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ABSTRACT: We develop a new technique for estimating effects of liquefaction-induced 
ground flow on a bridge foundation. This technique first analyzes ground deformation by 
liquefaction-induced ground flow and then applies it to a bridge foundation. Ground 
deformation is obtained by self-weight analysis, in which soil rigidity is reduced 
according to the degree of liquefaction, deformation caused by self-weight of the ground 
is computed by a 2-D finite element method with reduced rigidity, and the resultant 
deformation is regarded as that caused by ground flow. In the second stage of the 
proposed technique, a bridge foundation is so idealized that a rigid footing is supported 
by piles that are supported by soils, considering nonlinear properties of pile bodies and 
the ground. The ground deformation obtained by self-weight analysis is statically applied 
to a bridge foundation, and the deformation and bending moment of piles are computed. 

1 INTRODUCTION 

The Hyogo-ken Nanbu (Kobe) Earthquake of 1995 caused extensive soil liquefaction over a wide area 
of offshore reclaimed lands and natural deposits (Japanese Geotechnical Society, 1996; Japan Society 
of Civil Engineers, 1996). Besides that, near the water's edge, liquefaction induced ground flow with 
the movement of sea walls. Aerial photogrammetry proved that the maximum residual displacement of 
ground flow reached 3 to 4m (Hamada et al., 1995; Public Works Research Institute, 1997). The 
liquefaction-induced ground flow inflicted serious damage to various engineering structures including 
highway bridges. Although highway bridges did not suffer destructive damage due to liquefaction, 
liquefaction-induced ground flow caused large deformation of bridge foundations. Tamura et al. 
(1996, 2000) studied the ground flow force acting on bridge foundation by back analysis of damaged 
foundations, and the results were incorporated into the Design Specifications for Highway Bridges 
(Japan Road Association, 2000), which were revised after the Kobe Earthquake. Due to the 
complexities of liquefaction-induced ground flow, vigorous efforts have still been devoted to study its 
mechanism and influence upon structures (e.g. Hamada and Wakamatsu, 1998; Ogasawara et al., 
2000; Tamura and Azuma, 1997; Towhata et al., 1999; Yasuda et al., 1999). 

This paper presents a newly proposed technique for estimating effects of liquefaction-induced ground 
flow on a bridge foundation. In this technique, we first assess liquefaction potential and estimate the 
degree of liquefaction. Then, we obtain ground deformation resulting from liquefaction-induced 
ground flow by self-weight analysis of the ground, in which shear modulus of soil is reduced 
according to the degree of liquefaction. Finally, we compute the deformation of bridge foundation by 
statically applying ground displacements to the foundation. We calibrated the proposed technique by 
comparing analytical results with field measurement data in the 1995 Kobe Earthquake. The bridge 
pier analyzed is located at the south edge of Uozakihama man-made island, and suffered 62cm 
residual displacement in the longitudinal direction due to the liquefaction-induced ground flow (Public 
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Works Research Institute, 2000). 

Analytical results were consistent with the measured deformation and crack distribution of piles 
damaged by liquefaction-induced ground flow, and validity of the developed technique was 
demonstrated. 

2 METHOD 

As illustrated in Figure 1, we first estimate liquefaction potential at several locations that possess 
different soil profiles. We employ a 1-D equivalent linear method for seismic response analysis of the 
ground, and the liquefaction resistance factor is computed by means of  the cumulative damage theory, 
which was originally developed in the area of fatigue failure. Secondly, we compute ground 
deformation resulting from liquefaction-induced ground flow by self-weight analysis of the ground, in 
which shear modulus of soil is reduced according to the degree of liquefaction. Deformation caused by 
self-weight of the ground is computed by a 2-D finite element method, and the resultant deformation is 
regarded as that caused by ground flow. Thirdly, we obtain distribution of ground displacement along 
a bridge foundation, and statically apply it to the foundation, in which the bridge foundation is so 
idealized that a rigid footing is supported by piles that are supported by soils, considering nonlinear 
properties of pile bodies and the ground. 

3 ESTIMATION OF LIQUEFACTION POTENTIAL 

Figure 2 gives a schematic view of the model for 2-D self-weight analysis. The bridge pier analyzed is 
located 31m apart from the water's edge. Locations where we estimate liquefaction potential are the 
front and back of the quay wall, and the horizontally layered site that is far behind the quay wall. 
These three locations, which are indicated in Figure 2, are chosen to represent the typical soil profiles 
in the analytical model. 

We compute the dynamic shear stress ratio during an earthquake, in which the 1-D equivalent linear 
analysis code "SHAKE" (Schnabel et al., 1972) is employed. Figure 3 shows the soil profile models 
for analysis. Then, we obtain the liquefaction strength ratio RL by the modified cumulative damage 
theory developed by Tatsuoka et al. (1986). In the modified cumulative damage theory, time history of 
shear stress ratio is decomposed into pulses that up- and down-cross the 0-line. Applying the 
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amplitude of each pulse to the equivalent cyclic shear stress ratio by means of the liquefaction strength 
curve, the corresponding number of cycles can be obtained. The sum of reciprocal of cyclic numbers is 
called the cumulative damage D, and soil is regarded to liquefy when D exceeds 1.0. We calculate D 
by changing the amplitude of shear stress ratio, and define the peak amplitude of it as RL when D 
exceeds 1.0. 

The maximum shear stress ratio Lmax is obtained from the result of seismic response analysis, and 
finally the liquefaction resistance factor FL is defined as FL=RL/Lmax. Two horizontal components of 
strong motion record obtained at 83m below the ground surface in the diluvial gravel layer at Port 
Island are employed as input motions, and that yields smaller FL is adopted for the following analysis. 
Figure 4 gives computation results of Lmax, RL and FL. 

4 GROUND DEFORMATION ANALYSIS 

Prior to the ground deformation analysis in which the reduced shear modulus resulting from 
liquefaction is used, we estimate the initial shear modulus GN from the blow count per foot by the 
standard penetration test as follows (Japan Road Association, 1996b): 

E0=28N (1) 

GN= E0/2(1+ν) (2) 

where E0=modulus of deformation (kgf/cm2); N=blow count per foot by the standard penetration test; 
GN=shear modulus (kgf/cm2); ν=Poisson's ratio. 

In the ground deformation analysis, we reduce the shear modulus of liquefied layer according to the 
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liquefaction resistance factor FL. Yasuda et al. (1999) studied the change of shear modulus before and 
after liquefaction by laboratory tests in which sand samples were subjected to monotonic load after 
subjected to cyclic load causing liquefaction. Their results are expressed as the relationship between 
FL and reduction ratio of shear modulus, which is indicated by open circles in Figure 5, and we derive 
the following equation by smoothly fitting the data: 

( ){ }180.35
1 0.315.6exp/ LLN FFGG +−=  (3) 

where G1 denotes the shear modulus of liquefied soil. Using eq.(3), the reduction ratios are obtained as 
1/450 for fill sand, 1/370 for backfill sand, 1/130 for land-side replaced sand and 1/750 for sea-side 
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replaced sand. In the following self-weight analysis, we assume that the shear modulus of surface non-
liquefied layer is 150 times as large as that of liquefied fill sand, which is confirmed to yield surface 
ground displacement that is consistent with measurement after the 1995 Kobe Earthquake. Tables 1 
and 2 summarize soil properties before and after liquefaction. 

We employ a 2-D finite element method for self-weight analysis. The analytical model, which is 
shown in Figure 2, consists of 2255 nodes and 2142 elements. We restrict horizontal motion on the 
lateral boundaries and restrict both horizontal and vertical motions on the bottom boundary. Joint 

Table 1. Soil properties before liquefaction. 

Location 
Modulus of 
Deformation 

E0 (tf/m2) 

Poisson's Ratio
ν 

Angle of Shear 
Resistance 

φ (deg) 

Unit Weight 
γ (tf/m3) 

Above Groundwater 2800 0.33 30 1.80 Fill Sand Below Groundwater 2800 0.33 30 0.77 
Land-side 2800 0.33 30 0.77 Replaced Sand Sea-side 2800 0.33 30 0.77 
Land-side 2400 0.45 0 0.57 Alluvial Clay Sea-side 9300 0.45 0 0.57 
Land-side 19500 0.33 30 0.77 
Beneath Quay Wall 26000 0.33 30 0.77 Diluvial Sand 1 
Sea-side 8000 0.33 30 0.77 
Land-side 44000 0.33 30 0.77 Diluvial Sand 2 Sea-side 25000 0.33 30 0.77 
Land-side 2800 0.33 30 0.77 
Beneath Quay Wall 2800 0.33 30 0.77 Foundation 

Rubble 
Sea-side 484 0.33 30 0.77 
Above Groundwater 2.5×106 0.167 - 2.20 Quay Wall 
Below Groundwater 2.5×106 0.167 - 1.17 

Table 2. Soil properties after liquefaction. 

Location 
Liquefaction 
Resistance 
Factor FL 

Shear Modulus
Reduction 

G1/GN 

Shear Modulus
G1 (tf/m2) 

Modulus of 
Deformation 

E0 (tf/m2) 

Poisson's Ratio
ν 

Fill Sand (Above Groundwater) - 1/3 352.7 938.1 0.33 
Fill Sand (Below Groundwater) 0.79 1/448 2.086 6.25 0.499 
Backfill Sand 0.84 1/374 2.497 7.49 0.499 

Land-side 0.97 1/133 7.016 21.03 0.499 Replaced Sand Sea-side 0.63 1/752 1.241 3.72 0.499 

 

 
Figure 6. Ground deformation. 



6 

elements are placed at the back and bottom of quay wall to allow slip and exfoliation. Figure 6 shows 
the computed ground deformation. We see from this figure that the quay wall moves toward the sea, 
standing almost up straight. Ground behind the quay wall subsides, while sea bottom in front of the 
quay wall rises up. Shear strains are concentrated beneath the quay wall. 

Horizontal displacement and settlement on the ground surface are plotted against distance from the 
water's edge in Figure 7. Also plotted are the residual displacements surveyed after the 1995 Kobe 
Earthquake. The general trend of computed displacement agrees with that of field measurement. Large 
settlement is observed over the 30m range from the water's edge. Figure 8 gives the distribution of 
horizontal displacement at the location of bridge pier analyzed, i.e. 31m apart from the water's edge. 
Displacement on the ground surface is estimated as 1.8m at this location. Ground displacement 
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increases markedly from 18m below the surface. Note that this depth corresponds to the lower bound 
of liquefied layer and ground displacement is mainly amplified in this layer. 

5 SEISMIC DEFORMATION ANALYSIS 

A bridge foundation is so idealized that a rigid footing is supported by piles that are supported by 
soils, considering nonlinear properties of pile bodies and the ground. This model was developed after 
the 1995 Kobe Earthquake (Japan Road Association, 1995), and has been employed in the Design 
Specifications for Highway Bridges (Japan Road Association, 2000). Figure 9 presents the foundation 
model for seismic deformation analysis. This model consists of 635 nodes and 266 elements (210 
beam elements and 56 spring elements). We allow both horizontal and vertical motions and restrict 
rotational motion at the tip of pile. 

Ground deformation along the pile foundation, which was obtained in the former section, is statically 
applied to the foundation model through springs. Dead load of superstructure is also applied to the 
footing. Figure 10 shows pile deformation and distribution of bending moment. Number of cracks and 
crack width that were monitored by borehole camera are also shown in the same figure. Horizontal 
displacement at the pile head is computed as 60cm. The residual displacement after the 1995 Kobe 
Earthquake, which was measured at the bottom of pier column, was 62cm. The computed 
displacement coincides with the measured one. Bending moment at the pile head and that between 20 
and 23m exceed the yield moments. This is consistent with the fact that wide cracks were observed at 
those depths. 

6 CONCLUSIONS 

In order to estimate effects of liquefaction-induced ground flow on a bridge foundation, we develop a 
new technique that integrates liquefaction potential estimation, ground deformation analysis and 
seismic deformation analysis. We apply this technique to the bridge foundation that suffered residual 
displacement due to liquefaction-induced ground flow in the 1995 Kobe Earthquake, and compare 
analytical results with field measurements. The following conclusions may be deduced from the 
present study. 

1) The Ground deformation analysis with appropriate assessment of soil properties yields a good 
approximation of the ground displacement caused by liquefaction-induced ground flow. Analytical 
result agrees well with the measured attenuation characteristics of ground displacement with the 

1.20.80.40.0-0.4
Horizontal Displacement (m)

-40

-30

-20

-10

0
D

ep
th

 (m
)

 Land-side Pile
 Central Pile
 Central Pile
 Sea-side Pile

-800 -400 0 400 800
Bending Moment (tf•m)

 Analysis
 Mc
 My
 Mu

Sea-side Pile

1086420
Number of Cracks

Pile
  No.3 
  No.5 

543210
Crack Width (mm)

Pile
  No.3 
  No.5 

Sea-side

Land-side

Pile No.3
Pile No.5

Figure 10. Pile deformation, bending moment and crack distribution. 



8 

increase of distance from the water's edge. 

2) The seismic deformation analysis well estimates the deformation of pile foundation. Pile 
deformation and bending moment by the proposed method are consistent with the residual 
displacement of bridge pier and measured crack distributions. 
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