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In designing reinforced concrete (RC) piers, the number of 
longitudinal rebars used is decided at the base.  The generated 
bending moment is smaller at the upper part, so a rebar 
arrangement where the number of rebars is reduced at the cut-off 
is thus adopted.  With such piers, the cover concrete spalled in 
recent large earthquakes as shown in Fig. 1.  Such damage occurred 
at the cut-offs where the number of rebars is discontinuous, so we 
have been studying a design that can prevent damage at cut-offs.  
With a design that prevents damage at cut-offs, however, damage 
can occur at the pier bases, making it difficult to find damage of 
RC piers that are set in rivers or underground.  In recovery work 
of RC piers in rivers, there is concern of increased expenses and 
work time due to the need for coffering as shown at the left side 
of Fig. 2 and limitation to the work period.

In light of this situation, we have been studying a structure 
that can make bending damage occur at the cut-off to absorb 
energy.  The aim of intentionally allowing damage in the 
intermediate section of a pier frame is to facilitate easier checking 
and detection of damage and thus earlier recovery.

The study by Watanabe et al. on energy absorption in the 
intermediate section of pier frames2) clarified that a shorter 
distance from the upper part of a pier to the plastic hinge increases 
the yield seismic intensity value and therefore a larger response 

Introduction1 plasticity ratio is required.  The study by Kobayashi et al.3) found 
that differing flexural performance ratios lead to different damage 
modes of the pier frame and consequently different damaged 
parts.  Those study results show that, to create plastic hinges in 
the intermediate section of a pier frame, identification of the 
damaged part and improvement of deformation performance 
are needed.  To achieve that, energy should be absorbed in the 
intermediate section of the pier frame using many tie hoops.  
However, such a design using many tie hoops to improve 
deformation performance at the plastic hinge would push 
up costs.  We therefore have been studying the possibility of 
applying spiral reinforcement to the area of large deformation 
so as to not affect economic performance.  Controlling damage 
in the intermediate section of the pier frame means intentionally 
allowing damage near the cut-off as shown at the right side of 
Fig. 2, a method whereby we can anticipate earlier recovery of 
piers using relatively simple temporary construction facilities.

In this basic study, we conducted cyclic loading tests using 
specimens with different pitches, core areas, and axial forces 
of the inner spiral reinforcement as parameters to check the 
details of the damage.  This was done to determine the effect 
that the shape and location of inner spiral reinforcements has 
on improving deformation performance in the pier intermediate 
section.
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With an aim of being able to achieve earlier recovery and reduction of recovery costs in the event of earthquakes, JR East has 
been studying how to make damage to pier frames occur in the intermediate section.1) 2) 3)  In order to make damage occur there 
by design and also allow pier structures to meet aseismic performance requirements, rotational performance of plastic hinges in 
the intermediate section must be larger.  In past studies, we confirmed that plastic hinges can be created in the pier intermediate 
section without fail at a flexural performance ratio of around 0.75, which is the ratio of flexural performance and generated 
bending moment at the base and at the intermediate section of the pier frame.  We also confirmed that inner spiral reinforcement 
in the area of large deformation is effective in enhancing deformation performance of the plastic hinge.  This article will introduce 
tests we conducted to see the effects the pitch, core area, and axial force of inner spiral reinforcement have on the deformation 
performance of plastic hinges.
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Fig. 1  Examples of Damage at Cut-off Point in Intermediate Section of Pier Frame in an Earthquake
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at a 20 mm pitch and 234 kN axial force.  The inner spiral 
reinforcement pitch was 40 mm with SS-7 and 60mm with 
SS-10.  SS-11 had two inner spiral reinforcements, SS-12 had a 
702 kN axial force, SS-13 had three inner spiral reinforcements, 
and SS-14 had five inner spiral reinforcements (overlapped).

We set a flexural performance ratio as the quantitative value 
that controls damage in the intermediate section of the frame.  
The flexural performance ratio here was obtained, as shown 
in Fig. 3, by dividing the value of the bending yield resistance 
at the cut-off (Myc) when the base reached its bending yield 
resistance by the value of the moment generated at the cut-off 
(Mxyc).  We used seven specimens for testing; with each of those, 
the tensile reinforcement ratio was set as 0.0019 at the cut-off 
and 0.0070 at the base to maintain flexural performance ratio 
at 0.75.  That assured all specimens yield first at their cut-off.  
The parameters were pitch, core area, and axial force of the inner 
spiral reinforcement.

Outline of Tests2
2.1 Specimen Specifications
Table 1 shows the specifications of the RC pier model specimens 
used in the tests, and Fig. 3 shows an overview of those specimens.  
Assuming RC piers of common railway structures, we used model 
specimens of approx. one-third scale cross-sectional dimensions 
measuring 1,050 mm × 350 mm.  The longitudinal rebars had 
cut-offs, the rebar diameter was D10, and the thickness of the 
cover concrete was 35 mm.  The diameter of the inner spiral 
reinforcement was 180 mm.  As shown in Fig. 4, the length of the 
area provided with inner spiral reinforcement was 1D (350 mm) 
+ 100 mm above and below that (550 mm total), with the cut-off 
at the center.  In order to more clearly identify the effect of inner 
spiral reinforcement, we used easily removable D6 tie hoops of 
right-angled hooks at 150 mm intervals.

Basic specimen SS-3 had four inner spiral reinforcements 
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2.2 Loading Method
As shown in Fig. 3, the cyclic loading point was set at 2,200 mm 
from the base.  We carried out positive and negative loading 
once each while applying 234 kN axial force to each specimen 
(702 kN to SS-12).  The displacement at the loading point 
when the strain of the main reinforcement at the cut-off on the 
outermost edge in the loading direction reached its yield strain 
was defined as δy.  We applied loads while gradually increasing 
the displacement amplitude per integral multiple of displacement  
n × δy (1, 2, 3... 10δy, and subsequently 12, 14, 16δy).  But, in the 
area of large deformation with more than 10δy, a phenomenon 
occurred where the non-cut longitudinal rebar was broken due 
to low cycle fatigue, dominating deformation performance.  We 
therefore applied double the integral multiple of displacement 
n × δy (1, 2, 4... 16δy) to the specimens other than SS-3 from the 
beginning so as to prevent such breakage.

Test Results3
3.1 Failure Properties
(1)  Comparison of cracks according to the pitch of the inner 

spiral reinforcement
We compared occurrence of cracking between specimens with 
different inner spiral reinforcement pitches, SS-3 (20 mm), S-7 
(40 mm), and SS-10 (60 mm).  We did not take into account the 
P-Delta effect here.

With SS-3, cracking first occurred at around 350 mm from 
the base with 90kN loading.  That was followed by cracking near 
the cut-off with 120 kN loading.  Then, cracking increased at 
approx. 150 mm intervals from the base to the cut-off.  When 
the load reached 159 kN, the non-cut longitudinal rebars at 
the cut-off yielded.  Fig. 5 (a) is a photo at 10δy (displacement 
of 153.0 mm) after yielding at the cut-off.  With 2δy to 3δy, 
cracking occurred from the cut-off to the upper load, and with 
3δy (displacement of 45.9 mm), the longitudinal rebar at the base 
reached its yield.  The maximum load was 192 kN.  In the end, 
the cut-off acted as a plastic hinge, resulting in bending failure.  
Checking the level of soundness of the core concrete in the inner 
spiral reinforcement after the test, we found no crushing.

With SS-7, the first cracking occurred at the cut-off at a 
height of 1,000 mm with 90 kN loading.  That was followed by 

cracking at around 400 mm from the base with 105 kN loading.  
Then cracking was seen at around 1,200 mm above the cut-off 
with 110 kN loading.  Cracking further occurred at approx. 
100 mm intervals from the base to the cut-off with 110 kN 
to 150 kN loading, and the non-cut longitudinal rebars at the 
cut-off yielded with 164 kN loading.  Fig. 5 (b) is a photo at 10δy 
(displacement of 165.0 mm) after yielding at the cut-off.  With 
2δy to 4δy, cracking occurred from the cut-off to the upper load, 
and with 2δy (displacement of 33.0 mm), the longitudinal rebar 
at the base yielded too.  The maximum load was 187 kN.  In 
the end, the cut-off acted as a plastic hinge, resulting in bending 
failure.  Checking the level of soundness of the core concrete 
in the inner spiral reinforcement after the test, we found no 
crushing with SS-7 either.

With SS-10, the first cracking occurred at around the cut-off 
at a height of 1,000 mm above the base with 120 kN loading.  
That was followed by cracking at around 100 mm above the base 
and at the base too.  Then cracking occurred at approx. 100 mm 
to 200 mm intervals up to a height of 1,500 mm, but no cracking 
was seen at around 900 mm.  With 173 kN loading, the non-cut 
longitudinal rebars at the cut-off reached their yield.  Fig. 5 (c) 
is a photo at 10δy (displacement of 166.0 mm) after yielding, 
showing bending failure as seen with SS-3.  At the base, rebars 
yielded with 2δy (displacement of 33.2 mm).  The maximum 
load was 210 kN.  In the end, the cut-off acted as a plastic hinge, 
resulting in failure.  Checking the level of soundness of the core 
concrete in the inner spiral reinforcement after the test, we found 
no crushing, as is shown in Fig. 6.  With all three specimens, 
concrete spalled between 6δy and 8δy.

As previously explained, we found no difference in the 
restraint effect of core concrete in the inner spiral reinforcement 
with 20 mm to 60 mm pitches.  Comparing Fig. 5 (a), (b), and 
(c), the wider that pitch was, the smaller the horizontal width of 
the cracking of the specimens was and the more locally spalling 
occurred.  There was no remarkable difference seen with the 
displacement at which the longitudinal rebars at the base yielded.
(2)  Comparison of cracking according to the core area of the 

inner spiral reinforcement
We compared SS-11 (two spirals), SS-13 (three spirals), and 
SS-14 (five spirals), all of which have different core areas.

Cracking on SS-11 with two inner spiral reinforcements and 

Fig. 5  Comparison of Cracking with Different Pitches at 10δy
(Displacement of approx. 160 mm)

Fig. 6  Concrete of SS-10 Specimen
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consequently a small core area first occurred at the cut-off point 
at a height of 1000 mm with 110 kN loading, and next at a 
height of around 450 mm above the base with 120 kN loading.  
Then, cracking occurred at approx. 150 mm intervals from the 
base to the cut-off point.  When the load reached 149 kN, the 
non-cut longitudinal rebars at the cut-off point yielded.  Fig. 7 
(a) is a photo at 10δy at the cut-off after yielding (displacement 
of 138.0 mm).  It shows that there were was little cracking in the 
area to the loading point above the cut-off, but about four layer 
cracking concentrated at the cut-off, and the longitudinal rebars 
at the base reached their yield at 2δy (displacement of 27.6 mm).  
The maximum load was 188 kN.  In the end, the cut-off acted as 
a plastic hinge, leading to bending failure.

Cracking on SS-13 with three inner spiral reinforcements and 
a middle-sized core area first occurred at the cut-off point at the 
height of 1,000 mm with 128 kN loading.  That was followed 
by cracking at a height of around 300 mm above the base with 
145 kN loading.  Then, cracking occurred at approx. 150 mm 
intervals from the base to the cut-off point.  When the load 
reached 166 kN, the non-cut longitudinal rebars at the cut-off 
point yielded.  Fig. 7 (b) is a photo at 10δy at the cut-off after 
yielding (displacement of 147.0 mm).  It shows that cracking 
occurred between a height from 1,200 mm to 1,400 mm in 
the area to the loading point above the cut-off with 128 kN to 
150 kN loading, and the longitudinal rebars at the base reached 
their yield at 2δy (displacement of 29.4 mm).  The maximum 
load was 188 kN.  In the end, the cut-off acted as a plastic hinge, 
leading to bending failure.

Cracking on SS-14 with five inner spiral reinforcements 
and the largest core area first occurred at the cut-off point at a 
height of 1,000 mm with 100 kN loading.  That was followed 
by cracking at a height of around 350 mm above the base with 
130 kN loading.  Then, cracking occurred at approx. 100 mm to 
150 mm intervals from the base to the cut-off point.  When the 
load reached 180 kN, the non-cut longitudinal rebars at the cut-
off point yielded.  Fig. 7 (c) is a photo at 10δy at the cut-off after 
yielding (displacement of 170.0 mm).  It shows that cracking 
occurred between a height from 1,200 mm to 1,600 mm in the 
area to the loading point above the cut-off with 2δy to 4δy, and 
the longitudinal rebars at the base reached their yield at 4δy 

(displacement of 68.0 mm).  The maximum load was 210 kN.  
In the end, the cut-off acted as a plastic hinge, leading to bending 
failure.

As the above-mentioned results clarified, the larger the core 
area of the inner spiral reinforcement was, the more the load could 
be applied.  This includes SS-3 (four spirals) too.  Comparing 
spalling in the photos of Fig. 5 (a), (b), and (c), the larger the 
core area was, the smaller the horizontal width of cracking in 
the specimens was and the more locally the spall occurred.  The 
longitudinal rebars at the base yielded at 4δy only with SS-14 
and at 2δy with other specimens.
(3) Comparison of cracking according to axial force
We compared SS-3 and SS-12, which have different axial forces.

On SS-12 with three times larger axial force than that of SS-3, 
cracking first occurred at a height of 1,000 mm with 145 kN 
loading.  That was followed by cracking at around a height of 
700 mm above the base with 155 kN loading.  Then, cracking 
occurred at approx. 150 mm intervals from the base to the 
cut-off point with 160 kN to 180 kN loading.  When the load 
reached 192 kN, the non-cut longitudinal rebars at the cut-off 
yielded.  Fig. 8 is a photo at 10δy at the cut-off (displacement of 
160.0 mm).  Cracking occurred at a height of around 1,300 mm 
with a loading point above the cut-off with 180 kN loading, and 
the longitudinal rebars at the base yielded at 2δy (displacement 
32.0 mm).  The maximum load was 214 kN.  In the end, the  
cut-off acted as a plastic hinge, leading to bending failure.

As these results clarified, the larger the axial force was, the later 
the first cracking occurred.  And the larger the axial force was, the 
smaller the horizontal width of the spalling of the specimens was 
and the more locally it occurred.

3.2 Load Bearing Properties
The following load-displacement curves and envelope curves 
obtained from the tests take the P-Delta effect into account.

Fig. 9, 10, and 11 show the typical load-displacement curves 
of SS-7, SS-12, and SS-14 respectively.  With SS-7 and SS-14, 
exposure of the inner spiral reinforcement begins after the 
maximum load, a feature unique to specimens with inner spiral 
reinforcement.  Spindle-shaped hysteresis loops are seen until the 
load drops to around the yield load, but after that, the loop shape 

Fig. 7  Comparison of Cracking with Different Core Concrete Areas Fig. 8  Cracking of SS-12 Specimen at 10δy
(Displacement of 160 mm)
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shifts to a reverse S-shape as the displacement at the loading 
point increases.  In contrast, with SS-12 having three times the 
axial force (axial force of 702 kN), we did not find many reverse 
S-shaped hysteresis loops as with SS-7 and SS-14.
(1) Comparison according to pitch of inner spiral reinforcement
Fig. 12 shows the envelope curves of SS-3, SS-7, and SS-10 with 
different pitches of inner spiral reinforcement at 20 mm, 40 mm, 
and 60 mm respectively.  The shapes of the envelope curves are 
the same.  But, as the pitch becomes larger, the load becomes 
large and the maximum load is maintained up to approx. 6δy 
(displacement of 100 mm), while the load tends to drop in the 
area of large deformation after around 10δy (displacement of 
160 mm).
(2)  Comparison according to core area of inner spiral 

reinforcement
Fig. 13 shows the envelope curves of SS-3, SS-11, SS-13, SS-14 
with different core areas due to different numbers of inner spiral 
reinforcements.  SS-3 has four inner spiral reinforcements, SS-11 
has two, SS-13 has three, and SS-14 has five.  The shapes of the 
envelope curves are the same.  But, as the core area of the inner 
spiral reinforcement becomes larger, the load becomes large and 
the maximum load with SS-11 and SS-13 of smaller core area 
tends to drop in the area of large deformation after around 10δy 
(displacement of 160 mm).
(3) Effects of axial compressive force
Fig. 14 shows the envelope curves of SS-3 and SS-12 with 
different axial forces.  The envelope curves of SS-7 with the 
same rebar arrangement but an axial force of 234 kN and SS-12 
with triple the axial force of 702 kN are clearly shaped different.   
The yield load and the maximum load are larger with SS-12.  
With SS-12 of larger axial force, the envelope curve that shows 
mild load drop unique to inner spiral reinforcement is not seen 
after around 6δy (displacement of 100 mm), while the load 
mildly drops with SS-3.
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Fig. 11  Load-Displacement Curve of SS-14 Specimen

Fig. 9  Load-Displacement Curve of SS-7 Specimen

Fig. 10  Load-Displacement Curve of SS-12 Specimen
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Conclusion4
From the cycling loading tests using RC pier model specimens 
of 20 mm to 60 mm inner spiral reinforcement pitch, 13.8% 
to 34.6% core area ratio, and 234 kN to 702 kN axial force, we 
obtained the following results related to cut-off damage control.
(1)  Load bearing ability according to the pitch of the inner spiral 

reinforcement is the same even with different pitches as long 
as the core concrete in the inner spiral reinforcement is not 
crushed.  But after entering the area of large deformation, 
load bearing ability drops more with larger pitch.

(2)  The larger the core area of the inner spiral reinforcement is, 
the larger the load bearing ability is, increasing the capacity to 
maintain the maximum load bearing ability.

(3)  With larger axial force, the maximum load bearing ability 
increases, but after that, the load bearing ability drops without 
demonstrating the effect of inner spiral reinforcement.
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Fig. 14  Envelope Curves with Different Axial Forces

Fig. 12  Envelope Curves with Different Pitches

Fig. 13  Envelope Curves with Different Core Concrete Areas




