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ABSTRACT 
 
The liquefaction induced pile responses have attracted research attentions for many years. Modern 
geotechnical performance-based design codes therefore require proper structural analyses to predict 
deformations and stresses of the piles during earthquake. With these regards, this paper suggests a 
simplified but effective procedure called EQWEAP for the modeling. In such procedure, seismic 
ground motions of a free-field site, where the possible liquefaction effects might occur, were first 
calculated from one-dimensional lumped mass model. The ground displacements were then used to 
solve the discrete wave equations to obtain the corresponding pile displacements. To procure better 
solutions, excess pore pressure from the empirical model was carefully calibrated with considering the 
liquefaction potential of the soils. A couple of case studies based on pile foundation failures reported 
on the Niigata earthquake in 1964 were conducted to see the applicability of this procedure. Overall, 
this solution, which is quite simple though, can predict the pile responses due to the soil liquefaction. 
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INTRODUCTION 
 
The earthquake-caused liquefied soils can result in considerable loss in the soils’ resistances 
to the pile. The effects of soil liquefaction and liquefaction induced ground flow have 
attracted tremendous research attentions in recent years. Excellent simulations can be found 
in the papers presented in 2005 UC Davis workshop on seismic performance of pile 
foundation in liquefied and laterally spreading ground. Although the dynamic and effective 
stress analysis using the complete finite element method is rigorous enough to solve the 
problem, however, it is relatively time-consuming and complicated for routine design work as 
compared with the simplified dynamic solution. The later (Boulanger et al., 1999; Wilson et 
al., 2000; Brandenderg et al., 2005) was thus suggested based on the dynamic Winkler’s 
foundation model of the pile analyzed through one dimensional finite element segments. 
More recently, alternative pseudo static solutions of the Winkler’s foundation model were 
also found in Arduino et al. (2005), Liyabapathirana and Poulos (2005) and Lin et al. (2005). 
In all these simplified approaches, seismic ground motions, without exception, need to be 
computed first in order to obtain the corresponding pile response. Further, the soil 
liquefaction induced ground motions can be modeled through either the use of simple 
reduction factors for the soil parameters or a more rigorous model in which the excess pore 
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pressure influences are carefully monitored during the earthquake. With the above modeling, 
the approximate nonlinearities of the soils during liquefaction could be detected more 
thoroughly. For post-seismic permanent ground deformations induced by soil liquefaction, 
namely the lateral spreading of ground where the pile failure is primarily dominated, static 
solutions of the Winkler’s foundation model were found available with corresponding earth 
pressures or profiles of ground deformations (Tokimatsu and Yoshimi, 1983; Ishihara and 
Cubrinovski, 2004). In comparison with the observations in the model tests and the field, 
these solutions were found valuable. It was generally noted that the pile failure would often 
occur at the interfaces between the liquefied and non-liquefied layers. With the dynamic 
Winkler’s foundation model on hand, numerical solutions based on the finite difference 
schemes have been suggested by the authors on vertical and horizontal pile deformations 
under the earthquake (Chang et al., 2001; Chang and Lin, 2003; Chang and Lin, 2006). The 
seismic ground motions of a free-field site were obtained from one-dimensional lumped mass 
analysis. The resolved ground motion was then superimposed on the discrete wave equations 
for the pile responses.  This procedure has been denoted as EQWEAP, which stands for the 
relevant work evolved from ordinary wave equation analysis of pile foundation. Figure 1 
illustrates the uncoupled scheme and the procedures of EQWEAP. For ground response due to 
the horizontal earthquake excitations, the equations used to solve for a multi DOF layered 
system could be easily found in many texts. This study encompasses the excess pore pressure 
model suggested by Finn and Thavaraj (2001), implemented into the lumped mass analysis of 
this research, in order to extend its analysis of the liquefaction effects. The details of the wave 
equations and the excess pore pressure model as well as the necessary calibrations are 
discussed next. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Uncoupled scheme and the procedure of EQWEAP 
 

DISCRETE SOLUTION FOR PILE RESPONSE 
 
For lateral response of the pile during seismic shaking, the governing differential equations of the pile 
can be derived as follows considering the force equilibrium for pile segment (see Figure 2) 
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where )( sp yyy −=  is the relative pile displacements, py  =the absolute pile displacements, sy =the 

absolute soil displacements, pE  =Young's modulus of the pile; pI = moment of inertia of the pile, 
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pρ =the uniform density of the pile, pA = cross-section area of the pile; xP = the superstructure loads, 

sC  and sK = damping coefficient and stiffness of the soils along the pile. Considering earthquake 
loading transiting from the soils, Eq. (1) can be derived as follows: 
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simply use a free-field analysis to obtain the liquefied soil displacements, and substitute them into this 
equation for desired pile responses. In addition, the discrete equations at pile head and tip obtained 
with explicit difference formulations and proper boundary conditions could be derived as follows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Discrete system of the single pile 
 

MODELING THE LIQUEFACTION 
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Pile head fixed against rotation: ( )
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Pile tip assumed to be long pile: ( )
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head. The discrete equations have the advantage that no matrix analysis is required. The equations can 
be independently solved in a short time to obtain the pile responses. 
The empirical model suggested by Martin et al. (1975), Finn et al. (1977), Finn and Thavaraj (2001) 
on excess pore pressure generation during the earthquake is adopted herein to obtain the free-field 
ground response. The model for soils at undrained condition is simply described as follows. 
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where uΔ = excess pore water pressure; vdεΔ = increment in volumetric strain; rE = one dimensional 
rebound modulus at an effective stress v'σ ; 

pn = porosity, and wK  is the bulk modulus of water. For 
saturated sand rw EK >> , the excess pore pressure could be simplified as follows. 
 
 r vdu E εΔ = Δ  (7) 
 
According to simple shear test, the volumetric strain increment ( vdεΔ ) is a function of the total 
accumulated volumetric strain ( vdε ) and the shear strain (γ ). The relationship has the form given by 
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where [i] = ith time step or cycle; and 1C , 2C , 3C , and 4C  are constants depending on the soil type 

and relative density. Analytical expression for rebound modulus ( rE ) at any effective stress level 
( v'σ ) is given by 
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where '

0vσ  is initial value of the effective stress; and 2k , m  and n  are experimental constants for the 
given sand. 
 
The calculations of the excess pore pressure were then used in conjunction with following equations in 
which the soil moduli are analyzed. Shear modulus of the soil is determined from the equation given 
by Seed and Idriss (1970), i.e., 
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where 2K  is a parameter varying with shear strain and m'σ  is the mean effective stress. G  is 
iteratively modified with the shear strain and effective mean stress according to the excess pore 
pressure generated during the seismic shaking. The equilibrium of the system is ensured for the 
convergence of the iterations. To have better control the excess pore pressures prediction for soils at 
deep depths, one can use the following formula (Tokimatsu and Yoshimi, 1983) to calibrate the excess 
pore pressure from pre-analyzed liquefaction potential of the soil. In that case, the pore pressure ratio 
( ur ) can be defined as a function of factor of safety against liquefaction LF  , written as follows. 
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where 1α , 1β  are the experienced constants. 
 

APPLICATIONS WITH CASE STUDIES 
 
Case histories of the pile foundation failures in 1964 Niigata earthquake reported by Hamada (1992) 
were selected to see the applicability of proposed procedure. The field investigation had shown that 
the large ground displacements and the pile failure were found where the soil liquefaction appeared to 
be the causative problem. As it was pointed out that the pile response is primarily dominated by the 
permanent ground deformations whereas the proposed solution could not work properly, one could 
become interested to see the comparisons between the report and the proposed solutions as well as the 
data presented by others. In the following studies, piles were assumed elastic while soil nonlinearities 
were approximated using the excess pore pressure model. 
 
Case I - Niigata Family Court House, Japan  
The Niigata Family Court House was a four-story building located on the left bank of the Shinano 
River. The building was founded on concrete piles (see Figure 3(a)) with diameter of 35 cm and length 
of 6 to 9 m. During the earthquake, the pile foundations were damaged by liquefaction-induced ground 
displacement. Excavation surveys had shown that two piles (No.1 pile and No.2 pile) had severe 
cracks (see Figure 3(b)). Supposedly, they were crushed at the excessive bending moments at the 
interface between the liquefied and non-liquefied layers. According to Hamada’s report, the permanent 
ground displacement in the vicinity of building moved approximately by 1.1m and the maximum 
displacement of No.1 pile and No.2 pile were respectively 50 cm and 70cm. To be concise, the entire 
soil system is assumed as two layers. The upper layer from the ground surface to the depth of 8m is 
classified as medium-dense sand, whereas the lower layer from the depth of 8 to 11m is classified as 
dense sand. All the soil and pile properties are listed in Table 1. The acceleration time history for the 
NS-component of the earthquake is illustrated in Figure 4. The initial shear modulus of the soils was 
calculated and presented in Figure 5(a). The variation of the shear modulus is similar to the Gibson 
profile. One can conduct lumped mass analysis to obtain the ground response considering the effects 
of liquefaction. The pore water pressure ratios versus the depths from the liquefaction potential 
analysis are illustrated in Figures 6. The pore pressure ratio pressure ( ur ) associated with the factor of 
safety against liquefaction was evaluated using the liquefaction potential method suggested by 
Tokimatsu and Yoshimi (1983). Figure 7 shows the time histories of ground motions. It was noted that 
the peak displacement at the surface is about 47 cm, and the peak displacements would vary in the 
zone of liquefaction (2~8 meters under the ground surface. The peak displacements would reduce to 
about 3 cm below the liquefied zone. Applying the ground displacements to the discrete wave 
equations, the corresponding pile displacements were solved subsequently. Figure 8 plots envelop of 
the elastic peak pile displacements at various depths from the wave equation analysis. It can be seen 
that the maximum peak value would occur at pile head and the relative displacements between the pile 
head and pile tip are 50 cm and 69 cm for No.1 and No. 2 piles, respectively. The envelopes of the 
peak bending moments along the piles are shown in Figure 9, which shows that the maximum peaks, 
even from this approximation, would occur approximately at the interface of the liquefied and non-



liquefied layers. The elastic pile moments were found exceeding the yielding and ultimate moments of 
the pile. Comparing with the numerical results from Meryersohn (1994) as those shown in Figure 10, 
the critical predictions were found nearly consistent with the ones that ever reported despite that the 
effects of the surficial crust were neglected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 3. Foundation beams and damage to piles of Niigata Family Court House  
(from Hamada, 1992) 

Table 1. Material properties for piles and soils 
Case Studies Niigata Family Court House Yachiyo Bridge 

Pile Properties 
( )2 P PE I kN m−  

( ) crM kN m−  

( ) yM kN m−  

( ) uM kN m−  
Axial Load ( kN ) 

No. 1 

5625 

2.65 

45 

56.61 

29 

No. 2 

7500 

18.19 

75 

86.17 

290 

 

5000 

9 

41 

50 

140 

Soil Profile Upper Layer Depth (m) 
( )3 /s kN mγ  

( ) degreesϕ  

0.0-8.0 

16.5 

32 

0.0-3.0 

14.4 

30 

Middle Layer Depth (m) 
( )3 /s kN mγ  

( ) degreesϕ  

- 

- 

- 

3.0-11.0 

12.5 

25 

Lower Layer Depth (m) 
( )3 /s kN mγ  

( ) degreesϕ  

8.0-11.0 

18.5 

34 

11.0-14.0 

18.5 

40 

 
 
 

(a) Foundation of Niigata Family Court House (b) Damage to piles and SPT-N values in situ 



 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 4. Time history of Niigata Earthquake (NS Component) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Shear modulus distribution in soil stratum 
 

 
Figure 6. Pore water pressure ratios and reduction factor versus various depths (case I) 
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Figure 7. Time histories of ground motions at different depths (case I) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8. Maximum pile displacements for No.1 Pile and No.2 Pile 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Maximum pile bending moments for No.1 Pile and No.2 Pile 
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Figure 10. Numerical results for piles of Niigata Family Court House (from Meyersohn, 1994) 
 
Case II – Yachiyo Bridge, Japan  
The abutment and piers of the Yachiyo Bridge across the Shinano River were also damaged 
during the Niigata earthquake (see Figure 11(a)). The foundations of piers (P1 and P2) had 
been constructed on the concrete piles with a diameter of 300 mm and a length of 10 m. It was 
reported that the P2  pier  moved by 1.1 m as a result of permanent ground deformations. 
Figure 11(b) shows the failure conditions of P2 after the earthquake. It was reported that the 
pile breaks severely at about 8 m below the pile head. The cracks caused during large bending 
moment were found at the interfaces of the liquefied and non-liquefied layer. The soils were 
divided into three layers as listed in Table 1.With the same procedure, the initial shear 
modulus and the pore water pressure ratio versus the depths are illustrated in Figure 5(b) and 
Figure 12. It is obvious to notice that the liquefied zone locates at the depths of 4 m to 10 m. 
The time histories of the ground motions are plotted as shown in Figure 13. The peak 
displacement at the ground is 91.9 cm at the surface, whereas the peak displacements at the 
liquefied zone vary between 30~45m. The peak ground displacement drops rapidly below the 
zone of liquefaction, corresponding peak displacements were found less than 4 cm. The 
envelope of the elastic peak pile displacements is shown in Figure 14(a). It indicates that the 
maximum pile displacement would occur at the pile head, whereas the difference between the 
displacements at the pile head and the pile tip is about 1.05 m. The maximum peak bending 
moment along the pile as shown in Figures 14(b) was again found taking place between the 
liquefied and non-liquefied layers. They would exceed the ultimate values suggested by Lin et 
al. (2005) shown in Figure 15. The major difference is believed to be caused by the pile 
nonlinearities. Again, the results would support the evidences and finding of the critical pile 
responses discussed by Hamada (1992) and Lin et al. (2005). 
 

SUMMARY AND CONCLUSIONS 
 
This study considers the liquefaction effects to the pile foundation using the excess pore pressure 
model. With the wave equation analysis and iterative procedure, the responses of piles under 
liquefaction can be computed and compared with a couple of case histories form the Niigata 
earthquake records. The remarks are as follows: 
1. Based on the suggested numerical procedure EQWEAP, one can evaluate the free-field ground 

No.2 Pile No.2 Pile 

No.1 Pile No.1 Pile 



motions at various depths, and thus use them to estimate the corresponding pile responses during 
the soil liquefaction. This procedure provides a simplified but reasonable dynamic analysis to the 
pile foundation design work. 

2. The excess pore pressure during the liquefaction can be calibrated with the pore pressure ratio in 
order to provide reasonable results for the soils underneath the liquefiable layers. In that case, the 
pore pressure ratio could be first calculated from the empirical formula on relations between the 
pore pressure ratio and the factor of safety against liquefaction. 

3. It was also found that the pile shaft at the interfaces between liquefied and non-liquefied layers or 
layered materials with high velocity contrast would induce large bending moments for foundation 
failures. Engineers can use such technique to inspect the structural safety for piles at the sites where 
liquefaction could occur. For the pile failures caused by post-seismic permanent ground 
deformations, attentions are further required. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
  

Figure 11. Damage to Yachiyo bridge (from Hamada, 1992) 
 

 
Figure 12. Pore water pressure ratios and reduction factor versus various depths (case II) 
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(a) Damage to Yachiyo bridge (b) Damage to P2 and SPT-N values in situ 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. The time history of ground motions at different depths (case II) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. The envelope of the peak displacements and maximum pile bending moments for P2 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Numerical results for piles of Yachiyo Bridge (from Lin et al., 2005) 
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