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ABSTRACT: A multiple steel pipes bridge pier integrated by pile foundation without a footing has been proposed to design a rational 
foundation of the bridge pier structure. Based on the past achievements, the proposed substructures possess an excellent advantage of 
reduction of strain at the column through strain decentralization at footing point. In addition, reduction in footing weight contributes 
to decrease pile strain. On the other hand, the proposed substructure has some disadvantages i.e. increase in strain and displacement 
of piles. But it has been revealed that the strain generated at piles can be minimized by using underground beams around pile heads in 
the ground. In this paper, the seismic performance of the proposed bridge pier structure grounded in dry sand and liquefiable sand is 
evaluated based on the large-scale shaking table tests using bridge pier and foundation models with the scale of 1/20. As with the past 
achievements, the proposed structure has advantages of strain reduction of column by strain decentralization at footing point. It is 
recognized that it has high seismic performance and high toughness in view of the fact that the main members (columns and piles) 
hold a large residual strength after yielding of the shear panels. 

RÉSUMÉ : On a proposé une colonne de pont intégrée par des conduits (pipes) multiples d'acier et connecté directement aux piles sans 
un appui pour concevoir une base (fondation) raisonnable de la structure de colonne de pont. Basé sur les accomplissements passés, les 
infrastructures proposées possèdent un avantage excellent de réduction de tension à la colonne par la décentralisation de tension au point 
d'appui. De plus, la réduction du poids d'appui contribue pour diminuer l'inertie impose l'acte aux piles. D'autre part, l'infrastructure 
proposée a quelques inconvénients c'est-à-dire augmentation de la tension et le déplacement de piles. Mais il a été révélé que la tension 
produite aux piles peut être minimisée en utilisant des rayons (poutres) souterrains autour des responsables (tê tes) de pile dans la raison 
(terre). Dans ce papier, la performance sismique de la structure de colonne de pont proposée fondée dans le sable sec et le sable 
liquéfiable est évaluée basée sur les tests de table de tremblement à grande échelle utilisant des modèles de colonne de pont avec l'échelle 
de 1/20. Comme avec les accomplissements passés, la structure proposée a les avantages de réduction de tension de colonne par la 
décentralisation de tension au point d'appui. Il est reconnu qu'il a la performance haute sismique et la haute dureté puisque les membres 
principaux (des colonnes et des piles) tiennent une grande force résiduelle après avoir cédé des panneaux se tondant. 
KEYWORDS: multiple steel pipes bridge pier integrated with pile foundation, damage control design, footing-less, pile foundation. 

 
1  INTRODUCTION 

A bridge column integrated by multiple steel pipes and multiple 
shear panels interconnecting the pipes (Fig. 1) has been 
proposed and put into practical use (Shinohara et al., 2012). The 
bridge column is designed based on damage-control concept, in 
which the vertical load such as dead load and traffic load is 
supported by multiple steel pipes, and lateral load such as 
seismic load is adjunctively supported by shear panels made of 
low yield steel. Seismic damage will be aggregated on only the 
shear panels so that it enables early recovery by replacing only 
the shear panels after an earthquake. 

Subsequently, a multiple steel pipes bridge pier integrated by 
pile foundation without a footing has been proposed to design a 
more rational foundation (Shinohara et al., 2013). Based on the 
past achievements, the proposed substructures have advantage 
of strain reduction at the column by strain descentralization at 
footing point. In addition, reduction in footing weight 
contributes to decrease pile strain. On the other hand, the 
proposed substructure has some disadvantages i.e. increase in 
strain and displacement of piles. But it has been revealed that 
strain of piles could be decreased by using a beam in the ground.  

In this paper, the seismic performance of the structure in dry 
and liquefiable sand is evaluated based on the large-scale 
shaking table tests using a bridge column model with the scale 
of 1/20, comparing to a conventional pile foundation using a 
footing. 

2  OUTLINE OF SHAKING TABLE TEST 

Fig. 2 shows the bridge column and foundation model with the 
scale of 1/20 used in the shaking table tests. Two types of 
models are used; one has a group of pile foundation (8 piles) 
with a footing and the other has directly connected piles (4 
piles) without a footing. In this paper, each model is called F-
type and S-type, respectively. The integrated bridge column 
consists of 4 steel pipes (STK 400) and three-layered shear 
links (LY225) to interconnect the pipes. In S-type, the 
underground beam is used to interconnect the piles around the 
pile head for the purpose of reducing displacement of the pile 
head. The pile and pipe spacing is set to be 2.5Dp (Dp: pile 
diameter). A weight of 52.6 kN is applied at the pier top. 

Fig. 3 shows the schematic view of the shaking table tests. 
The soil chamber, which measured 4.0 m in length, 1.0 m in 
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 width and 2.0 m in depth, has cushioning material made of 
foam rubber on the sidewall surface in order to reduce the 
influence of the rigid sidewall during shaking. In the case for 
dry sand, the ground is modeled by Tohoku silica sand #6 with 
relative density (Dr) of 80 % using tamping method. In the case 
for liquefiable sand, the liquefiable ground is modeled by 
pluviation in water using Tohoku silica sand #6 with Dr of 40 %. 
The non-liquefiable ground is modeled in the same manner as 
the case of dry sand. Ground water level in the liquefiable sand 
cases is set up to G.L. -0.2 m. The ground configuration in 
detail is described in Fig. 3. The soil physical properties are 
shown in Table 1.  

The layout of measuring instruments such as displacement 
gauges, accelerometers and pore water pressure gauges are also 
shown in Fig. 3. The strain gauges are attached on the column, 
piles and shear panels. As input, 20 cycles of a 2 Hz sinusoidal 
tapered wave is used, varying the target acceleration amplitude 
from 0.62 m/s2 to 5.25 m/s2 in a step-by-step manner for the dry 
sand case and setting it up as 2.0 m/s2 for the liquefiable sand 
case. Table 2 shows the test cases. 

 

Steel pipe

Shear panel 
made of 
low yield 
steel

Shear link

 
Figure 1. A bridge column integrated by multiple steel pipes and 
multiple shear panels interconnecting the pipes. 
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Figure 2. Schematic view of the model used in the tests. 
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Figure 3. Schematic view of the shaking table tests (L-S). 
 
Table 1. Soil physical property of Tohoku silica sand #6. 
Maximum dry density 
dmax (g/cm3) 

1.695 
Maximum grain size 
(mm) 

0.85 

Minimum dry density  
dmin (g/cm3) 

1.401 D60 (mm) 0.35 

Soil particle density  
s (g/cm3) 

2.630 Mean grain size D50 (mm) 0.34 

Maximum void ratio emax 0.878 D30 (mm) 0.30 

Minimum void ratio emin 0.551 D10 (mm) 0.23 

Uniformity coefficient Uc 1.52  
Coefficient of curvature 
Uc’ 

1.12 

 
Table 2. Test cases. 

 F-type S-type 

Dry sand D-F D-S 

Liquefiable sand D-F D-S 

3  TEST RESULTS AND DISCUSSION 

Fig. 4 shows the relationship between maximum response 
acceleration and maximum lateral displacement at the pier top 
for all steps in the dry sand cases. The initial stiffness for D-F is 
obviously bigger than that for D-S at the 1st and 2nd steps. 
However, sharp decline in rigidity for D-F is observed at 3rd 
step, gradual decline in rigidity for D-F is observed from first 
to last. Out-of-plane deformation of the shear panels has 
occurred at the 3rd step for D-F, therefore, subsequently 
excitation was not carried out for D-F. 

Table 3 shows the damage process of the member in each 
step. The yield strain of the panels and the underground beam 
(UB) is 1770  and 2590  based on the mill test certificate, 
respectively. Out-of-plane deformation of the shear panel is 
determined on the basis of the rapid change of shear strain and 
visual confirmation. Yield strain of the steel pipe is defined as 
2000  that is common plastic strain of steel. 

Fig. 5 shows the relationship of the response acceleration at 
the pier top - the shear strain of the shear panels and the 
underground beam under the state shown in Table 2 of (a) to (d). 
Fig. 6 shows the shear panel before and after the tests. The 
shear panel of D-F behaves in elastic condition during 1st step. 
The non-linearity and history loop due to elastic-plastic 
behavior is observed for the shear panel of D-F during 2nd and 
3rd step. The non-linearity due to elastic-plastic behavior is 
finally observed for the underground beam of D-S during 8th 
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1st step (0.62 m/sec2)

2nd step (0.94 m/sec2)

3rd step (1.45 m/sec2)

4th step (2.01 m/sec2)

5th step (2.47 m/sec2)

6th step (3.07 m/sec2)

7th step (3.63 m/sec2)

8th step (5.25 m/sec2)

Excitation Step No.
(Max. Acc. Amp.)

Shear panel Shear panel
Pier UB

Footing type (D-F) Footing-less type (D-S)

Upper Middle Lower Upper Middle Lower
Pile Pier Pile

(a)

(b)

(c)

(d)

Elastic

Plastic

Out-of-plane
deformation

Elastic

Plastic

Possible plastic

Shear panel Pier / Pile

step. In the case of D-F, lowering of the yield strength caused 
by out-of-plane deformation of the shear panel induced a sharp 
decrease in the rigidity of the entire structure. In the case of D-S, 
out-of-plane deformation of the shear panel did not immediately 
occur even after their yielding. Also, the underground beam is 
plastically deformed even after out-of-plane deformation of the 
shear panel, maintaining the energy absorption function. 

Fig. 7 shows the strain on the column and piles while 
generating the maximum lateral displacement at the pier top 
during 3rd step, indicating the yield strain of the column and the 
pile (2000 ). In the case of D-F, the strain is concentrated on 
the pier base due to the large difference in rigidity of the pier 
and the pile foundation with the footing. In contrast, in the case 
of D-S, although the strain of the pile around G.L. -0.5 m is 
relatively large, the strain distribution is continuous between the 
pier and the pile. Since the strain is dispersed throughout the 
structure including the pile foundation, the main member is not 
locally damaged. 

Fig. 8 shows the estimated deformation of both structures 
while generating the maximum lateral displacement at the pier 
top during 2nd and 3rd step, comparing with the observation at 
the pier top and the pile head. The displacement time history of 
the structure at each point is calculated based on the second-
order integration using trapezoidal rule from the results of the 
accelerometer installed in the specimen shown in Fig. 3. 
Although the estimated value for D-F is slightly larger than the 
observation, the estimation method is reasonable because there 
is no significant difference in the estimated value and the 
measured value in the other case. Although the displacement of 
the pier top for D-S is larger than that for D-F at 2nd step, the 
opposite trend is seen at 3rd step. It is consistent with the above 
results, indicating evidence that the main member is not locally 
damaged in the case of D-S. 
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Figure 4. Relationship between maximum response acceleration and 
maximum lateral displacement at the pier top.  
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Figure 5. Relationship between response acceleration at pier top and 
shear strain of upper shear panel and underground beam under the state 
shown in Table 2 of (a) to (d). 
 

   
Figure 6. Shear panels before and after shaking. 
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(a) D-F                    (b) D-S 

Figure 7. Strain on the column and piles while generating the maximum 
lateral displacement at 3rd step. 
 

 Table 3. Damage process of the member for the dry sand case. 
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 Fig. 9 shows the relationship of the response acceleration - 
displacement at the column top for the liquefiable sand case. 
Although the initial stiffness of the L-F is greater than that of L-
S, non-linear behavior is observed along with the progress of 
displacement and the history loop is expanded for L-F. On the 
other hand the history loop is not observed and the linear elastic 
behavior is shown as a structural whole system for L-S. 

Fig. 10 shows the strain on the column and piles while 
generating the maximum lateral displacement. The strain 
distribution shape is greatly different between two structures, 
the maximum strain in the whole structure generates at the 
column base for L-F and on the pile for L-S. The maximum 
strain has reached 3000  in column base for L-F. Conversely 
the maximum strain in the pile for L-S has not exceeded the 
yield strain.  

Fig. 8(c) shows the estimated deformation of both structures 
while generating the maximum lateral displacement at the pier 
top for the liquefiable sand case. The deflection for the 
liquefiable sand case is the same trend as those during 3rd step 
for the dry sand case. However, it is obvious that the deflection 
of the pile in the ground for L-F is much larger than that for L-S. 
It is caused by the difference of the relative displacement of the 
pile and the ground as shown in Fig. 11, which means so-called 
kinematic soil-structure interaction. Here, positive relative 
displacement refers to the active earth pressure state. 

4  CONCLUSIONS 

A bridge column integrated by multiple steel pipes and 
connected directly to piles without a footing is proposed as the 
reasonable damage-controlled structure. In this paper, the 
seismic performance of the structure in dry and liquefiable sand 
is evaluated based on large-scale shaking table tests. As with 
the past achievements, the proposed substructures have 
advantages of strain reduction of column by strain 
descentralization at footing point. In addition, based on the fact 
that the main members such as the columns and piles yield after 
the shear panels (secondary member) yield, the proposed 
structure has a damage control performance by energy 
absorption due to plastic deformation of the shear panels. In 
particular, S-type has high seismic performance because the 
main member holds a large residual strength even after yielding 
of the shear panels. 
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Figure 9. Relationship between response acceleration and lateral 
displacement at the column top. 
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(a) 2nd step for Dry sand case    (b) 3rd step for Dry sand case 
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(c) Liquefiable sand case 

Figure 8. Estimated deformation of structure. 
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(a) L-F                    (b) L-S 

Figure 10. Strain on the column and piles while generating the 
maximum lateral displacement for the liquefiable sand case. 

 

-1 0 1 2 3 4 5
-2.0

-1.5

-1.0

-0.5

0.0

D-F(3)
D-S(3)

H
ei

gh
t [

m
]

G.L.

Relative displacement [mm]
-10 -5 0 5 10

-2.0

-1.5

-1.0

-0.5

0.0

L-F
L-S

H
ei

gh
t [

m
]

Relative displacement [mm]

G.L.

Liquefiable
layer

 
(a) 3rd step for Dry sand case    (b) Liquefiable sand case 

Figure 11. Relative displacement of the pile and the ground. 
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