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ABSTRACT 
 

Liquefaction has been commonly observed in past major earthquakes across the world and has caused 

extensive damages to the built infrastructure.  A substantial portion of these ground failures and structural 

damages was direct results of or related to liquefaction and lateral spreading. Lateral spreading is 

particularly damaging if a non-liquefiable crust rides on top of the liquefied soil. When the ground crust is 

frozen, its physical properties including stiffness, shear strength and permeability will change drastically.  

What would be the impact to a bridge foundation if there is a frozen ground crust that is resting on top of 

the liquefied soil?  This paper reports preliminary results obtained from coupled Finite Element analyses 

of a soil-foundation system by OpenSees. Both unfrozen and frozen crust cases are considered and the 

results are compared to discuss the effects of the frozen crust in terms of soil responses and lateral loads 

on the pile foundation. 

 

Keywords: Liquefaction; Frozen ground crust; Lateral spreading; Pile Foundation; Finite Element 
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1. INTRODUCTION 
 

Liquefaction and associated ground failures have been commonly observed in past major earthquakes 

across the world including Alaska and caused extensive damages to the built infrastructure.  A substantial 

portion of these ground failures and structural damages was direct results of or related to liquefaction and 

lateral spreading.  Lateral spreading is particularly damaging if a non-liquefiable crust rides on top of the 

liquefied soil (e.g. Hamada et al. 1986; Japanese Geotechnical Society (JGS), 1996, 1998).    

 

When the ground crust is frozen, its physical properties including stiffness, shear strength and 

permeability will change drastically. Its stiffness and shear strength increase, and its permeability 

decreases substantially (Akili, 1971; Vinson et al. 1983; Zhu and Carbee, 1984). What would be the 

impact to a bridge foundation if there is a frozen ground crust that is resting on a liquefied soil layer? 

How large are the loads that are generated when an earthquake occurs in winter and how should these 

loads be considered by the designer? Coincidently, both the 1964 Great Alaska Earthquake and 2002 

Denali Earthquake occurred in winter season (Ross et al., 1973; Shannon and Wilson, Inc., 2002); 

liquefaction and lateral spreading were observed in both events. 
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Currently, there are no guidelines to account for effects of frozen ground crust to bridge foundations in a 

seismic analysis.  This paper reports preliminary results obtained from three-dimensional coupled fluid-

solid Finite Element (FE) analyses of a soil-foundation system by using OpenSees, an open source 

earthquake engineering simulation platform (Mazzoni et al., 2006).  The model was validated by using 

centrifuge experiment data and used in the analysis of a typical bridge foundation embedded in unfrozen 

crust or frozen crust.  The results from the unfrozen and frozen crust models are compared.  The effects of 

a frozen crust to the lateral loads applied on the bridge foundation are discussed. 

 

 

2. DESCRIPTION OF THE SOIL-PILE SYSTEM 
 

In this study, the soil profile, as illustrated in Figure 1, consist of a 3-m-thick clayey silt layer overlying a 

6 m thick loose sand layer that is underlain by a 6 m thick medium dense sand layer and a 6 m thick dense 

sand layer. This profile is idealized based on the general soil conditions in Alaska. 

 

 
Figure 1. Soil Profile and Pile Configuration 

 

The maximum seasonally frozen soil depth is between 2.0-3.0 m in south-central and interior Alaska. Due 

to major factors including moisture change at the ground surface and the existence of a partially frozen 

layer when the frozen layer is transitioned to unfrozen layer, a 0.2 m thick transition layer with a reduced 

shear wave velocity (VS) was assumed at the surface soil and the soil between seasonally frozen layer and 

the unfrozen layer (Yang et al., 2008). 

 

A reinforced concrete-filled steel pipe pile widely used for constructing Alaska highway bridge 

foundations is chosen for study in this project (Fig. 1).  The total length of this 0.9-m-diameter pile is 24 

m with 3 m above ground. There are 8 axial reinforcing bars in the cross-section, resulting in a 

longitudinal reinforcement ratio of 1.6%.  A mass of 35 ton was added to the pile top to simulate bridge 

superstructure. 
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3. NUMERICAL SIMULATION 
 

3.1 Simulation Platform 
The Open System for Earthquake Engineering Simulation (OpenSees) is a Finite Element (FE) software 

framework developed by the Pacific Earthquake Engineering Research Center (PEER) for modeling and 

simulating the performance of structural and geotechnical systems subjected to earthquakes and other 

loading conditions (Mazzoni et al., 2006).  In this study, a graphic user-interface OpenSeesPL 

(http://cyclic.ucsd.edu/openseespl) developed for conducting pile-soil interaction analysis based on 

OpenSees is used. 

 

3.2 Finite Element Model 
Due to symmetry, a half of the soil-pile system was meshed, as shown in Figure 2. The dimensions of FE 

model are 25 m (longitudinal or X) x 12.5 m (transverse or Y) x 24 m (vertical or Z). The bottom of the 

soil domain is 3 m below the pile tip. The ground surface inclination angle is 3
o
.  In this model, the 

following boundary conditions are enforced: 1) the surface of soil is stress free, with zero prescribed pore 

pressure; (2) the front and back boundaries are fixed in Y direction; (3) in order to mimic the boundary 

condition as laminar container, the nodes on the back, left and right are tied together in both X direction 

and Z direction; (4) the bottom of the domain is fully fixed in the X, Y and Z directions; (5) the base and 

lateral boundaries are modeled to be impervious due to symmetry (Elgamal et al., 2009). 

 

 
Figure 2. FE Mesh of the soil-pile system 

 

The 2002 Denali earthquake time histories recorded at the Trans-Alaska Pipeline System Pump Station 

#10 (Figure 3), was input at the base in X direction.  The site is underlain by deep stiff soil.  The record 

has a duration of 82 sec and a peak acceleration of 0.3 g.  The analysis was performed to 60 sec. 
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Figure 3. Base input motion from the 2002 Denali Earthquake 
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3.3 Soil Constitutive Model 
For cohesionless soil, the constitutive model (Parra, 1996; Yang and Elgamal, 2002; Elgamal et al., 2003) 

implemented in OpenSees was developed based on the multi-yield-surface plasticity theory (Prevost, 

1985).  The model was developed with emphasis on controlling the magnitude of cycle-by-cycle 

permanent shear strain accumulation in clean medium dense sands (Yang and Elgamal., 2002; Elgamal et 

al., 2003; Lu et al., 2006). Special attention was given to the deviatoric-volumetric strain coupling 

(dilatancy) under cyclic loading, which causes increased shear stiffness and strength at large cyclic shear 

strain excursions (i.e., cyclic mobility). 

 

Based on the testing results of frozen soils (Vinson et al., 1983; LeBlanc et al., 2004), VS was assumed to 

be 1,000 m/s for fully frozen silt. For the transition layer, VS was taken as half of that of the fully frozen 

silt (i.e. 500 m/s).  The soil properties are summarized in Table 1. 

 

Table 1. Summary of the Soil Properties for Unfrozen and Frozen Cases 

Depth 
(m) 

Soil 
Type Stutus 

Mass 
density 
(kg/m3) 

Shear wave 
velocity, VS (m/s) 

Permeability 
(m/s) 

Friction 
Angle 
(deg) 

Cohesion 
(kPa) 

0-0.2 Silt 
Frozen 

1.8x103 
500 1.0 x10-8 27 100 

Unfrozen 200 1.0 x10-7 33 0 

0.2-1.8 Silt 
Frozen 

1.8x103 
1,000 1.0 x10-9 27 100 

Unfrozen 200 1.0 x10-7 33 0 

1.8-2.0 Silt 
Frozen 

1.8x103 
500 1.0 x10-8 27 100 

Unfrozen 200 1.0 x10-7 33 0 

2.0-8.0 Loose 
Sand 

Unfrozen 1.9x103 180 6.6 x10-5 29 0 

8.0-14.0 
Medium 
Dense 
Sand 

Unfrozen 1.9x103 200 6.6 x10-5 37 0 

14.0-24.0 Dense 
Sand 

Unfrozen 2.1x103 250 6.6 x10-5 40 0 

 

 

3.4 Pile Material Models 
The concrete material was modeled by the uniaxial Kent-Scott-Park concrete material with degraded 

linear unloading/reloading stiffness and no tensile strength according to the work of Karsan-Jirsa. The 

steel material was simulated by the uniaxial bilinear steel material with kinematic hardening and optional 

isotropic hardening described by a non-linear evolution equation (Mazzoni et al, 2006). The stress-strain 

relationships of concrete and steel are shown in Figure 4.  

 

 
(a)                                                  (b) 

Figure 4. Stress-strain relationships and material parameters of (a) concrete and (b) steel 
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An enhancement in the flexural strength and ductility of the pile element can be expected due to the 

increase in concrete compressive strength and corresponding strain resulting from the confining action of 

the steel pipe (Yang et al., 2008). Mander et al. (1988) proposed a constitutive model for the concrete 

core to account for the confining effect based on the work of Elwi and Murray (1979). In this model, the 

compressive strength and corresponding strain in the presence of lateral pressure can be calculated by 

using Eqns. 1 and 2 (Mohamed, 2006). 
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where fCC' and εCC are the compressive strength and corresponding strain of confined concrete, 

respectively; fCO' and εCO are the corresponding compressive strength and strain of unconfined concrete; 

and fl' is the effective lateral confining pressure exerted on the core concrete by the steel pipe at yield.  By 

using the Eqns. 1 and 2, when concrete is well confined at -1℃, the crushing strain and compressive 

strength of concrete increase from 0.004 and 45.5 MPa (Sritharan et al., 2007) to 0.02 and 93.5 MPa, 

respectively. The material properties of steel and core concrete are summarized in Table 2. 

 

Table 2. Material Properties of Concrete and Steel 

Material 
             Model parameter 

Name Value 

Core  
Concrete 

Compressive strength 
(MPa) 

-93.5  

Strain at maximum 
strength -0.0125 

Crushing strength (MPa) -90.0  

Strain at crushing strength -0.02 

Rebar 

Yield strength (MPa) 470  

Initial elastic tangent (GPa) 200  

Strain-hardening ratio 0.005 

Steel 
Pipe 

Yield strength (MPa) 335 

Initial elastic tangent (GPa) 200  

Strain-hardening ratio 0.005 

 

3.5 Mesh Effect 
Four meshes were constructed to investigate the effects of mesh refinement.  The total number of 

elements for each mesh is 203, 739, 876, or 1219, respectively.  The pile head deflections for the four 

meshes are shown in Fig. 5.  It can be found from Figure 5 that the mesh effect on the pile head 

displacement decreases as the mesh is refined and the results are the almost the same for meshes with 876 

or 1219 elements.  Mesh 3 is used in this study thereafter. 
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Figure 5. Comparison of pile head deflection with different meshes 

 

 

3.6 Model Validation Description 
A centrifuge experiment identified as PDS01 (Singh et al., 2000) was selected to validate the FE model.  

A single pile, embedded in a profile consisting of loose and medium dense sands, was tested at the UC 

Davis Center for Centrifuge Modeling.  Soil and model parameters from the experiment were used in the 

simulation and the comparison of pile head deflection is shown in Figure 6.  No effort was made to match 

the centrifuge test results.  It is seen that the trend of results from experiment and FE modeling is in good 

agreement.  The maximum pile head deflection obtained from experiment and FE model is 44 and 71 cm, 

respectively.  The excess pore pressure obtained from experiment and model simulation is also very 

similar.  The favorable comparison indicates that the FE model is reasonably accurate. 
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Figure 6. Comparison of pile head displacement obtained from experiment and FE Model analysis 

 

4. SIMULATION RESULTS AND DISCUSSION 
 

4.1 Soil Response 
The excess pore pressure (EPP) time histories at depths of 2 (top of loose sand layer), 4.4 (within loose 

sand layer), 6.8 (within loose sand layer), 11 (within medium dense sand layer), and 24 m (bottom of the 

dense sand layer) in the soil column with an unfrozen and unfrozen crust are shown in Figure 7.  The 

effective vertical stress (σ'vo) for each depth is also shown.  It is seen from Figure 7 that the EPP’s at 

depth 2, 4.4 or 6.8 m reach the respective effective vertical stress, which indicates that liquefaction 

occurred at the loose sand layer.  Nonetheless, the EPP in the medium dense sand and at the bottom of the 

dense sand layer are far less than the respective effective vertical stress.  It is interesting to see that the 

EPP in the frozen crust case reaches to σ'vo almost four seconds faster than that in the unfrozen crust case, 

which is obviously caused by the diminished permeability when the ground crust is frozen. 
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Figure 7. Excess pore pressure at different depths in the soil column for both unfrozen and frozen cases 

 

The longitudinal acceleration time histories in the soil column at depths of 0, 11, and 24 m for both 

unfrozen and frozen cases are presented in Figure 8.  It is observed that below the loose sand layer, the 

acceleration time histories are very similar for both cases.  For the ground surface, the acceleration time 

histories exhibit distinct features that are different from those at other depths for both cases.  More long 

period components are present in the ground surface acceleration, which is caused by liquefaction of the 

loose sand layer and this liquefied layer filtered out most of the short period components.  Comparing the 

ground surface acceleration time histories between the unfrozen and frozen crust, it is seen from Figure 8 

that there is less high frequency spikes in the ground surface acceleration of the unfrozen case than the 

frozen case, largely due to the fact that the frozen crust acts as a low-pass filter. 
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Figure 8. Acceleration time histories in the soil column with an unfrozen crust and a frozen crust 
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Due to the mild ground inclination (3
o
), a static driving shear stress component is imposed to the system 

under gravity, which causes the down slope lateral spreading during the earthquake. The ground surface 

profiles for both cases at the end of earthquake shaking are shown in Figure 9.  The respective ground 

lateral spreading for the unfrozen and frozen crust, as measured at about 5 m away from the pile center, is 

1.01 and 1.05 m.  The slightly larger lateral spreading for the frozen case is believed to be caused by the 

much lower permeability of the frozen crust.  A relative displacement of 8 cm occurred between near-

field (or near pile) and far-field soils in both cases. 
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Figure 9. Soil surface displacement profile after earthquake shaking 

 
 
4.2 Pile Response 
The pile lateral displacements at the ground surface for both unfrozen and frozen cases are shown in 

Figure 9.  It is seen that the two time histories show very similar trend.  At the end of earthquake, the 

lateral displacement of pile at the ground surface is 1.13 m and 1.09 m for the frozen crust and unfrozen 

crust cases, respectively.  
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Figure 9. Lateral displacement time histories of pile at the ground surface for both cases 

 

Snapshots of the pile deflection at various times for both cases are shown in Figure 10.  For the pile 

deflection at t = 20 sec, an noticeable change in the curvature can be observed at 2 m below the ground  
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surface for both cases, and the change is sharper for the frozen crust case.  It is noted that the change in 

curvature occurs at the boundary separating the crust and the loose sand layer. 
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Figure 10. Snapshots of pile deflection for (a) with an unfrozen crust and (b) with a frozen crust 

 

Snapshots of pile bending moment at various times for both unfrozen and frozen cases are shown in 

Figure 11, respectively.  It is seen from Figure 11 that local maximum bending moments occur at two 

locations: one close to the loose sand-crust boundary (referred to as upper) and the other within the 

medium dense sand layer (referred to as lower).  For both cases, as excess pore pressure accumulates to 

cause liquefaction in the loose sand layer, the upper max.  bending moment increases and its location 

converges to the loose sand-crust boundary (-2 m), and the lower max. bending moment also increases 

and its location converges to the middle of the medium dense sand layer (-12.5 m).  It is interesting to 

note that the upper max. bending moment increases from 3,000 kN-m for the unfrozen case to 4,750 kN-m 

for the frozen case, or about 60% increase.  It is believed that this is largely due to the stiffness and 

strength difference in the frozen and unfrozen crust.  However, the lower max. bending moment is around 

12,000 kN-m, and it occurs at 60 sec for both cases.  This is due to the fact that the lower max. bending 

moment is caused by the lateral spreading of crust, and the maximum values of lateral spreading for both 

cases are fairly close.  The amount of lateral spreading will likely be affected by the constraints of the 

bridge superstructure and ground inclination angle, which have not been considered in this model. 

  

4.3 Effects of the Crust Stiffness 
In order to investigate the effects of stiffness of the ground crust on the pile response, VS was varied to 

conduct a parametric study.  In addition to the frozen (VS=1,000 m/s) case, two additional analyses with 

ground crust VS of 500 and 750 m/s were conducted.  Figure 12a & b show the respective envelope of 

maximum bending moment and shear at various depths for the three cases.  For comparison, the results 

for VS=200 m/s is also shown.  It is seen from Fig. 12a that for all cases, the upper max. bending moment 

all occurs at the ground crust-loose sand boundary (-2 m), and the lower max. bending moment all occurs 

-12.5 m within the medium dense sand layer.  The upper maximum bending moment increases from 3,100 

to 4,750 kN-m when VS of frozen crust increases from 500 to 1,000 m/s, indicating the results are very 

sensitive to VS.  The lower maximum bending moment is around 12,000 kN-m for all cases and is not 
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sensitive to VS.  It is seen from Figure 12b that local max. shear occurs at three locations: the crust-loose 

sand, the loose sand-medium dense sand and the medium dense sand-dense sand boundaries.  When the 

ground crust VS increases from 200 to 1,000 m/s, the maximum shear at the crust-loose sand boundary 

increases from 2,500 kN to 3,100 kN, or 24% increase.  However, the overall maximum shear occurs at 

the loose sand-medium sand boundary.  When VS increases from 200 to 1,000 m/s, the max. shear 

increases from 3,000 kN to 4,000 kN, or 33% increase.  The maximum shear at the medium dense and 

dense sand is around 2,500 kN for all four cases. 
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Figure 11. Snapshots of pile bending moment for a) the unfrozen crust and (b) the frozen crust 

cases 
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Figure 12. Envelope of (a) pile max. bending moment and (b) pile max. shear force 
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5. CONCLUTION 
 

Numerical simulation of a single pile embedded in liquefiable soils overlain by a frozen or unfrozen crust 

has been carried out by using OpenSees.  A comparison of results bas been made in terms of soil response 

and pile response between these two cases.  A parametric study has been conducted to assess the 

sensitivity of results to the stiffness of the frozen ground crust.  It is found that the max. shear force in the 

frozen crust case is 33% larger than that in the unfrozen crust case; and the max. bending moment at the 

crust-loose sand interface in the frozen case is about 60% larger than that in the unfrozen case. The results 

are sensitive to the change in the stiffness of the frozen crust.  This indicates that the frozen crust will 

have significant impact on the pile performance during earthquakes and further research is necessary in 

order to provide guidelines for accounting for frozen crust effects in pile foundation design. 
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