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SUMMARY

‘Eighteen half-size columns were tested to study the effects of cyclic
loading rate and behavior on the inelastic deformation capacity of reinforced
concrete colums. The failure modes and load-carrying capacities of the columns
were found virtually not to be affected by the loading rate, levels of axial
loa<.i, concrete strengths, shear span ratios and longitudinal tension steel
ratios. However, the ductility factors as one of inelastic deformation capacity
were found specifically influenced by these factors. These ductility factors
obtained from the tests were evaluated similarly with the analytical values
proposed herein.

INTRODUCTION

It is an important subject for the earthquake resistant design of rein-
forced concrete structures to estimate adequately the inelastic deformation
capacity of the members under cyclic loading. Experimental investigations on
the behavior of structural members subjected to slow cyclic loading rate have
been carried out by many researchers. No general rules, however, have been es-
tablished yet to evaluate quantitatively the differences between slow and high
rates of cyclic loading.

The first objective of this dinvestigation is to experimentally determine
the effect of loading rate on the cyclic behavior of reinforced concrete col-
umns. The second objective is to compare the performance of the columns in
this test with that of the past test data and to obtain a means for evaluating
the inelastic deformation capacity of columns quantitatively. |

EXPERIMENTAL PROGRAM

Test Specimens——The details of 18 specimens selected for this experiment are
shown in Fig.l and Table 1. The cross section of a column is a 25 cm square.
The variables of columns included the shear span ratio M/QD, concrete strength
Fc, level of axial load N (compressive stress Og = N/bD), longitudinal temsion
steel ratio Pt and shear reinforcement ratio Pw (=0.30 ~1.50%). These specimens
were divided into the following two series:

Series I :Ten columns of No.201~210 designed under the same condition were
prepared to study the effects of loading rate.

Series II: Eight columns of No.211~218 were prepared to study the effects
of Fe (No.212, 213, 214), Pt (No.215, 216, 217), M/QD (No.212, 217, 218) and O
(No.204, 211, 212) on the cyclic loading behavior.

The shear reinforcement ratios in Series I and II were decided to prevent
the occurence of shear failure prior to the flexural failure. The values of Pw
were obtained from' the following relationship with references to the existing
test results [1, 2, 3]:

(I) Prof. of Structural Engineering, Muroran Inst. of Tech., Hokkaido.
(II) Asst. Prof. of Structural Eng., Muroran Inst. of Tech., Hokkaido.

521



cQRy=0.82 cQsu ..l Ceeteeeeeca e e receaeaaa ceeeaees (1)

in which, cQBU =shear at ultimate flexural strength; cQsu= shear at ultimate
shear strength [7] (see the footnote of Table 4).

Properties of Materials and Fabrication of Test Specimens——The physical prop-
erties of materials are summarized in Table 2. All the specimens were horizon-
tally cast in metal forms. Two days after casting the forms were removed. All
the columns and test cylinders (10 cmd x 20 cm) were cured in the same condition
with plastic sheets covering until the 70% of designed concrete strength was
attained. The tests were carried out at about four weeks after casting.

Loading Apparatus——As shown in Fig.2, the specimen was horizontally supported
at two points (corresponding to the points of @& and in Fig.l) in the steel
testing frame which was fixed vertically on the test floor. The two imaginary
inflection points of the beams were connected with the steel york which allowed
rotation through the needle bearing. The horizontal load was applied by an oil
pressure servo-pulse type actuator (30 ton of capacity and *10 cmof stroke) at
the free ends of the beam. During the test a 50 ton oil jack attached to the
colum gave a fixed axial load through four external bars.

Loading Program—As illustrated in Fig.3, the cyclic loading pattern which is
controlled by the horizontal deflection was used for these tests. For all the
colums, the horizontal deflections were increased progressively from beginning
to end of the loading. These loading programs are listed in Table 3.

In Series I, the column No.20l was supposed to be the representative col-
umn which was tested under the slow displacement rate. This column was tested
with the frequency fr =0.05Hz, the increasing pitch of displacement amplitude
p =0.40 mm/cycle and the displacement rate v=0.02 mm/sec. Other 9 columns (No.
202~~210) were tested to compare the differences of fr, p and v.

In Series II, all the columns (No.211~218) were tested with fr = 1.0 Hz and
p=0.2mm/cycle (v=0.2mm/sec).

Measurements——Load cells incorporated in the apparatus were used to measure
the applied horizontal load, axial load and shear force of beams. The horizon-
tal deflections at the top and bottom of a column were measured with linear
differential transformers attached to the gauge holder fixed in the beam-to-
column joints on one side of the column. One of the measured deflections was
used to control the actuator as the displacement feedback signals during the
tests. The strain in the longitudinal steel and transverse shear reinforcement
at the several locations marked O in Fig.l were measured continuously through-
out the tests. All the measured values were recorded on a tape recorder and
were processed by a computer.

TEST RESULTS AND DISCUSSION

Cracks and Failure Modes——The flexural and shear cracking regions for the col-
umns showed a tendency to become a little wider with the decreases of fr and
Fc, and with the increases of Pt and 0g. Concerning the failure modes, all
the hinging zone of a column after the longitudinal tension steel had yielded.
However, no evident differences were observed for the variables of p, v, M/QD,
Fc, Pt and 0p.

Stiffness at Yielding—The ratios of the measured stiffness at yielding to the
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go(ﬁ))utedd vailues by the AIJ Code are within the limits of 0.73~ 1.14 (
. and all the test results are found to be in better a e wen age
computed values. greement with the

Yield Loads and Load-Carrying Capacities—As shown in Figs.!

;reg horJ'.zontal shear forces tQ are higher than the comgpsu.:e(da)r\\;iiiéstzg mea:—
oa ratios of tQ/cQ are within the limits of 1.00 ~ 1.16 (average 1.11) f e
yle:!.d loads and 1.04~1.20 (average L14) for the maximum loads. How.ever S Cine
ratios are almost not affected by the variations of v and axial load fa::tthese
(=09/Fc) as shown in Figs.4(a) and (b). On the other hand, these ratios s;zwgfﬁ

a tendency to become smaller with increases of i
2 yendeney ® s of M/QD and Pt as shown in Figs.4

Load-Deflection Envelope Curves—The maximum loads reached about 1.05 tim
much as the measured yield loads as shown in Fig.5. The load-—carrying. capa::iiizz
af’?er maximum loads decreased gradually with increasing the cyclic deflections
Tl:u.s deteriorations in load-carrying capacities may be caused by the combina;
t%ons of the concrete fatigue, loss of bond in main reinforcing steel and split-
tlng'of concrete cover at the hinging zone. Consequently, the measured limits
of displacement angle Rou (= Sou/hg, Sou is measured deflection shown in Fig.6)
marked x in Fig.5 showed a tendency to become a little larger with decreas;'.ng
p and Pt, and with increasing 0p.

Ductility Factor——The two measured displacement ductility factors are defined
as shown in Fig.6. One is a ductility factor tyu at maximum load and the other
is a limit of ductility factor tuou at the limit of displacement.

In the tests of Series I, the values of tuu are not significantly affected
by the increases of p and fr as shown in Figs.7(a) and (b). However, the values
of tuou indicated lower values with the decrease of p, when fr is constant.

On the other hand, when p is constant, the values of tuou are almost kept
at constant values regardless of the variations of v.

In the tests of Series II, the values of tpu and tpou are not affected
significantly by the values of M/QD and Pt as shown in Figs.8(a) and (b).
However, these ductility factors are decreased hyperbolically with increasing
No as shown in Fig.8(c). In this case, if the values of A (=p/t8y) are within
the limits of 0.05~ 0.15 (average 0.10), the limit of ductility factors tuou can
be expressed by the Eq.2 as well as the test results in Refs.2 and 4.

tuou=1/(no +0.1) ceeseceseans Ceeeecceserecaenastseneannan 2

Empirical Formulae—Fig.9 shows the relationship between tuou and A by using
The data of a total 18 specimens (all M/QD=1.5), 10 of which are described in
this paper and 8 in Ref.l. Now, assuming that the values of tpou can be expressed
as tpou=A-AB +1.0, and computing the values of A and B by the regression
analysis, the following empirical formula can be obtained:

tprou=316 A% +1.0  ciiiiieiiiiieiiinnnn e, 3)

The values of tHou are evaluated variously by the differences of Ny and A
as shown in Egs.2 and 3, even if the columns are designed under the same con-—
dition. Therefore, in order to convert the tuou of columns tested with A#0.1
into that of colummns with A=0.1, it is necessary to establish the modifying
coefficient (You) as corrections can be done easily. Since the value of tpou
is equal to 2.478 when A=0.1, the value of You can be expressed as:

You = 2.478 /(3.16 A% +1.0) ~1/(1.28 AP33 £ 04) irineaninnn vl (B
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By using the Egs.2 and 4, the following general expression on the limit of
ductility factor for the columns tested with the arbitrary A is given:

Hou=1/(ng +0.1) You= (L28 A%+ 0.4) /(Mo + 0.1) eevrvreenennnn. (5)

Comparison of Test Results and Calculated Values on pou——Fig.1l0 shows the re-
lationship between the calculated values based on Eq.5 and measured values of
tuou obtained from the test data of a total 68 specimens (18 of them are reported
herein and 50 are obtained from Refs.1~6). The scope of these experimental
variables are summarized in Table 5.

As shown in Fig.10, 90% of the total data are within the range of *20% of
computed values. The average ratio of measured values to computed values was
0.998 and the standard deviation was 0.129. Consequently, if the strength ratio
K=0.73~0.86 (average 0.81) was used for the design of the shear reinforcement,
it can be concluded that the Eq.5 predicts reasonable results.

Assumption for the Analysis—The following three assumptions are made:

(1) The envelope curves obtained from the peak loads and peak deflections
in each cycle of the loading history can be indicated by the bi-linear type as
shown in Fig.l1ll(a).

(2) The main factor which is affected by the cyclic loading is the in-
creasing displacement ratio A (=p/tdy) and the load-carrying capacity ratio of
Q/Qy is reached 1 at the nth cycle (n=number of cycles at the Q/Qy=1 after
yield loads). In this case the value of pou is expressed as:

wou=nA+1 ... Cteeetenesansanas e ettesetececseananes (6)

(3) The cyclic sequence of bi-linear model is shown in Fig.l1l(b). In this
figure, since AA17 =AAO6 and ABO3 = ABC4, the area of 00189 equals to [06789. And
then, the value of uou can be obtained from the accumulation of loop area in
each cycle.

Analytical Results—The accumulation of the nondimensional area Acy, from the
first yielding deflection to the displacement limit at n th cycle, i.e., energy
absorbed, is obtained from the following equation [see Fig.ll(a)]:

IAcy =00AL11l" + O0A22' + +<+--- + 00Amn" =n(n+1)A/2 ....co..... (7
Therefore, the accumulated displacement energy XLScy (correspond to the
accumulation of loop area in each cycle) is expressed as [Fig.ll(b)]:

IScy =208y Qy ZAcy =8y Qyn(n+ 1) A .ttt ittt (8)

Substituting the solution of Eq.8 for n into Eq.6, Eq.6 is rearranged as

follows:
= /“__ZSCS _l - _l A + 1.0 9
][ou—( Q v A + ; 2> U sieiietcesccennee ceecene ..--()

The value of IScy in Eq.9 is changed by the factors of A, M/QD, Pt and 0Oq.
According to the statistical analysis of the data of 68 specimens, the value
of LScy is given by the following empirical formula:

IScy=(A = B)/A 4+ (50 = A)  tiieiieerereronscsecssncsacscnnns (10)
in which, the coefficients A and B are obtained from the following formuae:

A=1.13 (Pt - 0.}7) (M/QD + 0.54) (84.7 - 0p)

B=0.064(Pt - 0.041) (6.0 — M/QD) (101 - 0p)

Fig.1l2 shows the comparison of the measured tuou and computed values of
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CHou obtained from Egs. 9 and 10. It should be noted that the values obtained
from Eqs.9 and 10 predicted similar results to Eq.5 (Fig.10). This means that

the value of ZIScy obtained from Eq.10 is almost similar to the value obtained
from the relation of Eq.4 =Eq.9.

CONCLUSIONS

Based on these tests, the following conclusions can be made:

(1) The failure modes, yield strengths and load-carrying capacities of the
columns are virtually not affected by the variations of v, fr, p, Fe, Pt, M/QD
and 0p within the limits of this investigation.

(2) The limit of ductility factors of the columns (uyou), defined as an
index to evaluated the inelastic deformation capacity, are significantly affected
by the increasing displacement ratio A and the axial load factor ng. In this
case, the value of Jou can be obtained from the empirical formula Eq.5, if fr
is smaller than 2 Hz and the load-carrying capacity ratio K is within the range
of 0.73~0.86 (average 0.81).

(3) In order to convert the value pou of the colums tested with A#0.1
into that of the columns with A=0.1, it is effective to use the modifying co-
efficient You given by Eq.4.

(4) The calculated values obtained from Eq.5 can be evaluated similarly
with the analytical values of Eq.9 which is the formula of accumulated dis-
placement energy based on the bi-linear model.
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Table 1 Kinds of Specimen Table 3 Loading Program

M Reinforcement Increasing Frequency fr R
Column | &5 fe go Pt | Shear reinf. Pw Pitch of 0Hz 0.5 Hz 0.05 Hz
No. QDb kg/em2| kg/em2| (%) No.Size-@ (%) Def. p 2.0 Hz ! ]
201~210 1.5 210 70 0.342 | 4-6¢ @33 1.154 0.80 mn/cycle No. 209
21 1.5 210 25 0.342 | 2-6¢ @58 0.328 ~ 040 | v=0.20 v =0.02
212 | 1.5 210 50 0.342 | 4-6¢ @43 0.886 0.40.mm/cycle No. 203 No. 202 No. 201
213 | 15 270 50 ggzg 4-g¢ @29 g;;; V=040 | v=020 | v =0.10
214 | 1.5 360 50 . 3-6¢ @54 . ! p
215 | 20| 210 | 50 | 0607 | 4-6p @40 0952  0-20mm/eyclel No.206 22“]’3‘]‘8 No.210
216 | 2.0 210 50 0.813 | 6-6¢ @38 1.503 TE030 T V=040
217 | 2.0 210 50 0.342 | 3-6¢ 659 0.484 0.10 mm/cycle No.207 No. 205
218 | 25 210 50 0.342 | 2-6¢ @63 0.302 090 s
. 0.05 mm/cycle ;\I‘ 2(']8 -
Table 2 Material Properties o.
( ):Mominal value
; Sectional | Yield Point |ETastic Modu.
Size Area(cm;) oy (ka/cm2) | Es(x10%kq/cm?) Table 5 Scope of Test Data
Longitu- | D19 (2870 3950 1.81 %D 5 o5 om
dinal | D13 | {1.267) 320 183 K= cQgy/cQsu | 0.728~ 0.855 (mean 0.81)
Steel D10 (0.713) 4020 .80 Q0 T5=75
Stirrup | 6¢ 0.238 3110 .98 Fc 198~ 345 (ka/cn?)
Sand<b5mm, f.m.=2.72, Specific gravity = 2.65 Go =N/BD | 25~70 (kg/cm?)
Gravel <25mm, f.m.=7.30, Specif. gravity =2.63 Pt 0.340.81 %
Concrete | for Fc=210, w/c=0.68, Mix.prop.=1:3.92: 3.90 P 510 ~]’50 7
for Fc=270, w/c=0.60, Mix.prop.=1:3.41:3.93 A 0014 ~1.164
for Fc =360, w/c=0.49, Mix.prop.=1:2.54:3.14 - -

Table 4 Test Results

o At Yielding Load o At Maximum Load o __ At Limit Failure
Column| Fc L% 3 — M
4 o tQy téy! £ me  tQu  téu tuwu{ 2 ne  téou tumouj g Mode
No- |kg/ema © (ton) (mm) | S (ton) (mm) 5 (mm) &
201 223 120 0.305 15.98 &75| 17 0.306 16.66 6.90 1.45]26.5 0.306 10.95 2.31| 49 FC
202 198 | 12.0 0.328 15.57 4.58| 17 0.329 16.38 6.94 1.52|27.5 0.330 11.46 2.50| 39 FC
203 208 | 12.5 0.336 15.98 4.59| 17 0.337 16.91 6.76 1.47|27.5 0.339 11.28 2.46| 37 FC
204 215 | 27.0 0.326 16.19 447 35 (0.327 17.06 6.39 1.43/535 0.329 10.10 2.26| 79 FC
205 233 | 49.0 0.301 16.11 4.91) 69 0.302 16.85 6.91 1.41]89.5 0.302 9.28 1.89|116 FC
206 230 | 245 0.305 16.42 4.65| 35 0.306 17.16 7.09 152|475 0.307 9.65 2.08| 59 FC
207 216 | 40.5 0.322 15.33 4.61| 50 0.322 15.98 596 1.29! 75 0.323 9.06 1.97| 97 FC
208 211 1925 0.332 15.28 4.65/124 0.332 15.87 6.42 1.38;158 0.333 863 1.86|213 FC
209 205 6.0 0.344 16.23 4.41 9 0.345 17.00 6.77 1.54114.5 0.347 11.05 2.51| 26 FC
210 205 | 26.0 0.343 15.76 5.091 32 0.343 16.26 6.58 1.29144.5 0.344 9.10 1.791 70 FC
211 204 121.0 0.127 10.35 4.0} 56 0.135 11.46 11.38 2.78; 90 0.137 18.31 4.47| 98 F CBu
212 215 | 24.0 0.237 13.86 4.76| 38 (.239 14.55 7.80 1.64! 61 0.241 12.73 2.67| 82 FC
213 275 [ 24.0 0.184 14.57 4.76| 43 0.187 15.22 9.13 1.92( 61 0.189 12.76 2.68| 77 FC
214 345 1205 0.149 14.79 4.00! 46 0152 15.89 9.63 2.41! 70 0.154 14.77 369 81 FC
215 222 |40.5 0.228 1229 819 55 (.229 12.90 11.28 1.38| 77 0.230 15.89 1.94 {102 F C
216 210 | 440 0248 13.75 859 | 64 (249 14.70 1331 1.531 96 0.250 19.55 2.28 |101 FC
217 224 280 0.228 10.21 5.71| 45 0.230 10.74 9.44 1.65!71.5 0.232 1492 2.61| 97 FC
[Note] 218 226 137.5 0224 7.88 7.36| 60 0.226 8.32 12.26 1.67| 90 0.227 18.96 2.58 |123 FC

No = N/bD Fe = axial load factor, N=axial load, bD=sectional area of column;

tQy, t8y = measured shear and deflection at yielding of longitudinal steel (av-
erage value of positive and negative);

tQu, tdu=measured shear and deflection at ultimate maximum load (average value);

tdu, téou=measured deflection defined in Fig.6;

tuu = téu/t8y = measured ductility factor at maximum load;

tuou = tSou/tdy = measured limit of ductility factor; Failure Mode : F = yielding
of longitudinal steel, C = crushing of concrete, B= buckling of steel;

cQy =1{g1at oy D+ 0.5 ngbD2Fc(l - No)}2/hy, (g1=0.76 in this test);

ey = {(h§/12 Ec Te) + (1.2 (/043 EcbD)} cQy/ay, oy = (0.043 +1.64 n Pt +0.043 a/D +
0.331n0) (d/D)2=stiffness deterioration factor at yielding, n=ratio
of modulus of elasticity of reinforcing bar to that of concrete;

cQBU = {0.8 at oy D+ 0.5 NgbD2Fe(L - ny)}2/ho;

cQsu = (0.9 +0¢/250){0.23 ku kp (Fc +180)/(ho/d+0.23) + 2.7 YPw-wOy }bj, ku=0.9 (in
this test), kp=0.82 Pt**3Pt =2at/bd (%), woy=yield stress for shear
reinforcement of hoops.
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