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ABSTRACT

Many older RC piers in Japan have stepped section (referred to as the cut-off section)
where the amount of longitudinal reinforcement decreases in response to cross-
sectional forces. In such piers, the cover concrete may delaminate at the cut-off section
during a major earthquake (see Figure 1). When damage progresses at the cut-off sec-
tion of the axial rebar, RC piers are deformed so that they bend above the cut-off
section. RC piers damaged at the cut-of section have inferior deformation performance
compared to those damaged at base. Therefore, itis now a common design practice to
avoid damage at the cut-off section of piers. In the current Japanese design method,
the anchorage length of steel bars anchored in the middle of piers should be about
509, or axial steel bars should not be anchored in the middle of piers. In the case
of existing piers where these design methods are not applied, the cut-off section are
reinforced by wrapping steel plates or other materials. In this study, cyclic positive
and negative loading tests were conducted on pier specimens with cut-off section,
and dynamic response analysis was conducted for each soil type based on the test
results. The analysis results showed that non-linear response spectrum were obtained
for different yielding positions, and that response seismic yielding coefficient could be
generally evaluated. This shows that for a given natural period and seismic yielding
coefficient, it is possible for piers to withstand a large earthquake even if they yield at
cut-off section.

Keywords: No seismic reinforcement required, Rc piers, Cyclic loading test, Reduce number of
axial rebars to match moment distribution, Non-linear response spectrum

INTRODUCTION

In RC piers, the amount of axial rebar reinforcement is sometimes reduced in
the middle of the pier to accommodate the cross-sectional forces. The portion
where the amount of axial rebar is reduced is called the “cut-off section”.
Generally, piers with cut-off section are designed so that damage does not
occur at cut-off section but at the base of the pier.

In Japan, the 1978 Miyagi-Ken-Oki Earthquake damaged the pier level
in a railroad structure, and as a lesson learned, the 1983 Building Design
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Standard established a regulation on the anchorage length of tensile steel
bars. Piers with cut-off section based on the pre-1983 design method have
been reinforced to prevent them from being damaged at cut-off section.

Figure 1: Damage to RC piers after earthquake.

However, it is difficult to carry out many seismic reinforcement works at
once because piers located in rivers tend to be constructed during drought
periods and there are many temporary structures, and economic and time
constraints tend to be severe.

The authors considered that early restoration might be possible if the dam-
age at cut-off section was relatively minor, so they constructed a pier specimen
that induces damage at cut-off section and conducted static positive-negative
horizontal cyclic loading tests (see Figure 2).
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Figure 2: Static cyclic loading test and specimen Images.

Table 1 shows the specimen specifications for the static cyclic loading tests.
The specimens were set to have a high flexural shear strength ratio of 1.8
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or higher to ensure a certain degree of deformation performance even after
damage at cut-off section (Ishibashi et al., 2000).

DYNAMIC RESPONSE ANALYSIS BASED ON TEST RESULTS

From the cyclic loading tests, two yielding patterns were obtained: one yield-
ing at cut-off section and the other yielding at base. Figure 3 shows the load-
displacement relationship of the specimen that yielded at base, and Figure 4
shows the load-displacement relationship of the specimen that yielded at
cut-off sections. Figure 3 and Figure 4 were considered to approximate the
Clough and bilinear models, respectively, based on their envelopes.

Table 1. Specimen specifications.

Specimeth Cross- Sheer span co concrete strength Axial rebart settling | axial
Specimen ) sec*|on_ la (N/mm?) arrangemen Myc/Mxyc | length | force
Width*Height (mm) above | below 1
(mm) ¢” | (Mpa)
(mm) pier footing the cutoff point

D13*20

D9 2100*350 2200 1150 20.20 22.40 | D13*14 “Dlayers 1.18 148 | 0.70
D10*22

D11 1050*350 2200 1200 26.90 31.70 | D10*16 *Dlayers 1.09 9.4 0.50
D10*18

D12 1050*350 2200 1280 22.10 26.10 | D10*10 *Dlayers 1.05 43 0.60
D10*21

D15 1050*350 2200 1240 24.30 33.40 | D10*15 *Dlayers 1.15 148 | 0.60
D10*38

D19 1050*350 2200 1090 24.00 29.20 | D10*30 *Dlayers 1.06 6.4 0.60
D10*25

D22 1050*350 2200 1450 26.00 31.30 | D10*13 “Dlayers 1.16 11.7 | 0.60
D10*25

D23 1050*350 2200 1000 20.20 2430 | D10*19 *Dlayers 0.96 -49 | 0.60

1) Diameter of axial rebar (mm)

250 250

Figure 3: Load-displacement relationships (Type-1 Yield at base).
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Figure 4: Load-displacement relationships (Type-2 Yield at cut-off section).

The specimen yielding at base holds the maximum load for a certain period
of time, whereas the specimen yielding at cut-off section holds the maximum
load for a shorter period of time and the load drops faster.

Therefore, for the two yielding patterns, the average values of the speci-
men’s yield seismic intensity, damping constant, natural period, and ratio of
the second slope to the initial slope were taken, and the response analysis
with seismic waves was conducted using the Clough model and the bilinear
model (see Figure 5).

O max=M*8

% Waveforms based on static alternating load tests

Figure 5: 1-DOF elasto-plasticresponse analysis.
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First, a dynamic analysis was conducted using the calculated acceleration
and time of the static cyclic loading test of the specimen as time history wave-
forms for analysis. (MLIT Railway Bureau, 2012) An example of a waveform
is shown in Figure 6. The load-displacement relationship obtained from the
experiment and the results of the analysis are shown in Figure 7 and Figure 8.
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Figure 6: Time history waveform for analysis (Specimen D15).
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Figure 8: Load-displacement relationships (Type-2 Yield at cut-off section).
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8 max=U*S

Two types of earthquake ground motions
v G2 Ground(diluvial formation (geol.))

v G5 Ground (soft ground)

Figure 9: 1-DOF elasto-plasticresponse analysis.

Table 2. Test and analysis results.

: Capacity: | Demand: Maximum load ¥
) Yield at Yield | damping |Toughness| Ductilty | (suiay) | 'Vara! 2nd (kN)
Specimen . . . period at |Gradient/Intial
Cutoff | intensity | ratio rate factor | /(&r/dy) | " " Pu Pa
base : b /5v? 5y2 yielding Gradient | pulPa
point (Bu™ /3y”) | (8r7/3y") (test) | (analysis)
D9 v 0.4145 0.107 13.77 9.20 1.50 0.374 0.042 307 300 1.023
D11 v 0.8814 0.125 7.30 7.51 0.97 0.321 0.044 202 201 1.005
D12 v 0.6111 0.119 7.23 7.67 0.94 0.336 0.034 173 174 0.994
D15 v 0.7016 0.128 9.57 7.95 1.20 0.313 0.049 224 204 1.098
D19 v 0.6784 0.131 6.81 7.15 0.95 0.306 0.052 343 343 1.000
D22 v 0.8198 0.132 7.34 7.49 0.98 0.304 0.051 240 226 1.062
D23 v 0.6677 0.117 4.40 6.04 0.73 0.343 0.084 204 206 0.990

1)Ultimate displacement (test result)

2)Yield displacement (experimental value)
3)Maximum response displacement (analyzed value)
4)Positive and negative averages

Next, response analysis due to seismic motion was conducted (see Figure9).
The analysis was a one-mass dynamic analysis for two types of ground surface
design earthquake motion: diluvial formation and soft ground. The seismic
waves used in the analysis were the surface design seismic motions for each
ground type used in seismic design of railroad structures in Japan. The seismic
waves used in this study were set as those with the highest intensity.

Table 2 shows the test and analysis results.

Seismic design in Japan determines the following.

Ductility factor u < toughness rate: safe, no collapse.

Ductility factor x4 > toughness rate: dangerous, will collapse.

NON-LINEAR RESPONSE SPECTRUM BY GROUND TYPE

Non-linear response spectrum for the two yielding patterns (Type 1: yield at
base, Type 2: yield at cut-off section) obtained from the analysis are shown
in figure 10. Figure 10 shows shows the results of the analysis with a target
ductility factor of 10 (x10). For D9 and D135, ductility factor is lower than
the experimental toughness rate when the target ductility factor is set to 10
(see Table 2). For the other specimens, ductility factor exceeds the toughness
rate.
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Figure 10: Non-linear response spectrum x10.

Target ductility factor is set at 10 because the seismic design of railroad
structures in Japan currently aims for a target ductility factor of 10. In other
words, a target ductility factor of 10 is considered to be an index that can
withstand a large-scale earthquake.

The points shown in Figure 10 are test specimens D9 and D15. The two
points are close in natural period and almost overlap, but they are almost on
the line of G2 ground of Type 1. From this, it can be read that D9 and D15
almost satisfy the target ductility factor of 10 in G2 soil.

Figure 11 shows non-linear response spectrum when the target ductility
factor is set to 6 (u6). Type 1 and Type 2 specimens are indicated by O and
A, respectively. When the target ductility factor is set to 6, D12 overlaps the
line of G2 ground of Type 2. Although D12 is a specimen yielded at cut-off
section, the results of this analysis suggest that it may not collapse even in a
large-scale earthquake if the target ductility factor is set to 6.
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Figure 11: Non-linear response spectrum 6.
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Figure 12: Non-linear response spectrum 4.

CONCLUSION

From the nonlinear response spectrum with target ductility factor of 10, the
yield seismic intensity is lower in G2 Ground with natural periods of 0.1 to
0.6 than in Type 2 soils. In other words, to meet the target ductility factor of
10, the non-linear response spectrum must be higher at the cut section than
at the root yielding of the piers. On the other hand, when the natural period
exceeds 0.8, the yield seismic intensity is reversed.

G5 ground can be brought closer to the G2 ground by surface ground
improvement. If the seismic performance can be diagnosed by non-linear
response spectrum, the seismic reinforcement method by surface ground
improvement can be applied instead of seismic reinforcement of piers.

In Japan, large-scale earthquakes have been occurring frequently in recent
years, and the standards for seismic reinforcement have become stricter. As
a result, railroad companies have many structures that require seismic rein-
forcement, and since it is not possible to perform seismic reinforcement work
all at once, reinforcement is prioritized.

Although this is a basic study, we intend to conduct further research
because if all piers that yield at cut-off section no longer need to be seis-
mically reinforced, it will help to reduce manpower and costs, as well as to
realize decarbonization. The present analysis was based on a limited natural
period and number of specimens. Future studies should take into account the
results of a wider range of tests and actual structures.
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