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Abstract. Pier-Pile integral structures provide construction works with many environmental
and landscape advantages. For example, the space required to construct these structures is
smaller than that of other bridges due to the footing being removed, meaning that it is not
necessary to greatly change the surroundings of these bridges. While there are environmental
and landscape advantages, there are also a few demerits for the overall landscape designs,
including demerits in the design of this proposed structure which consists of relatively slender
parts. This proposed structure has already been constructed in areas where possibility of a
severe earthquake is low. However, some problems that have yet to be examined are related
to the use of this proposed structure in areas where earthquakes are frequent. Lacking de-
tailed studies of its behavior during severe earthquakes, it is currently difficult to construct
these structures in Japan. Consequently, it is necessary to investigate in detail limited per-
formance about compression and bending moment, and earthquake-resistant performance of
these structures in order to resolve these problems.

The authors had previously clarified the relationship between the rigidity of the ground and
the effective buckling length, and the compressive strength of the Pier-Pile Integral Steel
Structure. Moreover, we had proposed a simplified formula using a proposed characteristic
value, and had revealed the relationship between effective buckling length and compressive
strength of the Pier-Pile Integral Steel Structure.

In this paper, we verify the compressive strength after confirming the residual stress of the
ERW (Electric Resistance Welded) pipes. Moreover, the relationship with the Euler curve and
the load-bearing capacity curve of box-shaped cross-section from the Japanese standards is
clarified.

© 2017 The Authors. Published by Eccomas Proceedia.
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1 INTRODUCTION

Pier-Pile integral structures provide construction works with many environmental and
landscape advantages. For example, the space required to construct these structures is smaller
because there are no footings, which avoids changing topography and protects the landscape.
Some examples of the use of Pier-Pile integral structures include the temporary gantry in Ja-
pan and the pedestrian bridge [1] in other parts of the world. (Figure 1: Example of Pier-pile
integral structure.) However, construction of these structures presents a few problems. In par-
ticular, damaged areas cannot be identified after being subjected to a major earthquake.
Therefore, it is currently difficult to construct these structures in Japan, a country where major
earthquakes frequently occur. It is necessary to understand compression and bending behavior
of these members, earthquake-resistant performance, and limit performance in detail in order
to tackle these problems.

image by schlaich bergermann partner

Figure 1: Example of Pier-pile integral structure.

In accordance with the Japanese standards [2; herein after Japan Standard II], piers are de-
signed based on the capacity stress obtained from the load-bearing capacity curve after de-
signing the slenderness ratio parameter A from the effective length derived from boundary
condition. However, in the case of Pier-Pile integral structures, it is hard to decide the effec-
tive buckling length for calculating slenderness ratio parameter 4 as the lower part of the pier
is supported by springs. Although the effective buckling length can be calculated from the
beam theory on the elastic floor, it is unsuited for practical design due to its inconvenience.

In addition, the load-bearing capacity curve of the Pier-Pile integral structure supported by
the springs at the lower part is different from the application condition of the load-bearing ca-
pacity curve shown in the Japan Standard, so its applicability is unclear.

In view of this background, this paper aims to clarify the relationship between the effective
buckling length of the Pier-Pile integral structure and characteristic value f specified in the
Japanese standards [3; herein after Japan Standard IV]. Furthermore, the load-bearing capaci-
ty curve of the pier-pile integral structure with residual stress is to be verified.

In this paper, the aerial part and the underground part of the Pier-Pile integral structure are
referred to as "pier" and "pile" respectively.
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2 THE EFFECTIVE LENGTH OF THE PIER-PILE INTEGRAL STRUCUTRE

2.1 The target structure of the study

The target structure of this study is a single column pier with its lower part supported by
spring. Figure 2: A single column pier with lower part supported by spring. It consists of a
steel pipe section with an outer diameter of D=500mm, which is the standard size, and a
thickness of 9=r=25mm, made of SKK490 material as ERW (Electric Resistance Welded)
pipes. Young's modulus of the steel is set to £ =200GPa and Poisson's ratio 4=0.3. The length
of a pier is satisfied with the slenderness ratio of //r =120 (I=Kl,, K=1=effective length factor,
l.=length of a pier &, r= cross-section secondary radius); slenderness ratio parameter 4 is cal-
culated with the following formula (1).

I=Yr [P/ Yy (1)

Herein, = is the circumference ratio; oy is the yield stress of material.
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Figure 2: A single column pier with lower part supported by spring.

As it conforms to the Japan Standard IV, the length of pile was set at 10m, based on L, >
3, a semi-infinite-length pile. The ground rigidity is 10MN/m*= aE,=300MN/m?. The test
cases are shown in Table 1 in the form of PP A(m)-#(mm)- aEy (MN/m2). Table 1: Test cases.
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Table 1: Test cases.

h (m)/L(m) diameter and thickness(mm) ground rigidity aE (MN/mmz)
CASE 500

1/10 | 5/10 | 10/10 o | =14 | 1219 | ;=5 | 10| 50 | 100|150 200 | 250 | 300
PP1-9-* o o Olo|]Oo|]Oo|O|O|O
PP1-14-* O O O|l|O|O|]O[O|O]|O
PP1-19-* @) @) Olo|Oo]|]O[O|O]|O
PP1-25-* @) O O|lO0|O0O|O0]O]10O[O
PP5-9-* O @) O|l0o0|O0O|]O]|O]JO][O
PP5R-9-* O @] O|lO0|O0O|]O0]O]10O[O
PP5-14-* @) @] O|lO0O|O0O]|]OC|]O]O]|O
PP5-19-* @) O O|lO0|O0O|]O0]O]10O0[O
PP5-25-* @) O |lo|lo|J]Oo[Oo[O|O]|O
PP10-9-* O O O|lO0|O0O|]O0]O]10O][O
PP10-14-* O O O|l|O0O|O|]O[OC|O]|O
PP10-19-* O @) O|lO0O|O|O[O|O]|O
PP10-25-* ) O J]o|joJofJofo|JoO]O

2.2 Analysis model and method

The analysis model is shown in Figure 2.

A hinged end is adopted as the boundary conditions of a pile tip. The pile part is installed
with ground springs in horizontal and vertical directions. The ground spring is calculated by
the formula based on the Japan Standard I'V.

-3/4
B
ky = kHO( H/0_3>

(2)
kno = /o 3@Eo 3)
—_ D
B =J"s )
g = 4 kHD//}EI
®)

Herein ky=horizontal subgrade reaction coefficient, kys=horizontal subgrade reaction coef-
ficient corresponding to the value of the plate loading test, and By=A is the conversion load-
ing width of the foundation. Effective buckling length /., is determined from the eigenvalue
analysis. In the analysis, an axial force of N = 1 kN is added to the head of the pier. Then, the
primary eigenvalue w is obtained by calculating the following formula.

g =7 fE’ N (6)

Herein EI = the flexural rigidity of the steel pipe.
2.3 The relationship between the characteristic value BETA and the effective buckling
length of the pile

The effect that the rigidity difference between the ground and the pile has on the effective
buckling length [, is shown in Figure 3. Figure 3: Relationship between the effective buckling
length and ph. The vertical axis shows the dimensionless value resulting from dividing the
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effective buckling length /., by the effective buckling length I, '= 2h when the lower end is
fixed. The horizontal axis shows the non-dimensional value resulting from multiplying a pier
length h and the characteristic value f of the ground.

5.0
® hI=1/10 o t=9
40 e WI=510 | ¢t=14
’ h.r/].=10/10 N t:]'g
- ——formula (7) %3
53.0
N
3}
~2.0
NG as-—-45-5-08—
1.0 - =
0.0
0 1 2 3 4 5 6

Figure 3: Relationship between the effective buckling length and 4.

From Figure 3, it can be confirmed that as S/ increases, namely due to the increase in ri-
gidity of the soil, effective buckling length can be confirmed to approach /., '. In addition, the
relationship of effective buckling length /., and p is represented as a continuous curve inde-
pendent of the pier length and thickness. From the above, the effective buckling length /., of
pier-pile Integral structures is confirmed to be represented by the function of Sh.

The authors have indicated that the buckling mode of the pier is convex in the vicinity of
the point of Muax and that effective buckling length of the Pier-Pile steel structure is indicated
by equation (7), which is twice the length of the Chang equation, 1, [3] + h.[4]

I, = 20 [h +1/p tan™? {1/(1 N 2a2ﬁh)}] 7)

The variation confirmed in Figure 3 is assumed to be due to the accuracy of analysis al,
and the correlation factor a2 between the dimensionless quantity ph that affect the
deformation mode. Herein when the factors are given as a/=1.05 and a2=0.1, the estimated
line of (7) is consistent with the analytical value of Figure 3. It should be noted that the
correlation function is 0.999, and the standard deviation is 0.042.

3 COMPRESSION CAPACITY OF PIER-PILE INTEGRAL STRUCTURES

3.1 Analysis model and method

Using an analysis model, the Pier-Pile integral structures are studied to research the load-
bearing capacity through axial compression analysis. Since this time the subject of study is
the buckling of the entire structure, the results from the beam element model used previously
in this study were utilized. Compression analysis was conducted for all test cases shown in
Table 1.

It is confirmed that the mechanical properties of ERW (Electric Resistance Welded) pipes
are higher in yield ratio than the SM material, and the secondary gradient after yield is small
[5]. This study focuses on the rigidity relationship between the ground and the piles and the
entire buckling phenomenon in the elastic reasion when the effective buckling length
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increases. Therefore, the mechanical property of this material is as shown in Figure 4; the
yield stress is set to 315N/mm?, and secondary gradjent is level.

o(N/mm?2)
400
300
200 ///
100
0
0 1575 8(106)

Figure 4: Stress strain curve.

3.2 Distribution of residual stress

The residual stress of ERW pipes is mainly installed in the working process in order to ad-
just the shape of the product and during the plastic working in the manufacturing process of
the pipe. Since the welding heat input of the ERW pipe is extremely small, there is no large
tensile residual stress occurring at the welding position. Therefore, residual stress is intro-
duced based on the Aoki method [5] which evaluated residual stress distribution in ERW
pipes. Aoki’s team evaluated the equivalent axial residual stress o;., derived from the residual
stress acting in the circumferential direction and the axial direction respectively, from the re-
sidual strain of the ERW pipe measured by the experiment. Equivalent residual stress oy, 1s
defined by equation (8), and the experimental results are measured inside and outside of the
ERW pipe, so that the equivalent residual stress is defined in two cases as inside and outside.

Oreq = Ox — (0.56@ + \/1.0 — 0.755," — 1.0) (8)

The residual stress oy, 1s shown in Figure 5 as the average value of the inside and outside.
The horizontal axis is indicated as the distribution in the circumferential direction, the vertical
axis is indicated as the dimensionless value obtained by dividing the residual stress by the
yield stress. It is confirmed that the residual stress is distributed on the compression side by
an average of about 5% on the yield stress. To briefly express the equivalent residual stress
distribution (o), assume that the residual stress is given at 36 points on the circumference
and the i-th value of is 6,; and the amplitudes are A,, By, x; = 1/36, 2/36, ... 36/36; it is defined
in accordance with equation (9).

Orj = Xj=q Ancos2nmx; + X B, sin2nmy; )

In equation (9), coefficients are found by the least squares Fourier decomposition, and
when coefficients are obtained using n = 4, 8, 16, o,; is as shown in Figure 9. The solid line
shows n=4, the dot-dash line is representative of n=8, and the double-dots and dash line
shows n=16. It should be noted that the correlation function is 0.95 (n=4), 0.97 (n=8), 0.99
(n=16). In this study, the equivalent residual stress obtained when n=4 is introduced, and two
cases, with and without residual stress, are conducted.
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Figure 5: Residual stress distribution of ERW pipe

3.3 The initial deformation

The initial deflection of the Pier-Pile integral structure could be considered as that in the
product phase or in the construction phase. In this paper, the aim is to investigate the influ-
ence of ground rigidity on the load carrying capacity of the pier-pile integral structure. There-
fore, a horizontal displacement of (h+7) /1000 is given to the head of pier, and an initial
deformation is given so that it becomes the deformation of the primary mode which is provid-
ed by eigenvalue analysis. The primary mode is shown in Figure 6.

//
/4

& T T T
200 400 600 800

Primary mode of the initial state

Displacement from ground surface(m)

|
t6)-+— = Secondary mode of the initial state
8] Displacement (mm)

Figure 6: The primary mode of the pier-pile integral structure.

34 P-6curve

The analysis result is shown in Figure 7 as the P-6 curve of the pier top.

It is confirmed from Figure 7 that as the length of the pier increases, the load carrying
capacity decreases. In cases where the pier length is the same, it could be seen that the peak
value also decreases as the rigidity of the ground decreases. It should be noted that there is
almost no difference in load carrying capacity regardress of the the presence or absence of

residual stress .
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Figure 7: P-6 curve.

3.5 Load-bearing capacity curve

The load-bearing capacity curve is shown in Figure 8. The vertical axis represents 6./ oy ,
that is the dimensionless value generated by dividing generated stress o by oy, the yield
stress of material which divides the peak of P shown in Figure 7 by a cross-sectional area.
And the horizontal axis represents the slenderness ratio parameter. The graph shows the Euler
curve; the load-bearing capacity curve of non-prescribed welded box-shaped cross-section
from the Japan standard [2], here named curve (a); and the load-bearing capacity curve of the

welded box-shaped cross-section, here named curve (b).

The buckling load force curve in each case has a larger load bearing capacity than curve (a)
and (b). It should be noted that there is almost no difference due to the the presence or

absence of residual stress.
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Figure 8: Load-bearing capacity curve.

4950

h=1(without residual stress)
h=5(without residual stress)
h=10(without residual stress)
h=1(with residual stress)
h=5(with residual stress)
h=10(with residual stress)



Takayuki Omori, Akira Kasai, and Rei Kohara

4 CONCLUSIONS

The following items were revealed in this study.

Effective buckling length /. of Pier-Pile integral steel structures can be defined by the
simple formula fh.

The influence of the residual stress on load-bearing capacity of Pier-Pile integral struc-
tures is extremely small.

The load-bearing capacity of Pier-Pile integral structures is slightly larger than the one of
Japan Standard II even if including residual stress.
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