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EVALUATION OF PULLOUT OF LONGITUDINAL BARS FROM FOOTINGS OF

RC PIERS UNDER CYCLIC LOADINGWITH LARGE DYNAMIC RANGE
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This paper proposes a method for evaluating the amount of pullout of longitudinal bars from the footings of
RC bridge piers and RC columns subject to cyclic loading with a large dynamic range. The evaluation of
deformation capacity during earthquakes is based on this pullout of steel bars from the footings. A study is also
made on a method of obtaining the pullout of steel bars from the footings of reinforced concrete bridge piers
and RC columns where the deformation capacity is a ductility ratio of more than 10, resulting in a method
capable of accurate results.
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1. INTRODUCTION

Whenearthquake forces act on a structure such as a reinforced concrete pier or column, the resulting reversed
cyclic loading causes deformation behavior consisting of lateral bending and shear displacement of the main
structure, as well as other lateral displacements evident as pullout of longitudinal reinforcing bars from the
footings. It has been reported[ l ] that the lateral displacement contributed by pullout of longitudinal reinforcing
bars accounts for much of the total lateral displacement. In order to properly evaluate the ductile capacity of
RC piers or RC columns, it is necessary to establish a method of calculating the lateral displacement resulting
fromthis pullout.

The Hyogoken-Nanbu Earthquake of 1995 damaged many structures. As a result of this event, Seismic
Performance of RC structures is demanded deformation ability [2]. Where the deformation range is large,
meaning a ductility ratio of around 10, there are few examples of research in which pullout of the longitudinal
reinforcing bars from footings is calculated, and in those that do exist, many issues require further clarification.

This research focuses on the amount of reinforcing bar pullout from footings as a basis for the deformation
performance evaluation of RC piers or RC columns. The aim is to propose an equation for reinforcing bar
pullout that can be applied to cyclic loading with a large deformation range (corresponding to a ductility ratio
of around 10).

In this study, the amount of reinforcing bar pullout under cyclic loading is measured directly in one RC column
specimen. This specimen contained hoop reinforcing bars in a comparatively dense arrangement designed to
result in a member ductility of around 10. Space was vacated on the side of footings, and displacement meters
wereinstalled to measure the amount of reinforcing bar pullout from footings. These displacement meters were
fastened to reinforcing bars via wires over the surface of the footings, and the pullout of the reinforcing bars in
cyclic loading was measured directly.

Stable displacement was observed until the ultimate displacement, which is defined as the deformation
capacity of the member. It was confirmed that experimental results agreed well with analytical results, when
Shima's model for bond-slip-strain relationship [3] (it is expressed as "t-s-s" in this paper) and bond
deterioration zone are considered in analysis.

Fromthe analytical results, Sin's model[4] of reinforcing bar strain-slip under monotonic loading is modified
into a proposed equation for the amount of reinforcing bar pullout from footings under large cyclic
deformation (equivalent to a memberductility ratio of around 1 0).

2. Experimental outline

2.1 Specimen shape and properties

An outline of the specimen and a drawing of its bar arrangement are shown in Figure 1 and Figure 2,
respectively. The properties of the specimen are given in Table 1. These properties such as the quantity of
lateral reinforcing bars and the ratio of shear strength to flexural strength (Vy*a/Mu, where \y: shear strength;
Mu: flexural strength; a: shear span).were determined in reference to previous studies[5] about ductile capacity
of RC members

The embedded length of longitudinal bars is over SOD in the footings. Further, the ends of longitudinal bars in
the footings were made into right-angle hook with more than 20D length, in order to avoid the slip at the ends
of re-bars. With regard to specimen Kl, the pullout of an anchored bar from the footings is measured directly
to satisfy recent interest in the pullout of anchored reinforcing bars under cyclic loading.

2.2 Measurement outline

During cyclic loading tests on the specimens, longitudinal and lateral reinforcing bar strains were measured
with wire-strain-gauges, and lateral displacements above the footings were measured with lateral displacement
meters. In the case of specimen Kl, the pullout of an anchored bar from the footings was directly measured
along with the items mentioned above.
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Figure 1 Outline of Specimens Figure 2 Arrangement of Reinforcing Bars (Specimen 2)

Measurements were carried out as follows. Displacement meters were installed in box-shaped cutouts prepared
in advance, and the wires connecting meters to longitudinal reinforcing bars passed over the footing surface.
These wires were protected with stainless steel piping of diameter 10 mm; a silicone tube within the pipe
ensured that there was no need to consider friction between the pipe wall and the wire. To check the direct
measurementmethod for pullout of anchored bars, another kind of measurement wasprovided. A steel bar of
O6mmpenetrates the specimen at a height of 5cm above the surface of footing, and distance between the steel
bar and the footing was measured. In the event of the cover concrete spalling or the uncovering of longitudinal
reinforcing bars, the first measurement method of pullout becomes less reliable and the measured values are
reliable until the load starts decreasing (before post-peak range). A sketch of the method used to measure
pullout of anchored bar from the footing is given in Figure 3. Photograph 1 shows a displacement meter
installed in a footing cutout.

2.3 Outline of Cyclic Loading Test

Cyclic loading was carried out as shown in Figure 4. For the tests, the footing of the specimen was fixed to the
floor with PC steel bars. An axial load was then introduced using a vertical jack (average axis compression
stress: a=0.49-4.90 N/mm2), and cyclic loading was applied to the top of the specimen statically as the load
point. Cyclic loading was increased to the yield displacement (5y) under load control. Then, for lateral

displacements greater than 8y, the lateral displacement by the integer of 5y by displacement control was given.

In Table 1, cyclic loading pattern A consists of one cycle each for even numbers 25y, 45y, etc. After a cyclic
loading step in which a lateral load decline occurs, cyclic loading is loaded 15y each increased lateral
displacement and three cycles. After 28y rest, A pattern B had loaded to each of every 15y and one cycle.

Twocyclic loading patterns were used. Cyclic loading pattern A was implemented first. However, in cyclic
loading tests targeting large deformations of about 1 0 or more, as in these tests, the longitudinal reinforcing
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Table 2 Concrete and Steel Characteristics

bars sometimes rupture due to low cycle fatigue. Pattern
B was used for some specimens as shown in Table 1
because such failures have never been confirmed in past
earthquakes and because reinforcing bar rupture makes
nosense in the context of these experiments.

3. Results Of Experiments

3. 1 Yielding Load / Maximum Load

The experimental values of yield load (Py) and
maximumload (Pmax) are shown in Table l.The
experimental yield load is the lateral load at the point
when the lateral displacement of the specimen reaches
the yield displacement at the horizontal loading
po sition.
As for the maximumload, ultimate concrete strain was
calculated as 0.0035 from the Railroad Structure Design
Standard (Concrete Structure Volume)[6]. The material
strength used for these calculations was the actual
strength of the material used in the experiments, as
shownin Table 2.

3.2 Load-Displacement Relationship

Anexample of a load-displacement curve obtained from
a cyclic loading test is shown in Figure 5. The ductile
capacity of each specimen was evaluated as die value of
ductility when 5u was divided by 5y. Here, 5y is the
yield displacement of each specimen. The ultimate
displacement, 5u, of each specimen is the maximum
lateral displacement and is lower than the yield load of
the specimen.

4. Examination of longitudinal reinforcing bar
nullout

4. 1 Outline of examination method using T-S-Srelationship

The amount of pullout of longitudinal reinforcing bar (S) from the footings can be calculated from Equation
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(1). The embedded length of reinforcing bars is adequate and they have a right-angle hook at the tip, so slip is
clearly not a problem. Therefore, the amount of pullout is the actual integrated value of strain e at each point
onthe reinforcing bar from the tip to the surface of the footings.

S=I£dx (1)

Within the footings, the strain of the longitudinal reinforcing bars decreases. This is because there is a bonding
force between the reinforcing bars and the concrete.
In section Ax, the decrease in stress Aa is calculated using Equation (2):

A<J=7C-<£-Ax-T/A.
(2)

Where,
Ax: section
O: reinforcing bar diameter
T: bond stress between the reinforcing bars and concrete
As: sectional area of reinforcing bars

Consequently, the amount of pullout of longitudinal reinforcing bars can be analyzed using the following
process. First, the pullout of a longitudinal reinforcing bar is estimated on the surface of the footing. The
following value, is calculated in the inside from the surface of footing. Values to be calculated are the bond
force, the reduction in reinforcing bar stress, and the reinforcing bar strain. First, the integrated reinforcing bar
strain is subtracted from the estimated pullout of longitudinal reinforcing bars. The calculation is iterated until
the amount of pullout at the tip of the reinforcing bars is approximately zero. It can get the quantity of pullout
of the reinforcing bars by changing the supposition of the quantity of pullout of the surface of footing and
repeating it and calculating it in the analysis. The analytical procedure is shown in Figure 6. It is necessary to
obtain the relationship between the bond stress between the reinforcing bars and the concrete and the
reinforcing bar slip. Shima et al. proposed Equation (3) on the basis of axial tension experiments onembedded
reinforcing bars in mass concrete. This equation indicates the relationship between bond stress (T) and slip (s)
and strain (e).Further, Shima's experiment was carried out in the range where there is no bonding at the loaded
end. As a result, bonding at the load end is prevented from influencing the experiment results. After the
reinforcing bars yield, Equation (3) can be applied.[7] | start

T /fck=0.73(ln(l+5s))3/(l+ £ X 105) (3)

Where,
s: normalized slip=1 000*S/D
T: bond stress
Fck : concrete strength,
S:slip
D : diameter of bar
e: bar strain

When significant plasticity distortion arises as a result of reinforcing
bar yielding, the stress-strain characteristic of the reinforcing bars
above the yield strain becomes important to the calculation of
reinforcing bar pullout from footings. Therefore, the stress-strain
curve of the longitudinal reinforcing bars in the analysis was
modeled, including the strain hardening range. On the basis of
previous studies[7] [8], the stress-strain curve of the reinforcing bars
was modeled such that it corresponds to the stress-strain curve
obtained in tensile experiments on reinforcing bars.

S up po s itio n  of  the  q u an tity  c
M  R e info rcing  b ars  p ulb ut

A t the  s urfa ce  o f  the  fo oting
*

C a lcu la tio n  o f  bo n d  stre ss
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d e c re as e ,  b ar  s train

m o d  ific a tio n  o f

s  u p p o s itio n

The integral value of the
reinforcing bars strain is
reduced from the supposed
qua ntity of reinforcing
bars pultout

Figure 6 Analysis Flow Chart

An example of a reinforcing bar stress-strain curve used in the analysis is shown in Figure 7. The i-s-e
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relationship shown in Equation (3) was proposed from
the results of ideal tensile experiments in which
deterioration of the bond is ignored. However,
specimens did undergo reversed cyclic loading.
Therefore, if Equation (3) is applied directly, there is a
possibility that the amount of reinforcing bar pullout
from the footings will be underestimated. In this
examination, the range within which the bond stress
between reinforcing bars and concrete deteriorates is
taken into consideration. This range is determined
from a repeated calculation so as to ensure that the
analytical value corresponds to the experiment result
for specimen Kl. Further, in the case of specimen Kl,
the amount of reinforcing bar pullout is measured
directly with a displacement meter in a cutout in the
footing. As for the examination result in consideration
of a range of this bond deterioration, details are given
in the next clause.

The analytical values corresponded closely to the
experimental results by decreasing the bond stress of
the section of 3 times of the reinforcing bars diameter
fromthe surface of footing from the viewpoint of
straight line to become 0 at the surface of footing. It
has been reported that the center-to-center spacing of
reinforcing bars has an influence on the amount of
pullout from the footings. According to Murayania's
research [9], the influence of reinforcing bar spacing
can be almost ignored in the amount of reinforcing bar
pullout from the footings as long as the spacing of
re-bars is at least three times the reinforcing bar
diameter. As for the specimens used in this research,
the spacing of reinforcing bars is are greater than three
times the reinforcing bar diameter in all cases.
Therefore, in the examination of reinforcing bars after
yielding, only the deterioration of bonding by reversed
cyclic loading was taken into consideration.

-
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4.2 Examination result toward the measurementvalue of the amountof pullout of the reinforcing bars of the
Kl specimen

The memberducti l i ty rat io and the direct measurementsof pullout , as well as the measured values of
longitudinal reinforcing bar strain at the surface of the footings, are shownin Figure 8 up to the ult imate
displacement. (The memberducti l i ty rat io is the value of lateral displacement in cyclic loading divided by the
yield displacement (5y).)

Measurementswith the dial gauge displacement meter could only be taken up to the load step 95y. These
measurementscorrespondedclosely to the direct pullout measurementsby displacement meter instal led inside
the footing cutout . This verif ies that measurementstaken with displacement meters instal led inside cutouts in
the footings are fully trustworthy.

The longitudinal reinforcing bar strain on the surface of the footing and the amountof reinforcing bar pullout
increase in proport ion to memberducti l i ty rat io, as shownin Figure 8. In part icular , whenthe memberducti l i ty
ratio is 8 or more,the strain of the longitudinal reinforcing bars at the surface of the footings exceeds30,000| j , .
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In Figure 9 (a) (b), the longitudinal reinforcing bar strain at the surface of the footings for each member
ductility ratio is shown on the x-axis, while the measured value of reinforcing bar pullout from the footings is
shownon the y-axis. The y-axis is made dimensionless using Equation (4).

s =S/Dà"Kfc (4)

Where,
s : normalized value of reinforcing bar pullout
S : reinforcing bar pullout at footing surface
D: Diameter of bar, Kfc=(f'ck/20)2/3
f',&: concrete strength (N/mm2)

Equation (4) is proposed in Shima's model of the relationship between reinforcing bar strain and slipfl l]. Here,
the pullout of the reinforcing bars (S) is made dimensionless by the reinforcing bar diameter (D).

The precision of the analytic result obtained with the relationship t-s-e that the bond deterioration range of the
3D section was taken into consideration from the surface of footing is comparatively better, and this explains
the measurement result. However, measurement precision deteriorates when the strain of the longitudinal
reinforcing bars at the surface of the footings exceeds 35,000^1. In the neighborhood of the ultimate
displacement of a specimen under cyclic loading, the spalling of cover concrete and the buckling of re-bars
affected the experimental results so much and they are not considered in analysis.Figure 9 (b) shows the
analytical result when the bond deterioration range was moved into the 5D section from the surface of the
footing in the same way as well.
This method is explained in reference [10]. It becomes somewhat larger by this method as compared with the
measured value. From the thing above, it was decided to adopt the bond deterioration range of 3D in this
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research.

4.3 Examination result of amount of reinforcing bar pullout in specimens except Kl
Other specimens were examined using the same analysis method as used with specimen Kl. In Table 1,
specimens aside from Kl focus on measurementsof the reinforcing bar strain at a position less than 50 mm
from the surface of the footings. The reinforcing bar strain at the footing surface was estimated, and the
reinforcing bars strain distribution that the measurement value of the reinforcing bars strain corresponded to
the analytic result of the distortion distribution was calculated.
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(Specimen No.4 and No.5)
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(Specimen No.7)
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Figure 13 Relationship of Reinforcing bar Strain
Distribution Inside Footing and Normalized Pullout

(Specimen No. 1, No.2, No.3, No.8)
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As an example, Figure 10 shows the result for 78y, which becomes the biggest member ductility ratio that
reinforcing bars strain is measured in specimen A2. The examination confirms that the measured reinforcing
bar strain distribution can be calculated using this analysis.

This tells us that the amount of longitudinal reinforcing bar pullout from the footings can be determined as the
integral of the reinforcing bar strain distribution calculated by analysis. When the value of the reinforcing bar
distortion of the surface of footing was made to change, the measured amount of reinforcing bar pullout from
the footings is shown in Figures 1 1 to 17 for each reinforcing bar classification used in the specimens.
The amount of reinforcing bar pullout from the footings is expressed in dimensionless form using Equation
(4).

4.4 Formulation of longitudinal reinforcing bar strain at surface of footings and its relationship to
dimensionless reinforcing bar pullout

It was decided to express the relationship between reinforcing bar strain at the footing surface and the
dimensionless form of the reinforcing bar pullout using four straight lines corresponding to the strain level of
the reinforcing bars. In the yield strain of reinforcing bars, the dimensionless reinforcing bar pullout was
obtained with the equation proposed by Shima of the equation (5)[10][1 1J. The result obtained with Equation
(5) corresponds closely to the experimental value and the analytical value.

In post-yield range of the reinforcing bars, it was decided that the dimensionless form of B of the reinforcing
bars modified the model of the reinforcing bars strain -slip of monotonic loading by Sin. Equations (6) to (9)
are the formulas proposed in this research. Equation (6) is the dimensionless reinforcing bar pullout in the
range from the yield strain (ey) to strain hardening (esh).

In Sin's model, there is no increase in the pullout in this range. However,the experimental results show pullout
increasing, and the analytic result with being minute. Equation (6) takes this increase into consideration. In the
post-strain-hardening range of reinforcing bar strain, Equations (7) and (8) approximate the situation with two
straight lines. Finally, the strain (ea) at the point where the slope changes is given by Equation (9).
The values of dimensionless reinforcing bar pullout as computed by Equations (5) through (9) are shown by
the dotted lines in Figure 9, and Figures ll through 17. These calculated pullouts from the footings are
comparatively precise.

In Figure 17, the difference between specimens A2 and A7 is the cyclic loading pattern. The other specimens
are subject to the same conditions. The calculated reinforcing bar pullouts in these two cases are nearly the
same, so no influence of cyclic load pattern is evident.

(a) Yield strain (ey) range

5=£y (2+3500£y ) *0y (5)

(b) Hardening strain (esh) range

s =05(t0)+5 (s, ) (6)

(c) post-strain hardening of the reinforcing bar, the reinforcing bars strain (ea) of the point that the slope of the
dimension-less slide change

s =0.08 (fu- fy)(ea-esh) + s^) (7)

(d) When reinforcing bars strain is larger than ea

s = 0.027(fu - fy)(£s-ea) + s(0)

Where,
%: yield strain of reinforcing bars
0h- strain hardening limit of reinforcing bars
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fu: tensile strength of reinforcing bars (N/mnT)
fy: yield strength (N/mm2) of reinforcing bars
0'-strain of reinforcing bars
cty! influence of reinforcing bar spacing

a^H-oV 450'^^]

Cs: spacing of reinforcing bars
O: diameter of reinforcing bars
£a :post - strain hardening of the reinforcing bar, the reinforcing bars strain (ea) of the point that the slope of the
dimension-less slide change

*B=£Sh+

{(0.132-s( f y )/2)/(0.13(fu-fy ))} (9)

s (Ey): dimensionless pullout in the yield strain range of reinforcing bars
s (£sh): dimensionless pullout at the point where the reinforcing bars are in hardening strain
s (ea): dimensionless pullout in ea has the strain of the reinforcing bars

5. Method of calculating reinforcing bar millout from footings at ultimate displacement

5. 1 Member ductility ratio and the examination of longitudinal reinforcing bar strain at the footing surface

In the formulas defining the relationships between longitudinal reinforcing bar strain at the footing surface and
the dimensionless reinforcing bar pullout, the longitudinal reinforcing bar strain at the surface of the footings
must be known in order to calculate the ultimate displacement. The strain is measured with wire strain gauges
fitted to the reinforcing bars. However,in specimens subjected to cyclic loading, damage wasconcentrated on
the base of the specimen, so it often proved impossible to take readings from the strain gauges during cyclic
loading steps.

This problem was overcomeby using specimen Kl, for which the pullout was directly measured. The lead line
of the wire-strain-gauge was fully lengthened, enabling the reinforcing bar strain to be measured up to the
ultimate displacement.

Then, in specimens where the focus was reinforcing
bar strain at points less than 50 mmbelow the
surface of the footings, the reinforcing bar strain at
the footing surface was assumed to correspond to
the strain distribution of the measured reinforcing
bars from the calculation by the analysis.

The relationship between memberductility ratio and
reinforcing bar strain at the footing surface is shown
in Figure 18.Figure 18 is fitted by Equation (10),
which is shown by the straight line on the graph.
This equation represents the relationship between
memberductility ratio and reinforcing bar strain at
the footing surface.
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Figure 18 relationship between member ductility
ratio and reinforcing bar strain at the footing surface

£ =0.0031à" fi +0.0099

(correlation coefficient y = 0.819)

Where,2£ n <14

3.55^D/0 ^7.69

(10)
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(reinforcing bars arranged in a row)

e: reinforcing bar strain at footing surface
u,: ductility ratio of the memberat ultimate displacement
D: reinforcing bar spacing
O: reinforcing bar diameter

5.2 Calculation of reinforcing bar pullout from footings at ultimate displacement in actual structure

In the research described, the ductility ratio of the member at ultimate displacement is determined, and the
reinforcing bar strain at the footing surface is computed from Equation (10). It then becomes possible to
calculate the amount of pullout from the model of pullout of the reinforcing bars shown by the distortion of the
reinforcing bars and Equation (5) Equation (9).

However,the reinforcing bar strain at the footing surface calculated from Equation (10) is based on the results
of experiments using cyclic loading. Under seismic motion, however, it seems that damage occurs due to the
elasto-plastic characteristics of the structure and the bonding between concrete and reinforcing bars may
change.

In the member that the ductility ratio of the member becomes ultimate displacement around 10, the rotation of
hinge of the plasticity is the most part with horizontal displacement. The proportion of the lateral displacement
resulting from pullout of reinforcing bars at the ultimate displacement is thought to be relatively small in this
situation.

As for errors in computing the reinforcing bar strain from Equation (10), it is considered that the influence this
has on the ultimate displacement of the RC memberis small. Based on this understanding, an examination of
an actual structure is carried out below.

When it became ultimate displacement with ductility ratio of the member, an error of around 10,000(1 is
assumed in the reinforcing bar strain estimated from Equation (10). That is, a sensitivity analysis is carried out
on the contribution of reinforcing bar pullout to ultimate lateral displacement when the reinforcing bar strain is
made 10,000^ larger and smaller than the calculated value.

The railroad structure described in Reference [2] is examined, with analysis carried out on a column of the
rigid frame bridge and the pier wall. Both in-plane and out-of-plane directions were considered in the case of
thepierwall.

Equation (10) was applied to the out-of-plane direction of the pier wall, where the arrangement of longitudinal
reinforcing bars is 2 rows. A general view of the examined structure is given in Figure 19. The properties of the
structure are listed in Table 3.

The examination is carried out as follows. A model for reinforcing bar pullout from the footings was
determined for each structure. The quantity of hoop reinforcement that results in the ultimate displacement at
the ductility ratio of the decided member is calculated. The lateral displacement due to pullout of the
reinforcing bars at the ultimate displacement is calculated. The ultimate displacement is calculated from the
equation for memberductility given in Reference [5], given below as Equation (1 1). The method proposed in
this paper is used for lateral displacement 5ul that originated in the rotation by pullout in ultimate
displacement.

8u=li'<5y=Mo' 6yo+6ul (ll)

Where,
Ho: ductility of pier member
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M o=-1.9+6.6-(Su- a/Mu)+(13Pw-1.6)-Pw

Su: shear strength
a: shear span
Mu: ultimate flexural moment
Pw: shear reinforcement ratio
6yo: displacement of memberat yield
5ui : ultimate displacement due to rotation by pullout of longitudinal reinforcing bars

6ui= (S/d-x) -la (12)

la: distance of the calculated lateral displacement position from surface of footings
(shear span or memberlength)

S: ultimate reinforcing bar pullout
d: effective depth
x: distance fromthe neutral axis to the compressive end

The lateral displacement originating in reinforcing
bar pullout at the ultimate displacement can be
calculated from Equation (12), multiplying the
rotational angle of the pier body by the pullout of
reinforcing bars from the footings and the shear
span or memberlength.
The rotational angle can be calculated by dividing
the amount of reinforcing bar pullout by the
distance to the tension bar fromthe neutral axis of
the section.

In specimen Kl, the rotational angle was
determined from the dial displacement gauge
measurement and the measured pullout using
Equation (12) and compared with the calculation.
The measured value was larger by about 7%.

RC piers at ultimate displacement under cyclic
loading tend to suffer column spalling of the cover
concrete and damage to the strip. In determining the
neutral axis at the ultimate displacement, this
damage must be taken into account. In this
examination, as a section of this damage condition,
it was decided as a section which removed cover
concrete to tension bar fromtensile extreme from
compressive extreme to compression bar. The
neutral axis position was determined using the same
method as used for maximumstrength as shown in
Section 3 (1), yield load/maximum load, and the
rotation angle of the pier body was calculated. The
calculated lateral load in the section that removed
cover concrete is shown in Table 1. And, the
comparison of the experiment value of lateral load
of yield with lateral load that was calculated in the
section which removed cover concrete is shown in
Figure 20. The two values correspond
comparatively well. The above demonstrates that
the member condition of ultimate displacement is
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almost expressed suitably with the neutral position shaft that was calculated in the section which removed
cover concrete.

The calculated amount of lateral displacement originating from reinforcing bar pullout at the ultimate
displacement in the actual structure is shown in Figures 21 to 23. These figures show that when the ductility
ratio of the member increases, the proportion of lateral displacement originating frompullout of the reinforcing
bars falls. It is the case that the ductility ratio of the memberbecomesultimate displacement with 1 0.

At the ultimate displacement, the proportion of lateral displacement originating from reinforcing bar pullout
takes the following values:

About 1 1%-18 % for the column of the rigid framebridge.
About 8%-1 2 % in the out-of-plane direction of the pier wall.
About 21%-33 % in the plane of the pier wall.

As for the reinforcing bar strain at the surface of footings, as calculated from Equation (10), a deviation of
about 10,000n caused it to change by only about 5% in each direction at a member ductility ratio of 10.
Consequently, it can be concluded that the reinforcing bar strain as estimated fromthis equation does not have
a major influence on the calculation of ultimate displacement.

6. Conclusion

The amount of reinforcing bar pullout from the footings is the basis for evaluating the seismic deformation
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reinforcing bar pullout. The research entailed carrying out cyclic loading tests on RC column specimens. The
experiment results were analyzed for the -s- relationship in consideration of the bond deterioration range
leading to the development of a calculation method that applies even to large deformation ranges (up to a
ductility ratio of about 10). The application of the proposed equation to an actual structure was also examined.
The following conclusions can be drawn from this work:

(1) The reinforcing bar pullout can be calculated accurately by Shima's bond-slip-strain model with an
assumption that the bond deterioration zone is about 3D (D: diameter of re-bar).

(2) The amount of reinforcing bar pullout from the footings can be calculated by substituting reinforcing bar
strains into the model of pullout given by Equations (5) to (9). Then, the reinforcing bar strain at the surface of
the footings can be calculated from Equation (10).

(3) The neutral axis of the section at ultimate displacement can be calculated in the section where cover
concrete was ignored.

(4) In the actual structure, the lateral displacement originating from reinforcing bar pullout at the ultimate
displacement was calculated. When the ductility ratio of the member is higher, the proportion of lateral
displacement originating from pullout decreases. It is the case that the plasticity rate of the member becomes
ultimate displacement with 10, the rate of lateral displacement by pullout of the reinforcing bars became the
following value: about 11%-18 % for the column of a rigid frame bridge; about 8%-12 % in the out-of-plane
direction of the pier wall; and about 21%-33 % in the plane of the pier wall.
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