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AN EXPERIMENTAL STUDY ON ENERGY ABSORPTION CAPACITY
OF COLUMNS IN REINFORCED CONCRETE STRUCTURES*

By Tomonori OHNO** and Takashi NISHIOKA***

A number of experimental research works on the strength and ductility capacity of
structures have been carried out in the past, which showed that the ductility capacity
was strongly affected by loading condition. As far as such a repeated loading as earth-
quake motion is concerned, the design based on ductility factor is not always reasonable.
The authors have proposed that the energy absorption capacity of structures is well-
suited index for seismic safety. The purpose of this study is to investigate the energy
absorption capacity of structures quantitatively. A series of five reinforced concrete
columns were tested under four types of repeated loading. The results developed in this
paper is intended to use in estimation of seismic safety.

1. INTRODUCTION

It is generally admitted that the deformation capacity of structures in itself is commonly evaluated by
thier ductility factor. It is a good index for earthquake resistant capacity in order to deal with the behavior
of structures in such a strong earthquake motion that causes structures to collapse. Therefore, the most
research works in the past on earthquake resistance of structures in civil engineering field are concerned
with the variation of the resistant strength and deformation after yielding in the main members and
connections of structures’ ", }

In general, the factors affecting on the strength and ductility of structures are several member constants
(axial reinforcement ratio, ratio of hoop ties and shear-span ratio etc.), axial load and loading condition
(loading rate, the number of loading cycles and the type of loading etc.). According to the past research
works which dealt with these factors, it is pointed out that the reduction of deformation capacity is strongly
affected by the number of repeated loading cycles and the increase of axial reinforcement ratio. Especially,
the number of repeated loading cycles affects so greatly that the ductility reduces to about one half of the
case in one directional loading?®™®. Since the ductility factor which is widely used as an index of structural
safety is varied under the influence of loading condition, it is not always reasonable to use it in earthquake
resistant design. In the most research works which used equivalent linearized method to analize
elasto-plastic structures for earthquakes, the equivalent damping constant A, calculated from each cycle
of hysteresis loop under repeated loading is adopted as an energy absorption capacity of structures'™'~2",
When the load-displacement loops of members under repeated loading is obtained both in experiment and
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24 T. OHNO and T, NISHIOKA

theoretical analysis, the area of hysteresis loop in one cycle is evaluated as equivalent to the viscous
damping dissipated in the structural system.

On the other hand, the authors define in this paper the energy absorption capacity of members as the
amount of absorbed energy up to its ultimate condition. We have been studying that the energy absorp-
tion capacity up to the ultimate state of structures is the most suitable index in structural response
against earthquake motion'®9,

There are several research works which discuss the structural response under strong earthquake
motion by energy concept. Akiyama® and Suzuki et al®* discuss the energy absorption capacity of
steel structures and gave the energy absorption capacity in relation to the plastic deformation capacity
defined by several constants of members. There are very few research works on the energy absorption
capacity of reinforced concrete structures. Only Okada et al.® studied the relation between the energy
dissipation and the plastic rotation capacity of reinforced concrete beams having various reinforcement
ratios.

It is considered that the structural safety against strong earthquakes is estimated by comparing the
energy absorption capacity of structures with the input energy imparted by earthquakes'®?. In this
study, the energy absorption capacity in the flexural failure of reinforced concrete columns under
repeated loading was investigated experimentally. The effect of loading cycles on the energy absorption
capacity of reinforced concrete columns was measured quantitatively in different loading cycles and
loading types. Since the number of loading cycles influenced on the response of actual structures beyond
yield displacement was limited even in strong earthquake motion, it was chosen up to several tens of
cycles in the experiment.

2. EXPERIMENTAL PROCEDURES

(1) Test Specimens
Fig.1 shows the configuration and dimensions of
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An Experimental Study on Energy Absorption Capacity of Columns in Reinforced Concrete Structures 25

same dimention. The column was reinforced by deformed reinforcing bars D 19 (SD 30) and confined by
hoop bars ¢ 9 (SR 24) at the spacing of 100 mm. Reinforcement ratio was 0.82% in axial reinforcing bar and
0.32% in hoop ties. The footing was designed as big as possible and stirrups were densely spaced to prevent
the shear failure in footing. The footing section was strengthened also by the prestressing bars which were
passed through the footing at both ends so that the failure due to shear cracks was prevented. The
mechanical properties of reinforcing bars and the material properties of concrete are given in Table 2 and
Table 3. The mix proportion of concrete and the designed slump are given in Table 4. The average
compressive strength of concrete using 6 cylindrical specimens was 24.8 MPa.

(2) Loading Program

Fig.2 shows the general view of the testing machine and the test specimen set on the steel bed. The
test specimen was fixed to the steel bed by 12 steel bars of 20 mm in diameter. Loads were applied
vertically and laterally at the top of column by two electro-hydraulic servo actuators (the maximum
capacity of 980 KN and the maximum stroke of 4150 mm). Horizontal load was applied both in forward
and backward directions under constant vertical axial load. Fig.3 shows four different loading types
which were used in this experiment to investigate the effect of loading cycles on the energy absorption
capacity. Of all loading types, L-1 was each one repetition of the relatively large amplitudes having 5 &,
and 8 3, (8, is a measured horizontal displacement at
yielding point). L-2 was each one repetition with
increasing amplitudes from 1 §, to 8 §,. L-3 and L-4
were each 5 and 10 repetitions under constant
amplitudes of 2 §,, 3 8, ", respectively. Axial com-

pressive force was set 127 KN in case of L-1, -2,
I-3 and L-5, and 314 KN in case of L-4, which
corresponded to 0.98 and 1.96 MPa in compressive

stress. The horizontal repeated load was applied by
the actuator fixed to the reaction wall at the height of

160 cm from the bottom of the column. The test was

Supporting Frame

12345678910

3300

. 123458678910
“ 12345678910

Actuator

Fig.3 Various types of repeated loading.

Actuator ] buces

e =k & .
& B . epeating
=, ® s Ho- G2 Load
5. E
8 ot ® — L
© Pz
2 3 § Lslip-bar Type
Q
o 5 ol of” i el
Lo 4 g : efq_§; ..... 0
3 Ll LT T
- q § I
o ol T
2 Steel Bed ) L) - ‘i E
,./Reactlon Floor / Strain Gauge Type
eV . VIRV )
Fig.2 General view of testing machine and test
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Fig.5 Load-displacement hysteresis loops at the top of column in various loading condition.

finished at the time when it was too dangerous to v/py

continue the experiment because of the serious failure

1.0
in specimen.

(3) Measuring System
Measuring instruments and their positions are shown

in Fig.4. The strain gauge type electric displacyement

meters (1/1000 mm in accuracy) and the slip-bar type

electric resistant displacement meters (1/100 mm in

[~~~ ohta E
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accuracy) were used to measure horizontal displace--

ment of the column. These meters were set on the

column at the points 1, 3/4 and 2/4 of the column length Fig.6 Envelopes of load-displacement relationship.
from its bottom to the top. The same electric displace-

ment meters were used to measure the change of rotation angle near the foot of column after cracking, which
were set on the height of 25, 225, 425 and 625 mm from the foot. The curvature of column was measured
with the strain gauge type electric displacement meters. These were placed at 20 cm intervals from the foot
to the loading point. The strain in the axial reinforcing bars was measured by electric resistant strain
guages attached at twelve locations on both compression and tension side. Electric resistant strain guages
were also attached at five hoop ties within the range of 50 c¢m in height from the foot to observe hoop steel
strain due to confinement of concrete and shear stress. The output of these measuring instruments was
recorded into a cassette type magnetic tape by way of a micro computer at each loading step. At the same
time the value of load and displacement at the loading point was displayed on a CRT and the relation
between load and displacement was drawn on a X.Y plotter at each loading step to control the experiment.
The deviation of axial and horizontal load from true values, which was due to increasing horizontal
displacement in column, was modified automatically by computer program.

3. EXPERIMENTAL RESULTS

(1) Load-displacement Relationship

Fig.5 shows the load-displacement hysteresis loops in various loading types from the beginning to the
end of the experiment. These loops show generally same features except the specimen No.l. It is clear
that the stiffness is degraded after each reverse loading as the number of cycles increases. The enve-
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An Experimental Study on Energy Absorption Capacity of Columns in Reinforced Concrete Structures 27

lopes of load-displacement relationship including the results of other research works'®® is shown in
Fig.6. The ordinate and abscissa in Fig.6 represents the load and the displacement normalized by yield
load and yield displacement, respectively. In this figure, each test specimen has some differences in test
condition and dimension, and the deformation capacity is clearly varied with the number of loading
cycles. ’

{2) Accumulation of Absorbed Energy

Fig.7 shows the cumulative absorbed energy in column members for each loading amplitude. The num-
ber in the figure indicates the repetition of loading cycles. Cumulative absorbed energy was obtained by
integrating the area at each loading step in load-displacement loop. As shown in the figure, the cumula-
tive absorbed energy is remarkably different with the number of loading cycles. Based on the relation
shown in Fig.7, the following second order regression curves were obtained for each number of loading
cycles. ‘

Wy=0.140 X*—0.214 X +0. 168 N

Wy=0.509 X*—0. 495 X +0. 026 N

Wy=0.990 X*—1.236 X+0. 303 . N=10
where N =number of loading cycles, X=nd,(n=
1, 2, 3, -++). The correlation coefficients of Eq.( 1)
between W, and X was 0.98 or larger in the
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Wy=(0. 391 N¥—0. 287)X*—(0. 473 N*—0. 361)X +0. 01 N2—0. 096 N +0. 258 +--+-+++serureueeneerns (2)
where N>1, X=2 4,

Fig.8 shows the cumulative absorbed energy calculated by Eq.(2) in case of loading cycles N=1, 2,
3,4, 5, 10, 15 and 20. The cumulative absorbed energy by experiment shown in Fig.7 are also plotted by
the marks @ (N =1), ® (N =5) and O (N = 10), respectively. It shows that the cumulative absorbed
energy is closely related to the loading amplitude X(=nd,) and the number of loading cycles N.
According to Fig.8, when the number of loading cycles N is small, large loading amplitude X is needed
to reach a certain cumulative absorbed energy. As the number of loading cycles is larger, the cumulative
absorbed energy increases even if the amplitude is small. It means that the ductility of structural mem-
bers is varied with the number of repeated loading cycles, when there exists the upper limit in cumula-
tive absorbed energy.

(3) Final State of Damage in Specimens

The features at final state of damage in each specimen are shown in Fig.9. These are generally simi-
lar except the specimen No.l. The fracture of cover concrete and the buckling of axial reinforcing bars
occurred within the range of 40 cm from the column foot in the specimens No.2-No.5. Though the frac-
ture of cover concrete did not occur in the specimen No.l, the crack was concentrated within the range
of 40-50 cm from the column foot as same as the other specimens. In the specimens No.2-No.5 the plas-
tic hinges were observed on the surface parallel to the loading direction at the height of 20 cm from
the foot.

(4) Distribution of Absorbed Energy

The distribution of absorbed energy in the member
was examined to find the position of damage in column
body. The column was divided into 9 zone for
convenience. The cumulative absorbed energy in
each zone was calculated by the measured curvature
and bending moment. Fig.10 shows the relation

Fig.11 Simulated model for plastic deformation
used in this study.
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Fig.10 Distribution of energy absorption calculated Fig.12 Cumulative energy absorption by load-displacement
from moment-curvature relationship. and moment-rotation relationship.
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between the rate of absorbed energy distribution in each zone and the loading amplitude at each cycle. It
shows that the absorbed energy distribution has same tendency in every cases. The rate of absorbed energy
in Zone-1 increases abruptly at the amplitude 2 §,. The rate in Zone-2 increases after 2 §, and approaches
to the rate in Zone-1, as the loading amplitude becomes larger with the number of loading cycle. The rate in
Zone-3 is small and shows almost constant values with no relation to loading amplitude and the number of
loading cycles. The total rate of absorbed energy between Zone-1 and Zone-3 amounts to almost 95% in
every specimens. It is noteworthy that the 90~95% of the whole absorbed energy is occupied from Zone-1
to Zone-2 and that the damage is concentrated in these sections. It corresponds well to the final state of
damage as described in the previous section (3 ). The plastic region is regarded as the section from the
column foot to the heightlof 40 ¢cm (Zone-1 to Zone-3) based on the above consideration.

(5) Cumulative Energy Absorption by Moment-Rotation Relationship k

It is regarded by the results of previous seciion (4 ) that the plastic region ranges from the column
foot to the height of 40 cm and that the column rotation concentrates on the center of this region at the
height of 20 cm from the foot. Since the behavior of column after yielding is considered almost due to
the rotation of this plastic hinge region, the rotation angle of the plastic hinge (§) can be regarded as
the sum of 4, and @, as shown in Fig.11. Fig.12 shows the comparison between the cumulative energy
absorption calculated by the experimental results of the load (P)-displacement (A) relationship at the
loading point and that of the moment (M )-rotaion () relationship calculated by internal energy in plastic
region. The moment (M) is the one at the assumed section in which the plastic hinge was made. In
Fig.12, the solid lines represent the cumulative energy absorption by P-A relationship, and the broken
lines, by M-8 relationship. It should be noted in this figure that the cumulative energy absorption by
M -6 relationship is almost equal to that by P-A relationship and that the assumption described above
can be well suited. The plastic behavior of reinforced concrete columns after yielding can be investi-
gated by using such a simplified concept that the plastic hinge is concentrated at the central cross sec-
tion of plastic region.

(6) Energy Absorption Capacity

Fig.13 shows the general relation in the envelope of the load-displacement or the moment-rotation
relationship of flexural reinforced concrete members. Though many definitions on the structural failure
have been made, the structural failure defined in this study is the time when the member strength
becomes smaller than its yield strength after it passes through its maximum strength. The amount of
energy absorbed in the structural members up to this state is called in this study as the energy absorp-
tion capacity. The final displacement is the one that corresponds to the final state defined above in the
load-displacement relationship, and the ductility factor is generally defined as the final displacement
normalized by yield displacement. Fig.14 :shows the relation among the maximum strength of the speci-
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Table 5 - Details of test specimens and their energy absorption capacity.
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mens No.3-No5, the loading cycles and the loading amplitude. The ordinate represents the maximum
load normalized by yield strength and the abscissa represents the loading amplitude. The number in the
figure shows the repetition of loading cycles. In all specimens the maximum strength appears at the
first cycle of 2 §, after yielding. The strength is gradually deteriorated after that with the increase of
loading amplitude and the number of loading cycles. The point where the strength of members becomes
lower than the yield strength (that is, the value lower than 1.0 in the figure) is at the fourth cycle of 5
8, in the specimen No.3, at the second cycle of 5 g, in the specimen No.4 and at the eighth cycle of 4 g,
in the specimen No.5. Calculating the cumulative energy absorption by the load-displacement relation-
ship up to these points, they were obtained as 93.2 KN-m, 91.3 KN-m and 99.7 KN-m in the specimens
No.3, No.4 and No.5, respectively. These values are indicated also in Fig.7. It can be regarded almost
equal to each other. It is noteworthy that there is not great difference in the cumulative energy absorp-
tion between the specimens No.3 and No.4 in spite of the difference in axial stress.

Ohta has reported experimental results on the strength and displacement capacity of various speci-
mens in his research works'. Since his experimental works have comparatively the same test condition
and dimensions of specimens as in this study, energy absorption capacity was calculated by using these
results and Muto’s histeresis model®. The results of calculation and the details of specimens were
shown in Table 5. Though these specimens are somewhat different each other in the ratio of hoop ties
and the type of ties, the value of energy absorption capacity are almost equal as shown in the column (D
of Table 5. Comparing with the result of our study, the values of energy absorption capacity are almost
twice, because the cross sectional area of the specimens by Ohta is just twice as much as that of ours.
This fact indicates that the effects of axial unit stress and when the ratio of hoop ties on the energy
absorption capacity are negligible when the axial unit stress is lower than 1.96 MPa and when the ratio of
hoop ties ranges from 0.08 to 0.32%. It may be concluded from these facts that the members are equivalent
in the energy absorption capacity when the shape of cross section, the ratio of axial reinforcing bars and
shear-span ratio have the same condition.

(7) Quantitative Estimation of Energy Absorption Capacity

A column member of reinforced concrete structures in the condition of one fixed end such as rein-
forced concrete piers of bridges was the object for this study. Judging from the previous section (6 ),
the energy absorption capacity of those structures is regarded as inherent and constant value in spite of
loading cycle. If these energy absorption capacity could be obtained easily from the member constants,
it would be very easily to estimate the earthquake resistance of structures by using energy concept.

Since the structural failure in this experiment was governed by the plastic hinge appeared at the spe-
cific cross section near fixed end, the energy absorption capacity was calculated quantitatively by mak-
ing a model which reflects the column behavior in the experiment. If the behavior of the column is a
perfectly rigid-plastic model under monotonic loading condition, the energy absorption capacity is sim-
ply calculated by the product of plastic strength and displacement capacity. The following equation
described in Ref. 27) was adopted as the plastic strength.
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M,=0.8 a;05,D+0.5 ND(1—N/bDoc) - (3)

where N<0.4 bDo,, a,=cross sectional area of

AV

d=400

504 l:qs;:wo

tensile reinforcement, g, =yield strength of tensile

reinforcement, N =axial load, » and D=width and

depth of cross section, respectively. g.=~compress-

400

ive strength of concrete. Assuming the rotation of

ip

column is limited by geometric restriction due to the

T 7 elongation of tensile reinforcing bars, such a simple

(@) (b) model as shown in Fig.15 was used in the calculation.

Fig.15. Mechanical model for plastic rotation capacity. In the model, the cover concrete having the range of

plastic region [ (=40 cm=D) is ignored and the

column member rotates at the center of plastic region to its final state as shown in Fig.15(b). The ultimate
rotation angle of the column 4, in this state can be expressed as follows.

8,=21{cos™ [,/2 x—cos([,+ Al)/2 e /180 (Tad.) -veereerrerre (4)
in which [,=length of tensile reinforcing bars in plastic region, A]=1length of elongation in tensile
reinforcing bars and .1;::,«,/lf,;l-—.5'2 /2 (s=distance between both tension and compression reinforcement).

Substituting the experimental values of this study into Eq.(3) and (4 ), the plastic strength and the
ultimate rotation angle are obtained. Taking b= D =40 cm, ¢.=24.8 MPa, ¢5,=362 MPa, pl=p.=
0.82%, [,=40 cm, A]="7 cm and x=25 cm, the plastic strength and the ultimate rotation angle yield to
M,=162.0 KN-m and §,=0.591 rad.. Three reinforcing bars having the same length as the plastic
region (I,=40 cm) in the experiment were next tested to investigate the elongation capacity. Since all
reinforcing bars in the test were rapidly broken after reaching to the maximum strength, the average
elongation rate of 17.5% which corresponds to its maximum strength was used as the standard of elon-
gation limit. Finally, the energy absorption capacity W, of the specimens was obtained as We=M," §,=
95.8 KN-m. :

Since the specimens given in Ref. 15) has the same depth in cross section and the same ratio of axial
reinforcement as the present case, the ultimate rotation angle has the same value of 4,=0.591 rad.. The
energy absorption capacity in this case was obtained as W,=329.2(KN:m)X0.591(rad.)=194.5 KN-m by
using Eq.(3) and (4 ). These two values were listed in the column () of Table 5. The column (D shows
the experimental values of energy absorption capacity, and the column (2) shows their average values.
There is good coinsidence between the experimental and analytical values. This may be due to the fact
that the column behavior of reinforced concrete in flexural failure depends mainly on the behavior of
axial reinforcing bars. It means that the energy absorption capacity of reinforced concrete structures
could be estimated, if the cross sectional constants of members and the physical properties were given
by the simple material tests of axial reinforcing bars and concrete. Once the energy absorption capacity
is calculated by the above method, the structural safety under strong earthquake motion may be judged
easily by comparing the input energy of structures imparted by earthquake with their energy absorption
capacity.

4. CONCLUSION

The purpose of this study is to investigate the energy absorption capacity of reinforced concrete col-
umns quantitatively. A series of five reinforced concrete columns were tested under four types of
repeated loading. Based on the experiment, the effect of loading ¢ycles on the energy absorption capac-
ity was examined quantitatively. Though the test was limited in the number of specimens and condition,
it suggested that the energy absorption capacity is a good index in earthuqake resistant design when the
seismic safety for structures are decided by their energy absorption capacity. The concluding remarks
are expressed as follows.
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(1) Though the ductility factor is influenced by the number of loading cycles, the energy absorption
capacity is almost constant and is not affected by the number of loading cycles.

(2) The effects of axial unit stress and the ratio of hoop ties on the enregy absorption capacity are
negligible when the axial unit stress is within 0.98 ~1.96 MPa and the ratio of hoop ties ranges from
0.08 to 0.32%.

(3) If the cross sectional size of structural members and the properties of axial reinforcing bars
and concreté were known, the energy absorption capacity of structural members can be estimated by
using Eq.(3) and (4).

(4) Once the energy absorption capacity is calculated by the method presented in this paper, the
structural safety under strong earthquake motion may be judged by the comparison between the input
energy of structures imparted by earthquakes and their energy absorption capacity.
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