (S/D); adhesion factor (Ŭ) at the soil-pile interface and seismic co-efficient (kh), including S/D = 

0.1 to 3; Ŭ = 0 (smooth) to 1 (rough) and kh = 0 to 0.4 g.  
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Figure 1. Undrained limiting pressure behind soil gaps in CPW 

 

  
(a) (b) 

  

Figure 2. Applications of CPW (Martello Piling 2017) 

 

2. METHOD OF ANALYSIS  

 

To study various complex stability problems in geotechnical engineering, Limit analysis and FELA have 

been extensively used in the past (Chen and Liu 1990; Sloan 2013). FELA is a powerful numerical approach, 

which combines the limit analysis with finite element discretization to enhance the capabilities of both the 

numerical methods. FELA is widely used to bracket the exact limit load by upper-bound (UB) and lower-

bound (LB) solutions of limit analysis for handling complex problems in geotechnical engineering with 

irregular geometries, varying soil properties, loadings, and boundary conditions (Raj et al, 2018a, Raj et al, 

2018b). In OptumG2, both the lower-bound and upper-bound problems under plane-strain condition are 
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formulated using second-order cone programming (SOCP) (Makrodimopoulos and Martin 2006; 

Makrodimopoulos and Martin 2007) to solve geotechnical stability issues. The details of the numerical 

formulation of FELA in OptumG2 can be found in Krabbenhoft et al. (2015).  

 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
Figure 3. CPW with Ŭ = 1, S/D = 1 (a) numerical model for kh = 0 g; (b) initial meshing for kh = 0 g; (c) adaptive mesh 

at failure for kh = 0 g; (d) numerical model for kh = 0.4 g; (e) initial meshing for kh = 0.4 g; and (f) adaptive mesh at 

failure for kh = 0.4 g 
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The procedure adopted for analyzing seismic undrained limiting pressure behind soil gaps in a CPW through 

FELA in OptumG2 is summarized below. 2D plane strain finite element models of the circular pile with soil 

gap S/D = 1 and Ŭ =1 have been shown in Figures 3(a) and (d) for static and seismic conditions (kh = 0.4 g) 

respectively. Taking advantage of symmetry, only one quarter of the rigid circular piles and one-half of the 

soil gaps have been modelled. The top dimension of the domain is chosen to be large enough that the failure 

zone does not intersect this boundary, and hence has no influence on the computed limit loads. In both upper 

and lower bound solutions, triangular elements have been used to discretize both soil mass and pile. The pile 

has been modelled as a rigid elastic material (assigned relatively large value of Youngôs modulus). The 

interaction between soil and pile has been simulated by defining interface element at the circumference of 

the soil-pile interface (allowed for velocity and stress discontinuities in limit analysis). To simulate 

symmetrical planes, left and right boundaries of FE models were restrained horizontally whereas bottom 

boundary of soil gap is set free to move. Fixed boundary conditions were applied to the pile in both the 

directions to ensure no movement. In both upper and lower bound analyses, initial uniform surcharge 

pressure of intensity P (equal to 1.0 kN/m
2
/m) is applied and in subsequent steps of limit analysis, the 

intensity is increased untill incipient failure of soil as trapped by FELA.  

 

In addition to the surcharge pressure, the seismic load has been applied as a pseudo-static force in terms of 

coefficient of horizontal acceleration at the center of gravity of each soil mass element as shown in Figure 

3(d). Automatic mesh adaptivity was also employed for both lower and upper bound analyses to determine 

tight upper and lower bound solutions. Adaptive meshing with five iterations was used for all the analyses 

where the number of elements were increased from 7,000 to 10,000 to obtain results closer to exact 

solutions. Figures 3(b) and 3(e) show the initial mesh developed based on the number of elements specified 

for static and seismic case respectively. Similarly, Figures 3(c) and 3(f) represent the mesh at failure for both 

static and seismic case respectively. It can be observed from these figures that using adaptive mesh technique 

has given the advantage of predicting the failure surface exactly which is evident through the small element 

size adjacent to the rupture area and large elements elsewhere. 

 

 

3. RESULTS AND DISCUSSIONS 

 

The transformation in the observed failure mechanism from a narrow soil gap (S/D = 0.1) to a large soil gap 

(S/D = 3.0) is clearly illustrated in Figures 4 and 5 for the cases of rough piles (i.e. Ŭ = 1) with different soil 

gap ratios, S/D = 0.1 - 3.0 and kh values of 0 g and 0.4 g respectively. This variation in the failure mechanism 

is represented in the form of shear dissipation contours. It can be observed from Figure 4 that for narrow soil 

gap, a radial shear zone behind the soil gap is formed whereas, for moderate soil gap (S/D = 0.5 - 1.0), a 

curvilinear triangular zone is formed by the enlargement of the radial shear zone. As the soil gap increases 

further, the interaction of radial shear zones vanishes. Similar observations have also been observed for the 

seismic case as presented in Figure 5. The formulations used by Keawsawasvong and Ukritchon (2017) to 

estimate the undrained limiting pressure factor behind soil gaps did not consider the influence of ɔ, k0, and kh 

which is unrealistic. Hence the authors proposed the following equation (Equation 3) which would represent 

similar relations proposed by (Keawsawasvong and Ukritchon 2017) when ɔ, k0, and kh = 0. In the following 

equation k0 represents the coefficient of earth pressure at rest. 
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Based on the above relation the undrained seismic limiting pressure factor was estimated for all 

combinations considered in this parametric study. The results thus obtained has been presented as the 

variation in the pressure factor with S/D and also for varying values of Ŭ in Figures 6(a), 7(a) and 8(a) for kh 

= 0 g, 0.2 g, and 0.4 g respectively. Similarly, Figures 6(b), 7(b) and 8(b) show the influence of S/D on Pu/Su 

with varying Ŭ for kh = 0 g, 0.2 g, and 0.4 g respectively.  It is interesting to note that for all considered cases, 

the exact Pu/Su can be accurately bracketed by computed upper (UB) and lower (LB) bound solutions within 

1%. For a particular value of Ŭ, Pu/Su decreases with increasing S/D whereas, for a particular S/D, Pu/Su 

increases with increase in Ŭ. For large soil gap, Pu/Su has a marginal increase with the change in Ŭ, but, for 

narrow soil gap, even a small change in Ŭ leads to a significant increase in Pu/Su. It is interesting to note from 



6 

 

the seismic case (i.e. Figures 7(a) and 8(a)) that for S/D > 1.5, Pu/Su yields negative values which are 

practically not feasible.  

 

    
(a) (b) (c) (d) 

  
(e) (f) 

 

Figure 4. Comparison of shear dissipation of soil gap for Ŭ = 1 and kh = 0 g with (a) S/D = 0.1; (b) S/D = 0.5; (c) S/D = 

1.0; (d) S/D = 1.5; (e) S/D = 2.0; and (f) S/D = 3.0 

 

    
(a) (b) (c) (d) 

  
(e) (f) 

 

Figure 5. Comparison of shear dissipation of soil gap for Ŭ = 1 and kh = 0.4 g with (a) S/D = 0.1; (b) S/D = 0.5; 

(c) S/D = 1.0; (d) S/D = 1.5; (e) S/D = 2.0; and (f) S/D = 3.0 
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(a) 

 
(b) 

 

Figure 6. Pu/Su variation for kh = 0 g as a function of (a) soil gap ratio; and (b) adhesion factor 
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(a) 

 
(b) 

 

Figure 7. Pu/Su variation for kh = 0.2 g as a function of (a) soil gap ratio; and (b) adhesion factor  

 


