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ABSTRACT 

 

The main purpose of this research is to investigate by numerical modeling the characteristics of 

earthquake induced lateral pressures on pile-supported excavations in Santiago gravel. An equivalent bi-

dimensional plane-strain model was developed and validated on the basis of a more refined 3D model. 

The dynamic response of this simplified 2D model was studied for a suite of Chilean ground motion 

records in order to evaluate the variability of the dynamic pressures and their influence on the piles’ 

internal forces, and also to compare these results against some simplified design recommendations. 
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INTRODUCTION 

 

Discontinuous piling support (soldier piles) is one of the most frequent retaining systems used in 

temporary deep excavations in Santiago (Figure 1). The main advantage of using discontinuous piling 

support is its relatively low cost and its ease of installation. The system is particularly efficient in stiff 

soils with deep ground water table positions, conditions usually found in Santiago. A successful design of 

this type of retaining system must prevent its failure and also avoid damages in neighboring existing 

structures and utilities. Given the time-span that some of these excavations are open, seismic verification 

of temporary pile-supported excavations is very important. Nevertheless, there are very few studies on the 

dynamic behavior of pile-supported excavations and earthquake-induced lateral pressures on soldier piles. 

 

 
Figure 1. A typical temporary pile-supported excavation made in Santiago gravel 
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The so-called “arching effect” controls the mechanical behavior of discontinuous pile-supported 

excavations. This phenomenon consists in a redistribution of stresses from yielding parts of a soil mass to 

adjacent less-yielding or restrained parts of the soil mass. The phenomenon is called arching effect 

because the stress distribution resembles the one observed in arch-type structures. 

 

 
 

(a) (b) 

Figure 2. Distribution of principal stresses: (a) horizontal section behind the piles; (b) vertical 

section through a pile 

 

Figure 2a shows the result of the overall arching effect of the soil on the piles in the form of principal 

stresses distribution over a horizontal section through a Finite Element (FE) model of a pile-supported 

excavation. The crosses in the figure represent the principal stresses, where the length of the lines 

indicates the relative magnitude of the principal stresses, and the orientation of the lines indicates the 

principal directions.  Figure 2a shows that the horizontal stresses form, approximately, an arch between 

piles and that the horizontal pressure is transferred directly to the piles. Nevertheless, there is not only 

horizontal arching stress distribution; a vertical arching stress distribution behind the piles also takes 

place. Indeed, depending on the relative stiffness of the soil mass the arching effect can be either active or 

passive. If the soil is more compressible than the structure (passive case), the soil undergoes large 

displacement mobilizing shear and increasing pressure on the piles, while decreasing the pressures on the 

adjacent soil, as Figure 2b shows. 

 

Soil arching phenomena has been recognized for decades, but research has been sporadic and usually 

directed to particular problems. Probably the most familiar application of the vertical arching effect is in 

tunnel design. In the area of�geotechnical engineering, one of the most important works was done by 

Terzaghi (1943). Terzaghi explained the phenomenon of pressure transfer from a yielding mass of soil to 

adjacent rigid boundaries by the so-called “trap door test”. The pressure transfer phenomenon was called 

“soil arching”. The trap door test has been discussed extensively using analytical and numerical methods. 

For example, Handy (1983) extended the analytical formulation proposed by Terzaghi to the case of 

retaining walls. This author proposed a method to take into account relative rugosity between the 

structural element and the surrounding soil. Later, the analytical study of Harrop-Williams (1989) 
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proposed approximated solutions and some improvements concerning the shape of the “arch”. Some of 

these approximations have been used to derive design guidelines. More recently, Paik & Salgado (2003) 

studied analytically the vertical distribution of lateral pressures over rigid retaining walls including 

arching effects. Their work proposes some vertical distributions of pressures to be used in the design of 

rigid retaining elements.  

 

In the context of numerical modeling, there are some published works concerning the role of the arching 

effect on the static lateral pressures. Several of these works focused on other geotechnical engineering 

applications of the arching effect. For example, Low et al. (1994) studied the reduction of the 

embankment settlement using piles; Lee et al. (2006) analyzed the role of arching effects during tunneling 

in soft clayey soils; Chen and Martin (2002) discussed the mobilization of resistance in passive pile 

groups subjected to lateral soil movement from the “arching effect” point of view.  

 

In the topic of pile-supported excavations there is very few literature available. Vermeer et al. (2001) 

performed a numerical and empirical study of a wall consisting of anchored steel piles with horizontal 

timber lagging. They proposed both, two-dimensional and three-dimensional finite element modeling 

approaches to reproduce field observations on displacements. Their results confirmed that the use of 

finite element analyses is appropriate for this kind of problem.  Hong et al. (2003) studied the effects of 

“smearing” the stiffness of soldier piles and timber laggings to construct averaged two-dimensional 

models to represent three-dimensional situations. Their results were compared with an actual case study 

conducted by O’Rourke (1975) with partial success. They found that increasing the inter-pile spacing 

tends to accentuate the modeling errors obtained with an equivalent plane-strain approach. 

 

Regarding discontinuous pile-supported excavations in Santiago gravel, there is some field data available 

from an underpinned excavation instrumented in 1982 (Bravo, 1982; Arias, 1984). Recently, some 

numerical studies have been conducted to study static arching effects (Medina, 2003; Soto, 2003; García, 

2009). Unfortunately, to the authors’ knowledge, no dynamic numerical studies have been conducted for 

this problem.  

 

Our literature review shows that there are no previous works done in the specific topic of earthquake-

induced lateral pressures on discontinuous pile-supported excavations. There are, however, several 

publications concerning earthquake-induced pressures on continuous soil retaining structures. For 

example, one of the most simpler analytical models was proposed by Scott (1973). A complete survey of 

available methods for seismic analysis and design of soil retaining structures was presented by Veletsos 

and Younan (1984). The case of saturated soil was extensively treated by Theodorakopoulos et al. (2001 

a,b). The problem of earthquake-induced pressures on underground building walls was studied by 

Ostadan (2005) adapting the well known Mononobe-Okabe method. Nevertheless, all these studies treat 

the problem of continuous earth-retaining structures, where, in general, arching effect does not take place.  

 

Thus, there is still a need for an accurate yet practical procedure for the evaluation of lateral induced 

pressures on discontinuous pile-supported excavation. Such a procedure will be very useful in improving 

the current design practice. Even though there is no information concerning failures of this kind of 

excavation during the M8.8 February 27 earthquake, practitioners are aware that this type of excavation 

support might be highly overdimensioned due to many sources of uncertainties regarding its dynamic 

behavior. Thus, a more precise knowledge of the expected seismic response could reduce the cost of new 

excavations with the same reliability, and improve the earthquake engineering practice. 

 

The objective of this paper is to investigate by numerical modeling the characteristics of earthquake-

induced lateral pressures on discontinuous pile-supported excavations in Santiago gravel. On the basis of 
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these results, we present some conclusions and recommendations regarding design procedure used in 

practice for this type of excavations. 

 

NUMERICAL MODELING 

 

There are several aspects to consider in developing a numerical model, e.g.: selection and calibration of a 

constitutive model able to reproduce the static and the dynamic behavior of the Santiago gravel, the 

geometrical definition of a finite element model suitable for the target problem, the numerical simulation 

of the excavation sequence, and, finally, the earthquake perturbation around the static equilibrium. The 

approaches that were used for each one of these aspects are detailed in the following sub-sections. 

 

Numerical modelling of the Santiago gravel 

The Santiago gravel is characterized by a fines content of 3%, with a plastic index between 5 and 20 and 

coarse grains of up to 30[cm] of nominal size (Rodriguez-Roa, 2000).  This gravel deposit is usually 

overlaid by a 1.5–3.0 [m] thick deposit of low-plasticity clay of medium to high consistency. From the 

ground surface down to a depth of 5–7 [m], the gravel contains low-plasticity silty fines, with a cohesion 

of about 20 [kPa], and an angle of internal friction of 45º. The upper gravel layer is known as the second 

deposit of the Mapocho River. Below this stratum, there is a denser gravelly deposit with a very similar 

particle-size distribution. The mechanical properties of this material have been studied by many authors 

(e.g., Kort et al., 1979; Ortigosa et al., 1982; Rodríguez-Roa, 2000; De la Hoz, 2007). 

 

The ECP’s elasto-plastic multi-mechanism model (Hujeux, 1985), is used to represent the soil behavior. 

This model can take into account the soil behavior in a large range of deformations, it is written in terms 

of effective stress, and the representation of all irreversible phenomena is made by four coupled 

elementary plastic mechanisms: three plane-strain deviatoric plastic deformation mechanisms in three 

orthogonal planes, and one isotropic. The ECP model uses a Coulomb-type failure criterion and the 

critical state concept. The hardening evolution is based on the plastic strains: deviatoric and volumetric 

strains for the deviatoric mechanisms, and volumetric strain for the isotropic one. To take into account the 

cyclic behavior, kinematical hardening based on the state variables at the last load reverse is used. The 

soil behavior is decomposed into pseudo-elastic, hysteretic, and mobilized domains. 

 

   

 
(a) (b) 

Figure 3. Comparison between simulation and reference curves: (a) drained monotonic triaxial 

tests; (b) modulus degradation curves obtained by cyclic shear tests.  
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The calibration of the constitutive model was done following the methodology suggested by Lopez-

Caballero et al. (2007), on the basis of isotropically consolidated drained monotonic triaxial (CID) tests 

conducted by Rodriguez-Roa (2000) for three levels of confinement: 50, 100 and 200 [kPa]. Figure 3a 

shows the simulation of triaxial paths compared to experimental data for these three levels of 

confinement. Similar agreement was obtained for an isotropic compression path. In order to verify the soil 

behavior under cyclic loading, three cyclic shear tests were simulated using the same initial stresses. The 

computed shear modulus degradation and damping curves are compared to reference curves published by 

Seed et al. (1986) for gravel. Figure 3b shows a comparison between the computed and the reference 

modulus degradation curves. A similar comparison was obtained for the damping curves.   

 

Equivalent 2D approach 

In this work, a finite element modeling strategy is adopted to perform numerical computations. 

Nevertheless, there are several aspects to control in order to develop a suitable model for the 

discontinuous pile-supported excavation. Indeed, geotechnical problems are often analyzed using two-

dimensional plane-strain finite element models; their use is adequate provided that some periodicity exists 

in the out-of-plane direction of modeling. If this condition is satisfied, a plane-strain approach can be 

conducted without loss of generality. 

 

 

 

 

 

 

 

 

Figure 4. Schematic plan representation of a discontinuous pile-supported excavation 

 

The target situation is schematically presented in Figure 4. In this case, it is possible to assume that the 

distance inter-pile lx is the “periodicity” distance in order to derive an equivalent plane-strain model. This 

inter-pile distance is approximately 2-3 [m] in Chilean practice. The derivation of a two-dimensional 

finite element model must use averaged stiffness properties in order to define an equivalent uniform 

stiffness. However, a point placed in the middle of the span between piles (point A in Figure 4), won’t fall 

due to arching effect. In fact, due to the three-dimensional nature of the problem, principal values of 

stresses vary in vertical and in horizontal directions. Consequently, a standard plane-strain modeling 

strategy is not adequate a priori. 

 

As the purpose of this work is to conduct an extensive investigation of many configurations and 

earthquake input motions, the computing time for each analysis is a critical issue. Consequently, the first 

part of the investigation is devoted to develop a sufficiently accurate two-dimensional model to represent 

the actual three-dimensional situation. With this purpose in mind, some ideas proposed in the work of 

Zdravkovic et al. (2005) and the modified plane-strain approach (Sáez, 2009) are used. The ability of the 

simplified plain-strain model to represent the actual situation is presented by comparing its results with 

the ones from 3D analyses.  

 

Studied Case and Finite Element Model 

To estimate earthquake induced pressures on pile-supported excavation, we selected a representative 

geometry found in temporary excavations used in the construction of buildings with several underground 

levels in Santiago: 30x10[m] in plane and 12[m] deep. A preliminary design for this excavation gives 

Excavation 

lx 

lx 

y 

x 

z 
A 

B 
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square 0.8x0.8[m] piles, 15 [m] long (embedded 3[m] beneath the excavation grade), and a center-to-

center pile distance of 2.5[m] (lx=2.5 [m]).  

 

We developed two different FE models for this case (Figure 5): a 3D model and an equivalent plane-

strain 2D model. In both cases, we assumed and hypothetic elastic bedrock at 40[m] depth. Lateral 

extension of the finite element models is defined as to satisfy free-field conditions far enough from the 

perturbation (the excavation). In the static part of the problem, this means that the influence of the 

excavation in terms of stresses and displacements must be negligible. In the dynamic part of the analysis, 

the objective is make sure that the wave diffraction induced by the excavation vanishes inside the model, 

before reaching lateral limits. In other words, far enough from the excavation, the dynamic response must 

be compatible with the theoretical free-field response. As the complete model will be inelastic, lateral 

absorption elements are not adequate because they require local elastic conditions. In this first stage of the 

study, we adopted the tied-approach strategy proposed by Zienkiewicz et al. (1988) to encompass this 

difficulty. In both, 2D and 3D modeling approaches, recorded outcrop seismic motions were imposed 

after deconvolution at bedrock level. Reflected and diffracted waves at the bottom of the model are 

absorbed by paraxial-type consistent elements (Modaressi and Benzenati, 1994). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) (b) 

Figure 5. Finite Element models: (a) equivalent 2D mesh; (b) 3D mesh 

 

Solid elements are used to represent the soil, the excavated material and the bedrock. The size of the 

elements was selected in order to guarantee a minimum of 8 elements per wave-length. In the 2D model, 

piles are modeled using beam-type elements. In the 3D case, piles are modeled using solid elements. 

Relative displacement between structural elements is neglected. Anchors are modeled using one-

dimensional bar elements, with a refined mesh in the grout zone to improve the stress transfer between 

the structural element and the soil. All computations are conducted using the finite element code GEFDyn 

(Aubry and Modaressi, 1996), with an explicit/implicit operator splitting in transient computations, 

associated to a Newmark numerical scheme. Some numerical dissipation is employed to prevent spurious 

frequencies and to introduce some damping at very low amplitudes. In each step, the inelastic problem is 

solved using a Newton-Raphson iterative procedure. 
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VALIDATION AND COMPARATIVE ANALYSIS 

 

Each numerical computation is composed of two steps: 

  

• Initialization and simulation of the excavation sequence 

• Seismic analysis modeled as a dynamic perturbation around the static state computed in the 

previous step 

 

The first step is modeled by a parametric Lagrangian transformation of the domain in terms of the vertical 

coordinates of different zones of the model (Aubry and Modaressi, 1989). Hence, the extraction or the 

addition of material is modeled as a continuum deformation resulting from the initial configuration. The 

second step is performed around the stress state and hardening internal variables of the constitutive model 

computed at the end of the excavation simulation. A typical time-step of 0.001[s] is used to prevent 

numerical dispersion of consistent boundary elements integrated explicitly. 

 

In order to study the accuracy of the equivalent 2D plain-strain model, some results of the static and 

dynamic parts of the problem are compared with those of the complete 3D model. The static phase is 

modeled using 27 steps describing the installation of piles, the sequential excavation and the installation 

of anchoring, and the construction of the slab on excavation grade. Each step is computed in long-term 

condition, thus creep effects are neglected. 

 

    
(a) (b) 

Figure 5. Comparison between simulation and reference curves: (a) drained monotonic triaxial 

tests; (b) modulus degradation curves obtained by cyclic shear tests.  

 

Figure 5a shows the anchors’ internal forces from top to bottom anchor leves at different time-steps. As 

this figure shows, the first line of anchors appears in step 4, the second line in step 12, and the third line 

in step 20. In general terms, the anchor’s pre-stress force tends to diminish immediately after installation 

due to pile convergence, but it progressively reaches an asymptotic value close to the initial pre-stress. 

Anchoring forces are very similar between the 2D plane-strain approximation and the fully 3D model, 

showing that the simplified model is able to reproduce the anchoring stress-strain state. 

 

The appropriate estimation of lateral pressures is a key issue in the design of pile-supported excavations. 

Figure 5b displays the computed vertical (σzz) and horizontal (σyy) pressure distributions over the piles at 
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the end of the static phase. In both profiles, geostatic and active pressures are plotted using an internal 

friction angle of  φ’=45º (Rodríguez-Roa, 2000). It can be noticed that vertical stresses at the end of the 

excavation are less than the geostatic pressures due to shear stresses induced by the deformation of the 

piles. Values using 2D and 3D models are very similar in the upper part of the excavation (z>-11). Below 

this level, vertical stresses quickly reach a geostatic state according to the 2D model, whereas the 3D 

model predicts a deeper influence of the excavation. Regarding horizontal stresses, the values predicted 

by the 2D approach are very close to Rankine’s active state for z>-10. Larger horizontal pressures are 

computed in the 3D model, since horizontal deformations are smaller than in the 2D approach. Indeed, in 

2D plane-strain the horizontal arching effect depicted in Figure 2a is neglected and consequently larger 

soil deformations and smaller horizontal stresses are obtained. From a design point of view, internal 

forces in piles are underestimated by the 2D approach; therefore, this modeling strategy is not 

conservative in the static case. Below the excavation grade, both models predict similar values, except at 

the end of the pile probably due to stress concentration. Interface elements allowing sliding between soil 

and piles could be used to reduce these effects.   

 

     
(a) (b) 

Figure 6. Comparison between 2D and 3D models in dynamic case: (a) displacements at upper-

right corner; (b) envelopes of seismic-induced horizontal pressures.  

 

Regarding dynamic analysis, since site effects are directly included in the numerical approach, only rock 

outcrop recorded motions are employed. In order to validate de simplified 2D model, we selected the 

station Valparaiso (UTFSM), component N70E record of the M7.8 March 3, 1985 earthquake (Riddell, 

1995). Figure 6 shows the horizontal (uy) and vertical (uz) displacements at the upper-right corner of the 

excavation. For the 3D case, points A and B (Figure 4) are displayed. Horizontal displacements obtained 

using the 2D model and the 3D model at Point B agree satisfactorily; however, some differences can be 

observed at the center of the excavation (Point A). Concerning vertical displacements, larger differences 

are obtained compared to uy. However, co-seismic vertical displacements are similar (3-5 [mm]) and 

negligible from a practical point of view. Comparison between other control points is also satisfactory.  

 

Figure 6b shows the envelopes of the seismic-induced pressures over the piles with respect to static value 

(�σyy) for the considered motion. Additionally, reference design values for laterally restrained basement 

walls according to the Chilean seismic design code NCh433 Of.96(mod08) are plotted. In general, a good 

agreement between both computations is found for the upper part of the excavation (z>-8 [m]). In this 

region, seismically induced design pressures are largely surpassed by numerical results. However, as local 

maximums probably occur at different time steps during the earthquake, these envelopes are not 

appropriate for design. From this point of view, it is more rational to compare the maximum internal 
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forces on the piles using the design distribution and those obtained by FE modeling. This aspect is 

explored in the next section. Differences between 2D and 3D computations are more pronounced below 

the excavation grade. In general, large increments and reductions of horizontal stresses are obtained in 3D 

case. 

 

In summary, even though the discontinuous pile-supported excavation is a fully three-dimensional 

problem, a sufficiently accurate two-dimensional model was constructed and validated for a reference 

case. This equivalent model reduced significantly the required computer runtime and will be used to 

compute seismically-induced lateral pressures for a suite of ground motions. 

 

DYNAMIC ANALYSIS 

 

Earthquake selection 

Due to the natural variability of earthquakes in Chile, it is extremely important to study the dynamic 

response for a large suite of motions. As the site effects are directly considered in the numerical model 

approach, only motions recorded in rock stations are adequate for this study. Upon the data collections 

available for Chile, the collection proposed by Riddell (1995) is considered. Motions recorded in rock 

conditions are listed in Table 1. 

 

Table 1. Characteristics of strong motions recorded in rock in Chile (Riddell, 1995) 

Station 
Recording 

condition 
Date 

Magnitude 

Ms 

Epicentral 

distance [km] 
Component 

Papudo Weathered rock 7/11/81 6.8 31 S40E 

Los Vilos Rock 3/03/85 7.8 151 
NS 

EW 

Zapallar Rock 3/03/85 7.8 85 
NS 

EW 

Valparaíso 

UTFSM 
Rock 3/03/85 7.8 34 

S20E 

N70E 

Quintay Rock 3/03/85 7.8 17 
NS 

EW 

Rapel Rock 3/03/85 7.8 90 
NS 

EW 

Pichilemu Rock 3/03/85 7.8 126 
NS 

EW 

 

 

Results summary 

Figure 6 shows the summary of the dynamic analysis in terms of earthquake-induced lateral pressures and 

seismically-induced flexural moments in pile. In both plots, each motion is represented by a thin dashed 

line, gray-filled regions corresponds to the envelope of those lines, the thick continuous line represents 

their mean value, and the thick dashed line is the reference code value. 

 

As Figure 7a shows, similar earthquake-induced lateral pressures are obtained in the middle zone (-4>z>-

8), however large peaks are computed for the upper part and close to the excavation grade. The averaged 

curve is very close to the reference profile in the central region of the pile, but it is significantly larger in 

both extremes, especially close to the bottom. As previously discussed, these profiles correspond to 

instantaneous maxima at each depth and consequently do not correspond to an actual load state on the 
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pile. Thus, the use of these profiles for design will likely be very conservative. For design purposes, an 

improved representation can be derived from the maximum bending moment computed in the pile. 

 

   
(a) (b) 

Figure 7. Summary of dynamics results: (a) earthquake induced lateral pressures; (b) bending 

moments in the piles. 

 

Figure 7b shows the maximum computed bending moments in the pile for each ground motion, their 

envelopes, their mean value, and those induced by the reference lateral seismic-induced pressures. At a 

specific depth, the plotted value corresponds to the maximum bending moment observed for the given 

ground motion, thus it is a key value for the design of the pile (section and/or reinforcement selection). 

From this figure it can also be concluded that the reference (code) pressures can be non-conservative for 

the upper part of the excavation, however they tend to be very conservative for larger depths. Negative 

bending moments seem to be important only close to the excavation grade, however the embedded portion 

of the pile must be reinforced for both, positive and negative bending, especially the upper half of the 

embedded portion of piles.  

 

 

CONCLUSIONS 

 

The main conclusions of this investigation are: 

 

• Even though the discontinuous pile-supported excavation is a fully three-dimensional problem, a 

sufficiently accurate two-dimensional model was constructed and validated for a reference case. 

This equivalent model significantly reduced the required computer runtime. Therefore, the 

response of the reference case was studied for thirteen Chilean recorded events in rock. 

• In general terms, it was found that the simplified expression proposed in NCh433 Of.96(mod08)  

tends to over-estimate the earthquake-induced internal flexural moments in the lower part of the 

piles, while underestimating those in the upper portion of piles.  

 

These conclusions are valid only for the analyzed cases, and more situations must be studied to derive 

general conclusions and design recommendations. 
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