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Preface

Remforced concrete members decrease their stiffness with the development of cracks, which
change response characterlstlcs of the structure, In spnte of earthquake excitations larger than
design loads,’ m_any structures could avoid severe damage because of the non-linear characteristics
of their reinforced concrete members, Understandings of the non-linear characteristics of struc-
tural members'dUring earthquakes are needed to introduce a rational ear'rtliqluake-resistant design.

As a basic prmcnple in the earthquake-resistant desngn structures should maintain their
functions subjected to a moderate earthquake as they eXperlence a few times during their life-
times, and they may allow some damage but should not collapse subjected to a rare and large
earthquake. To design structures on this principle, their dynamlc behavior to the ultimate stage
should be verified.

This report describes the results of reversed cyclic loading tests of reinforced concrete bridge
pier models to the ultimate stage using newly completed earthquake engineering facilities in

Tsukuba.

October, 1981

Earthquake Engineering Division
Earthquake Disaster Prevention Department
Pubhc Works Research Institute

ey

e Euchl Kunbayashn
' Osamu Uyeda
'Ryon Hagiwara

Matsuo Shibata
Tatsuhiko Koyama




R
'




CONTENTS

Page

Preface
1. Outlines of the EXPEMENt . ..ot \vunetn i itet e et e, 1
1.1 Objectsof the Experiment . ... ..ot et 1
1.2 Facilities for the Experiment .............. ... ..., ]
1.3 Outlines of the Experiment . ........... i iiiiemmn e, 1
2. Resultsof the Experiment ... ... ... .0, 9
3. Analytical Investigations . ......... . .. i i e e 22
3.1 Estimationof Strength .................. et 22
3.2 Estimation of a Load-displacement Curve ................ouvrurnonenoo.. 22
3.3 Hysteretic Characteristics . ........ e ettt e e e e, 25
4, ConCluSIONS . ... 0ttt i i e e e 34
Acknowledgements .................. e e et 35
References ............. Cereeaas e et e i i e 35
Appendix — 1 Outlines of the Earthquake Engineering Laboratory .. .... e 36
Appendix —2  Outlines of the Models ............. et 39
Appendix —3  Load-displacement Curves Obtained by the Experiment ............... 48

Appendix — 4  Damping factors Obtained by the Experiment ............. e 62



1. Outlines of the Experiment

I.1 Objects of the-Experiment

Reversed cyclic loading tests of the models of a Ban-no-su Bridge pier in Kojima-Sakaide
Route of Honshu-Shikoku Bridge were conducted. Ban-no-su Bridge is a ‘double deck bridge for
a highway and a railway, and its pier columns are divided into upper and lower columns as shown
in Fig. 1-1, For this kind of a structure; detailed studies on dynamic behavior of the upper
column subjected to earthquake excitations in the transverse direction are needed in the earth-
quakeé-resistant ‘design. For this reason, model loading tests of the upper column of the feinforced
concrete pier were conducted.

1.2 Facilities for the Experiment

Model loading tests were conducted using the newly completed earthquake engineering
facilities in Tsukuba by Public Works Research Institute, Ministry of Construction. The facilities
were developed to study dynamic behavior of structural members and sdils during earthquakes.
Loading tests are conducted in a'test pit (20m x 15m x 5m) using actuators with perforiiances
shown in Table 1-1 and Fig. 1-2. The actuator can make excitations up to 125 tons with displace-
ment amplitude up to 125 mm and frequency range of 0 to 30 Hz of arbitrary waves. With the
actuators, static and dynamic loading tests of large-scale specimens can be performed (Appendix

- 1).

1.3 Outlines of the Experiment

Scales of the models used in the experiment were 1/4 for one specimen (Fig. 1-3) and
1/(44/2) for six specimens (Fig. 1-4). Conditions of the models were determined as shown in
Table 1-2 from below mentioned points of view to study dynamic behavior of the actual bridge
column and effects of the assumed structural conditions on aseismic performances of the column.
(1) 1/4 model and one of 1/(44/2) models have the same structural conditions as the actual

bridge column has.

(2) To study effects of loading conditions (one-directional loading, reversed loading).

(3) To study effects of the hunch at the base of the upper column,

(4) To study effects of the diameter of main reinforcements and the existence of side reinforce-
ments.

(§) To study dynamic behavior of a SRC (steel frame reinforced concrete) column to compare
with that of a RC column,

(6) To study effects of the studs attached to steel frames at the base of a SRC column.

A lateral load was applied to the column models at the gravity center of the superstructure.
The input was controlled by load up to the yield point of reinforcements and by displacement
after that, Though the displacement of the loaded point of each column model at the yield point
differs relating to its structural conditions, the displacement at the loaded point corresponding to
the yield strain €, given by eq. (1.1) occurred in outer longitudinal reinforcements of No. 1
‘model was defined as basic displacement 8, (= 18mm). For 1/(4 \/2) models, input was con-
trolled by load until the displacement at the loaded point became 8o and'by displacement of
nd, (n=1,2,3, ...) after that. For 1/4 model, input was controlled by load until the displace-
ment at the loaded point became /28, and by displacement of n(\/26,) (n=1,2,3, . ..) after
that. :



i

1,760 x 1076 (steel bar)
1,670 x 107¢ (steel frame)

(1.1)

I}

where, 0y : yield stress obtained by the tensile test of test pieces (steel bar: 3,700 kg/cm?,
steel frame: 3,500 kg/cm?)
Ey :  Young’s modulus of steel members (2.1 x 106 kg/cm?)

In the case of load-controlled -input, loa’d was increased step by step, and load was returned
to zero for each step, In the case of displacement-controlled input, the repeat of the same dis-
placement input was three times for No. | model (one-directional loading) and ten times for
other models (reversed loading). Loading velocity was 2 ~ 3 tfsec in the case of load-controlled
input and 0.2 ~ 0.3 cm/sec in the case of displacement-controlled input. It took 2 ~ 20 minutes
to observe cracks at the peak load or dlsplacement

As the height of models was larger than the depth of a test pit, models were set hornzontally
for the loading test as shown in Fig. 1-5. Outlines of the models are shown in Appendix —
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Fig. 1-1 Pier of Ban-no-su Bridge
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Table 1-1 Main Specifications of the Test Apparatus

Item Performances
(1)  Maximum Excitation + 125 1/1 Actuator
2) Maximum Stroke £ 125 mm ]
@ 100 AN
(3) Maximum Speed * Imfsec.
(4) Frequency Range - DC~ 30 Hz \
(5) Excitation Motions Sinusoldal Waves 50 \
3 use A
Trianguler Waves
Rectanguler Waves 40
Ranip Waves A\
Eatthquake Motions 30 \
(6) Maximum Excitation Time| 10 sec. (At Maximum Velocity)
(7) ° Control of Input Motions | Analog Control and Digital Control 20
(8) "Control ltem Acceleration, Velocity or Displacement
(9) Exciter Electro-hydraulic Servo System 0
, 1
(10) Hydraulic Power Supply Main Pump 300 €/min x 2 with
200 ¢/10 sec x 6 Accumulators
(3 Accumulators /1 Actuator) x 2
£ \
- 4
o
: \
a
£
<
v
£ 2
%’ ‘ £126t
2 AV 275
5 \ | /" 150t
1 /" 1261
d ot
1--2'3: 10 20 30 100

Freéuencv {Hz)

Fig. 1-2 Performance Curve of the Actuator



Table 12 Test Cases - )

Model

Test Conditions

No. 1

1/(4 \/f) one-directional loading model

one-directional loading, other conditions are the same as basic model.

No.2

1/(4v/3) without hunch model

without hunch, other conditions are the same as basic modeii

No.3

1 /(4‘%_/2—) basic model

same structural conditions as the actual bridge (main reinforcement—D13, reversed cyclic
loading)

No. 4

1/(4~/2) large-diameter reinforcement,

without side reinforcement

large-diameter reinforcement and without side reinforcement (main reinforcement—D29,
reversed cyclic loadmg)

1/(4+/2) SRC-without stud model

SRC withpﬁt stud (CT shape steel + D13 reinforcement, reversed cyclic loading)

1/(4v/2) SRC-with stud model

No. 6 SRC with stud (CT shape steel + D13 reinforcement, reversed cyclic loading)
No. 7 1/4 model same structural conditions as the actual bridge (main reinforcement—D13, reversed cyclic loading)
Note:

Axijal load of 118t corresponding to the dead load of the superstructure was applied to 1/4 model, but no axial

load was applied to 1/(4/2) models. -
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Fig. 13 Dimensions of 1/4 Model
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Type A Type B

( ) shows dimensions of one-directional loading model
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1/4 model

Fig. 1-5 Setting of Specimens and Actuators
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2. Results of the experiment

- Load-displacement curves obtained by the loading tests are shown in Appendix — 3. Yield
load, ultithate load, yield displacement, ultimate displacement, and potential energy of each
model obtained by the tests are shown in Tables 2-1 and -2-2..Yield point is defined here as the
point -that -the strain of the: longitudinal ‘réinforcements becomes 2,050 x 107, This strain of
2,050 x 107¢ is the yield strain of the test piece which was planéd to put a strain gauge as similar
to the longitudinal reinforcement: In the analysis of test results, yield load and yield displace-
ment were determined corresponding to the strain of outer: longitudinal ieinforcements of
2,050% 1075, . T C , S

In the load-displaceinent cutves, load increased even after longitudinal reinforcements had

- yielded, and’ it became maximum (ultimate load) when input displacement was 2 ~ 3 8¢. The

- ultimate load of the basic model (No. 3 model):was 20 ~ 30% larger than the yield load. After
that, load decreased to the level of yield load when input displacement was 4 ~ 5 §, (ultimate
displacement), When loading was repeated with the same displacement, load decreased remark-
ably by the first loading cycle and did gradually by the following loading cycles,

Final destruction modes of each model are shown in Fig, 2-1. In the case of one-directional
~loading (No. 1 model), cracks occurred- at-the base of the column at first, but the specimen
- finally shear-failed by the crack developed diagonally from the hunch. The specimen with large-
- diameter longitudinal reinforcements and without side reinforcements (No. 4 model) also shear-

failed. Other.-models bending-failed at the base of the column. '

Load-displacement envelope curves until longitudinal reinforcements yielded are shown in
- Fig. 2-2. The stiffness at the yield point decreased to 1/3 ~ 1/4 of the initial stiffness. The yield
load of the specimen without hunch (No. 2 model) and that of the specimen with large-diameter
longitudinal reinforcements and without side reinforcements (No. 4 model) were 10~ 20%
smaller than that of the basic model (No. 3 model). When an axial load was applied (No. 7
model), the yield load became about 20% larger than that of the basic model.

Load-displacement envelope curves of the first loading cycle (n=1) and the tenth loading
cycle (n=10) until the ultimate displacement are shown in Figs. 2-3 and 2-4. The load-
displacement curves until the yield point in the figures are envelope cuves for n=1 cutves and
skeleton curves for n=10 curves. Measured rotation angles at the base of the column are shown in
Fig. 2-5. Comparisons of aseismic performances of the models are shown in Tables 2-3, 2-4 and
Figs. 2-6 ~ 2-10.

The yield load and the ultimate load of the one-directional loading model (No. 1 model)
and the reversed-loading basic model (No. 3 model) were about the same. But the ultimate dis-
placement of No, 3 model was 40% of that of No. 1 model. By reversed loading, displacement
ductility ratio (ultimate displacement 8u/yield displacement 8y ) decreased to 1/2 ~ 1/3 of that
by one-directional loading (Fig, 2-6).

As for the effects of the hunch at the base of the upper column, the yield load and the
ultimate load of the model with a hunch (No. 3 model) were 20 ~ 30% larger than those of the
model without a hunch (No. 2 model). The uiltimate displacement of the both models were
about the same, The displacement ductility ratio of the both models in the hunch-compression
direction were about the same, too. But the displacement ductility ratio of the model with a
hunch was 10 ~ 20% smaller than that of the model without a hunch in the hunch-tension
direction because of larger yield displacement of the former model than the latter model (Fig.
2.



Comparing the test results of the model with large-diameter longitudinal reinforcements and
without side reinforcements (No. 4 model) and those of the basic model (No. 3 model), the
former shear-failed at the upper part of the column, while the latter bending-failed at the base
of the column, No. 4 model was about '10% smaller. in yield load, about 20% smaller in ultimate
load; and about 40% smaller in displacement ductility ratio than No. 3 model.

As for the effects of an axial load, the model with an axial load cofresponding to the dead
load of the superstructure (No, 7. model) was about 20% larger in yield load, about 10% larger
in' ultimate load, but 10 ~ 20% smaller in. dlsplacement ductility ratio than the model.without
an axial load (No. 3 model) (Fig, 2-8). '

Comparing the test results of the SRC model (No. 6 model) and the RC model (No 3
model), the former was 10~ 20% larger in yield- and ultimate loads than the latter. This is
considered to be because that the actual strength of a steel frame was larger than the nominal
strength, while the SRC model was designed based on the nominal strength. The SRC model and
the RC model can be said to have had similar aseismic performances after all (Fig. 2-9).

In the case of SRC models, the model with studs on steel frames below the base of the
column (No. 6 model) and the model without studs-(No. 5 model) had similar aseismic per-
formances (Fig. 2-10). This is because of small influences of the pulled-out of steel frames.

Measured crack width at the time of the loading corresponding to the design load are shown
in Fig, 2-5, Estimated residual crack width of:the actual bridge from the results of the basic
model (No. 3 model) and the 1/4 model (No. 7 model) were smaller than 0.2 mm and than 0.15
mm respectively, A crack smaller :than 02mm in width is considered to be harmless for
durability,

Estimated aseismic performances of the prototype upper column from the results of the
experiment are shown in Fig. 2-6.

— 10 —



Table 2-1 Results of the Experiment (n=1 P-5 envelope curve)

Py o maximum load in n=1 P-$ envelope curve

8y : displacement at the top ‘of the column correspondmg to P,
Sy dlsplacement corresponding to Py after & in n=1 P-§ envelope curve
E, : integration of P-§ envelope curve up to the ultimate displacement.

loading:
direction “ hunch-tension hunch-compression
rhodel‘ ~— . farge- large-
item O\ ' “Nol.) Ne2 Na.'3 dizmeter:. No.5 Na. 6 Na. 7 Na.l Ne 2 No.3  [diameter No. 5 No. 6 Na. 7
one- | Without | basic jmenc - SR ut| SRC | 4 fone | without | basic fmene SRC SRC | 14
i without wl . | directi withou witaou
direct ; hunch | model §i:}c ou ‘stc'lud ou b’ model 1oaf§§‘§ hunch | model §id‘:‘fc_‘ stud :& § | model
—_— N inforcement : inforcement, — .
, yieljc‘lblé‘)fjad_f‘lfi ® — | =55 | =75 | -69 | -72 -79 | -175 75 61 721 66 80 | 85 | 177
judmateloadPu(® | — | 69 | -89 | -78 | -4 | -96 |-187 | e | 73 | s | es | 100 | 101 | 200
R — | 125 | 119 | 106 | 181 | 12| 107 | 123 | 120 | 126 | 108 | 125 | 119 | 113
‘ ’mld dlsplaéefvent ;i) — | 23| -26| -26| -22| -23| -41| 20 | 21 | 21 | 23 | 18 | 22 | 32
; “lmte dlsplacement — | =78 -75| -45  -85| -83| -96| 196 | 7.6 7.9 49 | 85 | 76 | 109
8y (cm)| &
8u/6y — | 34 2.9 1.7 39 3.6 2.3 9.8 |- 3.6 3.8 2.1 4.5 3.5 34
P“""“"l M Eteaml. — | 34 | 442 | 201 | 520 | 540 [1190 (1610 | 366 | 407 | 210 | 579 | 508 1,430
. Eu(rem . | 52 ‘ | '
8olSy. — | 078 | 069 | 069 | 082 | 078 | 063 | 090 | 0.8 | 086 | 0.78 | 095 | 082 | 0.81
notes: - Py : load applied at the top of the colﬁmn at the time of yield of outer reinforcements.
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" Table 2-2 Results of the Experiment (n=10 envelope curve)

loading I o
~direction| A hunch-tension hunch-compression
model : arge . -
& Nl | N2 | N3 | dee | Na5 | No6 | N7 | Nl | N2 | No3 dmee | No5 | Na6 | No7
jtem _ome | without | basic | mew o SRC. 1 SRCp4mogeljone | without| basic | mew | SRC SRC |14 rodel
- o L ;}g:git;;nal bunch model E%iflofcc- ::lu d?“t ;‘tqud ‘ ﬁ;:fgzllgnal hunch model :i?v%forcc- ;\tr;tgout ;‘{_‘ntg /4 mo
yield load Py, ()
AN — | =5 | =75 | —69 | —72 | =79 | =175 | 75 61 72 66 80 85 | 177
ultunate loadP t ‘
e n;‘lg) — | —61- -8 | —60 | —86 | —8 | —158 | . — 65 79 58 90 89 | 168
P, (7=10) '
= Py(n=1r)::<~:; — .11y 1.07 (0.87) 1.19] 1.08/(0.90)| — .07} 1.10/(0.88)| 1.18] 1.05{(0.95)
, -2. -2 -2. -2. -2. —4.1 2.0 : .
5y (cm) =1 , : 2.1 2.1 2.3 L9 2.2 3.2
‘ ult:mate dlsplacement
- -5.3 | -4.4 - -5.31 —4.7 — 17.3 4.4 4. — ' —
e @) " mto| v 8 5.3 4.4
84 (n=10)
Ty (D) - 2.3 1.7 - 2.4 2.0 - 8.7 2.1 2.3 - 2.8 2.0 -

notes: P, : loadapplied at thetop of the column at the time of yield of outer reinforcements
P, : maximum load in' n=10 P-5 envelope curve -

, + displacement at the top of the column corresponding to Py

8y dlsplacement corresponding to Py after 8y in n=10 P-§ envelope curve
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No. 1 (one-directional loading)’
after n=3:of +118,

No. 2 (without hunch)
after n=5 of £58,.

No. 3 (basic model)
after n=3 of £5§,

\ .No. 4 (large-diameter reinforce-

ment, without side
reinforcement)
after n=5 of +3§,

No. 5 (SRC without stud)
after n=10 of +55,,

No. 6 (SRC, with stud)
after n=10 of £55,

Fig. 2-1 Final Destruction Modes of Specimens
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Table 2-3 Comparison of Aseismic Performances (n=1 P-§ envelope curve)

“ loading ' -
~direction hunch-tension hunch-compression
"\ model - - - :
item No.3: No. 4 * No. 6 Na 6- No 7 ** Ne. 3 No. 3 Nod* | . Na6 No. 6 No 7%*
- N2 | N3 Na 5 No.3 No. 3 No 1 No2 No 3 No 5 N3 No 3
yieldload B, 13| 09| 110 105| 117) 09| 118] oo9| 108] 118] L2
ultimate load Py 129 | 0.8 | .102| 108| 105{ 0.97| 12| 07| 1Lo1| 113| L1z
yield displacement 8, | 113 100 | 1.05| 0.88| 1i2| 10| 1.00| 110| . 1.16| 1.05| 108
wtimate displacements,  0.96 | 0.60 | 0.98 | L11| 0.91| 040| 104| 0.62| 08| 09 0
diphcementductiity | 0,85 | 059 | 0.92| 1.24| 079 03| 105| o055| 078 oo o 89
: , ratio pt
- potential ‘mr’g Eu 1.25 0.45 1.02 1.22 0.95 0.25 111 0.52 0.87 1.24 1.24

noies:' *  No. 4 model shear-failed at the upper part of the column. ‘
Values of No. 7 model (1/4 model) are converted into those of a 1/(4+/2) model by similitude.

B
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Table 2-4 Comparison of Aseismic Performances (n=10 P-§ envelope curve)

loaﬂj:cgﬁon hunch-tension hunch-compression
}model ]
tom No.3 Md4* | MNa6 No 6 N 7% | No3 Na 3 Nod* | N6 No6 Na 7 **
i Na2 No.3 Ne. 5 No. 3 No.3 Na:1 No. 2 No.3 Na 5 Mo 3 Na:3
yield load Py 13| 08| L10| 105 L17| — 118 0.92| 1..06| 118| 1.23
ultimate load B, L31| © 075 099 | Lo6| 0.9 — L21| 078|099 113| 106
yield displacement 5., 113 | 100 1.05 0.89 1.12 — 1.00 1.10 1.15 1.05 1.08
ultimate displacements,| (.83 — 0.89 1.07 — — 1.09 - 0.83 0.92 —
displacement ductility | = 4 4, — 0.83 1.18 — —_ 1.09 - 0.71 0.87 —
ratio u : .

notes: * N6._4 deél'shear-faﬂed at the upper part of the column.
- **  Values of No. 7'model (1/4 model) are converted into those of a 1/(4 +/2) model by similitude.
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Th.ble 25 Crack Width Corresponding to the Design Load
" () shows the estimated width of the actual bridge

~direction : hunch-terision hunch-compression
del item maximum crack width resfci_;la}l ¢rack width | maximum crack res‘idualicrack
model: Wmax (mm) Wres (mm) width Wmax (mm) | width Wres (mm)
No. 1 i :
i — = less than 0.
one-directional loading ' 0.08 ess than 0 04
 No.2 - 0.3 0.04 0.08 less than 0.04
without hunch A . o ; ,
Né. 3 0.2 B less than 0.04 0. 08 less than 0.04
basic model (1.1) (less than 0.2) (0.5) | (less than 0.2)

. l ree-di H ‘f % . o i :
Nhfragediameter 0.3 0.04 0.08 . less than 0.04
out side reinforcement I SV

: N 1 l § th 0.04'; 0. 04 3 L :. l A
SRC, without stud 0 Rt N T | lessthan 004
No. 6 0.1 less than 0.04 ~ [ 006 | " less than 0.04
SRC, with stud - i
No.7 0.15 less than 0.04 - 0.06 less than 0.04
aiodel . |  €0.6). .. . | .(essthan0.15) | €0.25)_ . . [ (lessthan 0.15)

Vo D R T T Py sl Syt Y
R ST 13 EREIE R T POl S S SRS E AT R LD S T ST RS P S Py ler SRR ITiEer s E t MO R
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Table 2-6 Estimated Aseismic Performances of the Upper Column of the Actual Bridge

wﬁi';ﬁ“on Hunch-tension HUnéh'-compression
Loading —

Item gyclén 1 10 1 10
g Yield load Py, (1) ~2, 800 ~2,800 2,830 2,830
& | Ultimate load P, (t) -2, 990 -2, 530 3, 200 2,690

Yield displacement |- —16.4 —~16. 4 12.8 12.8
g 8y (Cm)
‘8 | Ultimate displacement —38.4 . 43.6 _
g 8y (¢m) '
A& |Displacement ductility 9.3 _ 3.4 _

 fatiot v ’

- Potential energy By (tecm) 76, 200 — 91, 500 -
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3. Analytical Investigations

3.1 Estlmatlon of strength

Measured loads by the experiment and caluculated loads assummg a RC section correspond-
ing to the resistant bendmg moment at the yield and ultimate states.of the base section of the
upper column are shown in Table 3-1 and’ Fig. 3-1, The measured loads were larger than the cal-
culated ones at the yield state. This is because that a cracking point and a strain- -measuring pomt
were not necessarily the same. At the 'ultimate state, the ‘measured and calculated‘loads weére
about the same for the first loading cycle (n=1), whlle the measured loads were smaller than the
culculated ones for the tenth loading cycle (n=10) because of the effect of repeated cyclic load-
ing. When an axial load was applied, the measured load was larger than the calculated one at the
yield state, while the former was smaller than the latter at the ultimate state., : :

3.2 Estimation of a Load-displacement Curve

Calculated and measured load-displacement envelope curves of n=1 for the one—dlrectlonal
loading model (No. I model) and the basic model (No. 3 model) were compared as mentloned
below. The following is the calculation procedure of a load-dlsplacement curve,

Divide the upper column into m-elements in the axial direction. Calculate bending moment
M., My, M, and curvature ¢, ¢y, ¢, of each element at the cracking, yield, and ultimate states
to obtain M-¢ relationships as shown in Fig, 3-2, M. and ¢, can be calculated by eq. (3:1). '

N
Mc = W(op, +Tg*)

(3.1)
b =
e E.l,
where, o0y : bending tensile strength of concrete

N : axial load to the element
Ag, Iz : equivalent sectional area and equivalent moment of inertia of area
W : section modulus
E. : Young’s modulus of concrete

For the calculation of My, ¢y, My, and ¢y, divide each element into n-small elements and
obtain the strain of each small element assuming the stress and strain to be constant whithin the
small element. Using the obtained strain, obtain the corresponding stress by the stress-strain
curves as assumed in Fig. 3-3 and the neutral axis satisfying egs. (3.2) and (3.3).

N = l)‘;l Oci* AAg + 21 04* AAg (3.2)
M = 2 o xitAAg + 2 o4t X+ AAg - (3.3)
where, N,M : axial load and bending moment to the element

Oci, 05i : stress of concrete and reinforcements in the small element
AAg, AAg : sectional areas of concrete and reinforcements in the small element
Xi : distance from concrete or remforcements of the small element to the

neutral axis

;.22_.



_Calculate beénding moment by €q. (3.3) and curvature by €q. (3.4).
¢ = _co o . . , : (3.4)

where, €, : estreme fiber strain :
Xo : distance from the compressive edge of concrete to the neutral axis

Obtain My, ¢y assuming the yield strain of reinforcements as ¢, = Osy [Es (04 ¢ yield strength
of a reinforcement; Eg: -‘Young’s modulus of a reinforcement) and M,), ¢y assuming the ultimate

strain of concreteas €, = 0.0035. g
‘Calculate lateral displacement caused by the bendmg deformatlon of the upper column by

eq. (3.5).
b= £lody s B0 Ay
(3.5)
— J . J Pkt -1
6 = § ody = Z, g Ay J
where, &; : defléction of section-i of y;=distant from the base of the upper column
0;,0;-1 - : rotation angles of jth and j=1th sections from the base of the upper
column
Ay_y drstance between j- lth and jth sections from the base of the upper

éolumn’ ; : ‘
Rotatlon at the base of the upper column was measured as’ shown in Fig.- 2-5. Analytlc

into congideration, The follOng are the' outlines of the analytlc models

Case A A model in-which the basé of the upper ¢olumn is fixéd and only bending deformatlon
of ‘the ‘¢columnis taken into’ coﬂsrderatlon Rotatlon at the base of the upper column

, “:is'not taken’ mto consideration; B

Case B‘ :A'modelin’ which: ‘the hurced ‘column s assumed to be extended to the footmg and
bendmg déformation of the: ‘uppef- ‘column including the extended part is taken into
' consideration. ‘Rotation:at the base of the upper column 1s taken into consrderatlon by

~ thé bendmg deforiation: of the exténded part. ‘

Case C A model in whlch the rotation at the base of the upper column is taken into con-

slder‘atlon by pulled-out of -the longrtudmal reinforcements (Fxg 3-4), A rotatron angle
e at the base of the upper column is estlmated by eql (3 6) S

oA

L 3.6) .
B RS TR LT
X ST SIS ET S SN P fi P Pyl e
where, A~ pulled—out ]ength ‘of the Iongntudmal femforcement
x ¢ distance from the: longltudmal reinforcement to the neutral ax:s

€ strain of the longitudinal reinforcement at the base of the upper column

g8



L : length of the longitudinal reinforcement from the base of the upper column
to the point where the strain of the longltudmal reinforcement becomes zero

A, . sectional area of the longitudinal reinforcement
os : stress of the longitudinal reinforcement

U : perimeter of the longitudinal reinforcement

Tps . average bond stress’

Caseé D: (a) In the case of hunch-compression -
" A model in which the rotation at the base of the upper column is taken into consrdera-

tion by plastic deformation of concrete by pulled-out of the longitudinal reinforce-
ment below the base ‘of ‘the column. In this case; the rotation angle is estlmated by eq
(3.7) where & is constant from the base of the column to the footing.

0 -4
(3.7
A= g8

(b) In the case of hunch-tension
A model in which the rotation at the base of the upper column is taken into considera-

tion by a similar method as Case C. In this case, strain-zero point is assumed to be at
the top of the footing considering measured distribution of strains and cracks.

" Estimated load-displacement curves at the loaded point and rotation angles at the base of
the upper column by the analytic models above mentioned are shown'in Figs. 3-6 ~ 3-11 where
measured ones are also represented.

.In-Case A .in which the upper column was fixed at. the base, the estimated yield displace-

ment ‘was 45%:of the measured one in the ‘hunch,compre‘ssron dlrectron and 40% of that in the
hunch-tension direction. Displacement caused by the rotation at the base of the upper column
was 35% of the measured total displacement in the hunch- compression direction and 30% of that
in-the hunch-tension direction in the experiment. This means the importance of taking the rota-
tion into consideration in the estimation of the displacement. When the estimated dlsplacement
was corrected :by..the: measured rotation, it became 80% of the measured total. displacement in
the hunch—compressron direction and 70% of that in the hunch-tension direction, Estimated load-
displacement curves_after the yield.point differed from the measured -ones. The estimated ulti-
mate displacement of the basic model (No. 3 model) is about a half of the measured one (Fig.
3-6). L : :
_ In Case- B in whlch the hunched column was extended to the footmg, the estlmated yleld
displacement was small in the hunch—compressron direction and Jlarge in_the, hunch-tension
direction as compored with the measured yield displacement. In this model, members below the
base of the upper column yielded before those at the base: of the column did by the hunch-
tension load (Figs. 3-7, 3-8).

In case C and Case D, the estimated rotation angle 0 subjected to the one-directional load
and 20 considering the effect of reversed loadmg were used to estimate the displacement: As
for a load-rotation angle curve, Case D (+8) in the hunch-compressron dlrectlon and Case D (-8)
and Case C (-20) in the hunch-tension direction gave good agreement wrth the measured curve
(Fig. 3-9). As for a load-displacement curve, Case D (+8) in the' hunch-compressron direction and
Case D (-20) in the hunch tensron dlrectlon gave good agreement W1th the measured curve

(F1g33103ll) { e o
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For more precise estimation, it is needed to consider shear deformation and the effect of
the concentration of cracking in the calculation of displacement. More over, it is needed to
investigate stress-strain relationship of concrete and reinforcements, bending moment-curvature
relationship, and effects of side reinforcements and confining reinforcements to estimate a load-
displacement curve after the yield point more precisely.

3.3 Hysteretic Characteristics

Hysteresis loops. of load-displacement curves obtained by the experiment are shown in
Appendix-3. The shape of the hysteresis loop was spindle-shape at the initial stage and shifted
to inverse-S shape as the displacement became large and the cycle of loading increased. In the
load-displacément envelope curves, the load increased after the yield point to the maximum load
and decreased after that. The load decreased by reversed cyclic loading of the same displacement.
As no analytic model to represent these hysteretic charactenstlcs has been proposed so far,
formulation of the characteristics is needed to develope a'new model.

Equivalent damping factors (h) obtained from the hysteresis loops were h = 0.02 ~ 0.04
at the displacement amplitude of §,, h = 0.06 ~ 0.10 at that of 269, and h = 0.10 ~ 0.13 at
that of larger than 36,.



Table 3-1 Comparison of Measured and Calculated Loads at the
the Base Section of the Upper Column

Yield and Ultimate Stages of

Loading
direction Hunch-tension Hunch-compression
Model No.1 |No.2 | No.3 | % |No.5 | No.6 | No.7 |No.1 No.2 | No.3 | e |No.5 | No.6 | No.7
One-dire7 Without| Basic | %" |SRC SRC | 1/4  |One-dire| Without| Basic | %M | SRC SRC | a4
Load (t) ctional | hunch | model ment. | without | with model |ctional | hunch | model wet .| without | with model
loading | sderen | stud stud loading e rein- | stud stud
Measured — 55 75 69 72 7 | 175 75 61 72 66 80 85 177
g Cleulated | — s8¢ | 72 | 70 | 74 | 74 |163 |68 | sa | e | 63 | 76 | 76 | 160
Ch:fwla“mfe% T | 102 | 1.04 1099 | 097 | 107 | 107 | 110 |113 | 106 | 105 | 1.05 | 112 | 111
9 | n=1| — 69 89 | ‘73 94 86 | 187 92 73 89 | 6 | 100 | 101 200
5
2
= (=10 — 61 80 60 86 85 | 158 — 65 79 58 90 89 | 168
Q R
g| Caleulated — 67 87 73 01 91 199 87 67 87 66 99 99 | 203
5 _ _
#=1) — ] 1.03 | 102 | 1.00 | 103 | 1.05 |0.94 | 1.06 | 1.0S | .02 | 1.03 | 1.01 1.02 .| 0.99
Measured .
Calculated - ,
n=101 — | 091 |0.92 |08 |09 | 093 | 0.79 = | 097 1091 |08 |09 |0.90 | 0.83




Model | No, 1 No, 2 No. 3 3‘1{5“ No. 5 No.6 | No.7
: One- Without [ Basic | iisfoce. | SRC SRC 1/4
Resistant directional] hunch | model | =5, without | with model
moment . loading He el | stud stud
1.16 7
- .10} O 1
o ‘5 Q )
A28 nos} S ‘ -
o8 ©
HERS
8[E> 100
g3 2 .
=" 095 - .
0.90 7
1.16 | T
1.10 | T
3]
~ (1]
ME S 105 o 7
CIEE
Slo @ @0 2
B2E 1o
353
89 2
2 O + 0' 95 B I ]
LSO 2 I v
0.90 |- A : ? 7
0.85} ' 7
0.80 | / i .

~ Note: cycle of loading n = | {2

‘n=10{f

Hunch-compression

Hunch-tension

Hunch:compression

Hunch-tension

Fig. 3-1. Comparison of Measured and Calculated Resistant Moments:
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g E ' Y: Yield point of reinforcements |
‘g ! E U:  Destruction point of concrete |
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| E :
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Fig. 3-2 Assumption of the M-¢ Relationship
Js
g, , 05, =3700kgcd} -~ -
. - » i
o =270kg e} - - - -~ - — | \ :
. I ! 1
| : —~ 000176 _ !
; | T 0.00176
] 1 I
' ! -
! 1
0 0002 0.0035 !
. AN
o = 40 kg /e - oo : N '
E. = 3.0X10°kg/cd T - E,=2.1X10°kg/ cd
(a) Concrete” Lo (b) Reinforcement

Fig. 3:3 '"Assumption of the Stress-strain Relationship of Materials*"
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Table 3-2' Analytic Model for the Estimation of a P-5 Curve

to the footing.

Case Case A Case B Case C Case D
Model 1 v
| Ty =—~
Loading | Hunch-compression, Hunch-compression, ompressi -tensi  Hunch-com ression Hunch-tension
direction | hunch-tension hunch-tension Hunch-compression Hunch-tension P
Rotation is con-
La sidered by the
Copmdg}'auon deformation of
of rotation the extended
o part of the
column... 6 ;‘ . /E
SRS
el e
=70
A
6 and 20 8 and 26 6 and 26
Remark Colﬁfﬁn isfixed | Hanched column | Rotation is considered by the pulled-out of Rotation is considered | Rotation is considered
at the:base. is extended to the A..g, Teinforcements. | by the extension of by the pulled-out of
o footing,. g =t reinforcements below reinforcements.
U1y, the base of the column




(a) Hunch-compression

P>

Longitudinal
reinforcement

(b) H‘unch-tens‘ion

Hunch : P

reinforcement Longitudinal
reinforcement

£
+ !
j Assumed | Assumed
s footing J' footing
7/'.///// NSNS rrrr 7777
Footing
X

Fig. 3-4 Case C-Anatytic Model

(a) Hunch-compréssion

Py

Longitudinal
reinforcément

(b) Hurch-tension

Hunch G P

reinforcement  ~ Longitudinal
reinforcement

Footing

77777 1;«/

¥
3

| - .- Footing

Fig. 3-5_ Case D-Aliaif'tic Model
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of the huxi‘c'h_

100

80

_No. I envelope curve

""""

No. 3 n=1
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curve
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~20
~40

—~ 60

—-100

~80
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Displacement § (cm)

Fig._ 3-8 . Comparison of Case B — calculated and Measured P-8 Curves
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Fig. 3:9_ Comparison of Case C and.Case D — caleulated and Measured P-0 Curves
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0)
100 No. 1 envelope curve C’%,L"Q' 0)
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Ik envelope
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{ Fl ] 1 [} 1 1 1
2 4 6 8 10
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Fig. 3-10 Comparison of Case C — calculated and Measured P-§ Curves

~ 100
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Fig. 3-1 17 Comparison of Case D — calculated and Measured P-6 Curves
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4. Conclusions

The following results were obtained by the model loading tests of an upper column of the

Ban-no-su Bridge pier of Honshu-Shikoku Bridge. .

(1) Stiffness of the reinforced concrete column decreases by the cracking. Stiffness at the yield
stage is 1/3 ~ 1/4 of the initial stiffness. -

(2) Maximum strength of the column is 10 ~ ' 30% larger than the yield strength.

(3) Displacement ductility ratio (ultlmate drsplacement/yreld displacement) of the column
is 10 subjected to one-directional (hunch—compressron direction) loads and 4 subjected to
reversed loads. Reversed loading makes the ductility ratio decrease to l/2~ 1/3 of that
by one-directional loading.

(4) In the case of reversed cyclic loading with the same dlsplacement load decreases remarkably
by the first cycle of loading and decreases gradually by the following cycle of loading.

(5) Shape of the hysteresis loop is spindle-shape at the initial stage and shifts to inverse-S
shape as the input displacement becomes large and the cycle of loading increases. The
equivalent damping factor of hysteresis damping of the column is h = 0.02 ~ 0.05 at the
yield stage and h = 0.10 ~ 0.13 after the yield of reinforcements.

(6) Load-displacement envelope curves until the maximum load in the cases of one—dnrectronal
loading and reversed loading are almost the same. After the maximum:load, load decreases
more remarkably in the case of reversed loading than in the case of one- dlrectronal loading
as the input displacement increases.

(7) A hunch at the base of the upper column makes the yreld load and the ultimate load 20 ~
30% larger than those of the column without a hunch. Thé hunched column was destroyed
by bending-failure in the experiment, but it should be noted that the possibility of shear-
failure becomes large by the hunch, >

(8) The column with large-diameter longitudinal remforcements and without side reinforce-
ments shear-failed at the upper part, and its strength and ductility were rather small.

(9) When an axial load corresponding to the dead load of the superstructure is applied, yield
load and ultimate load increase 20% and 10% respectively, and ductility decreases 10 ~ 20%
than those without an axial load,

(10) Aseismic performances of RC and SRC columns are almost the same.

(11) Effect of studs at the base of the upper column to prevent pulled-out of steel frames was
small in the experiment.

(12) Rotation of the upper column by the pulled-out of longitudinal reinforcements at the base
of the column was observed. This rotation caused 35% of the displacement at the top of
the column in the hunch-compression drrectlon and 30% of that in the hunch-tension
direction in the experiment.

(13) Difference between estimated and measured values of the yield load and the ultimate load
was within 15% of the measured values for:the first cycle of loading. Further mVestrgatrons
are needed to consider the effects of reversed loading and an axial load.

(14) A load-dlsplacement envelope curve up to the yield point can be estimated by ‘the method
described in chapter 3 with the consrderatron of rotation at the base of the column. But a
load-displacement envelope curve after the. yield point can not be estimated preelsely by
the method. Further mvestrgatlons are needed on stress-strain relatlonshlp of concrete and
reinforcements, effects of confining remforcements, axial loads, and reversed cyclic loadmg,

etc. . ’ 1 /’ i
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Appendix — 1 Outlines of the Earthquake Engineering Laboratory

N Burldmgs ' '
The testing burldmg (mam bulldmg) has a test prt (L 20m X W 15m X H Sm) embedded.

below the ground level. The actuators are to be set on any part of the walls of the pit. It also has
operation room, data recording room, data processing room, data communication termmal
instrument storeroom, exhibition room, storeroom, utility room, and workshop. '

The hydraulrc power generatlon annex has a hydraulrc power supply and electric power

supply

(2) Actuator
Two actuators are’ installed in thé pit. Eachi actuator is capable of +l25 t of  maximum

excitation, £125 mm of maximum stroke and £1 m/sec of maximum Velocrty wrth the frequency
ranige of DC ~ 30 Hz. An-actuator is 3'm long and weighs 4 t. -

The hydraulic power is provided by the hydraulic power supply in the annex. The eXcita-
tion is controlled independently for two actuators by the control system. It is excited by the

analog or dlgltal eontrol system.

3)" Hydrauhc Power Supply ' '

The hydraulic power - supply is installed- in the hydraulre power genération annex. "The
accurimlafors (6 'x 200 ) ate used ‘for high velocity test’(maximurm éxcitation time is 10 sec.).’
The a¢cumulators ‘are releaséd for the' long-tlme durablllty and - fatlgue test in which’ ‘only the

oil pumps (2 x°300 2/min) are used. The capacity of the hydraulic power supply was determined
to make the big velocity test possible. It is operated by the remote control in the operation room.

(4) Control System

Control system is to control the actuators by the analog or digital control. The excitation is
sinusoidal, triangular, rectangular, ramp waves and earthquake motions. Sweep excitation and
the excitation with the designated power spectrum density are also possible. The drive signal is
corrected, if necessary, to agree the excitation with the expected input motion.

(5) Data Aquisition

The data aquisition system has 32 channels for dynamic data and 128 channels for static
data. The data are stored in the disk system through the A/D converter and the digital computer.
The data are compiled and analysed later to get the dynamic characteristics of the specimens.
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Appended Table 2-1 Outlines of Models

o Arrange- Order of ’
; IS mentg Hoop Spacin Al Lateral load construction. | Provi-
; Column:| Model £ rei pacing sonal’
| | S | height | shape | Hunch |ofreim i of stirrup) load pame
: A P at the buse of Spacing Velocity Direction| Step | Cycle Type | Order ’
nee One-
girectionnl 70, Three direc-
: 1 . O l(;ndlnhg 5 cycles v Al 1 tional .
» compression) = 04 ) loach'ng
1 " |Both - : '
. i sides,.. D6 D6 E
i R — |double ‘ ' B: 2 | Without
3 arrange- l4em | l4cm hunch
N IR ment-Di3 .
i : Tem :
'3 - Az 3 | model
V)| 70 | Lshape| — 0 — | Static |potred o, | T
} Qne side, D13 ) Y mw
& signle l4en | — = O Ba | 4 [
’ ST an‘ange- llcm reinforcement|
L o ment-D29 ‘
. | ‘D6 SRC
Both _ o>
.5 sides, D6 Dﬁﬁa As 5 ﬁout
CT steel e ber: ! _
frame Hem | y2" .
, + single 16 SRC
: arrange- 7 cm s
' 19 Bs 6 with
o Both
. . .isides, - | . . D6 D6 Reversed| 9, | Ten , 1/4
7 Vs 100 cm | L-shape O ltiple | O 10cm (10 | Static : C T ‘
/4| kv em Lshape | O ’Pege- O Sen| 106 | ke/c) | loading | 5, | cycles model
.. ment-D13 - e

SIPPOIN dY} JO sauIRQ Z-Xipuaddy



Appended Table 2-2 Steel Materials of the Upper Column Model

(Width-h) x |

: . Longitudihalfieinforcemeht Hoop Stirrup
. Model |(Effective 3 ' - o 3 T 3
. . - . ein- R . .
depth-d) éswsnc;rt (a,) Number, row, set (W’ forced. (a,) Spacing-$ - (a,) (n":b"xs"fmg) —I;i;—
: . _ 5
‘1' (’/4’\/7) ?:iarlx?orcement 22_,\)( 2 x2 1.062 — o %
: D13 - E DE 14 0.055
2| Model reintorcement 10%x 2 %2 0.483 . |- D6 6 .l | 01650
. (1.267ed) ——ro : \ (0.3167 cd) '
N e [ sx1x1|  cos | © [
f %64
o Favz)| Main D2s %
Large- reinforcement |- ( 6, 242 cd) 9 1 x2 1.102 - 14 0.221
4 diame- Side
Selter reinforcement - - - D13 - - -
e D22 . o) 0.281
orce- | - ‘ 11 .
' |mene | S ren a8 ey 5 x1 x1 (0.359)
U ?:ile;?ﬁrcement %6 x1 x2 0. 609 :
5.| anz) - 14 0. 055 D6 2, e 0.055
| .8 82x66 |Sde el D13 10%x2 x2 0.483
R — D6
. c e ment 15%x1 x1 (0.362) Diagonal
AN CT 00X 0] 7 0.110 | member: 3 , 48 0.110
; 82x59 | iiltame | (10,95 ) | 3x1x2 0.679 $13,16,19,25
(1/4) :ﬁ?orcemem 30 x3 x2 1.049 - 10 0. 054
™| Model | 117.5 x 92.5/3% .| D13 19 x 2 x 2 0.443 D6 D6 6 » 10a | 0.162°
: S 5 0.108.
rintarcemeat 30x1x1| -co3s0) | ©
:‘ re:?orccment D51 . 30 x 3 %2 - 1.065 - D22 30 0. 055 ’
Prototype | 470" %365 |Slde -~ “(’20 ’27d) T19x 2 x 27 "0, 49 ( ‘8' - D22" 6 , 30ca 0.165
. — — (38Tl ey
Huneh ement 3 x1 %1 (0.354) | © 15 0.110
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Appended Table 2—3 Maternals of Concrete

Cement ngh-early-strength Portland cement :

Sand Produced at Kashlma :

: Maximum dimension of ¢ coa 'sev (4 at
Gravel 10 mm, produced at Kashinrm _aggr gate s

~Admikture | Pozzolis, No. 5 L

Appended Table 2:4 Mix Proportion of Concrete

. . - L . M 3
Water- Sand Unit content (kg/m?®)
cement | percentagé! (ement Water | Fine [ Coarse Admixture| Applied
ratio S/a aggregate | aggregate | pozzolis model

(%) w/C (%) C w S G No. 5 LA3

Air content

N1,
No. 2
Na 3
~Na 7

4 65 47.6 242 167 907 1,004 { 0.605

4 60 46. 6 262 157 881 1,014 0. 655

' Appended Table.2-5 Charactenstlcs of Fresh Concrete

MZodelf_’ " Slump (cm) ' Air content (%) Zg:gmf;umrg ¢ C) f,':{:&;‘;hf;ﬂi\:'fmé’e ralure

Nt | 145 aa | o | ]
Tz | . 139 07 | om0
No3 3 4.9 40 Bt
B YO 143 o8 | w0 |

8

N7 B8 4.3 13.0




Appended Table 2-6 Characteristics of Hardened Concrete

(average of three test pie[:es, unit: kg)cm’) ‘

Age Loading test time- _ 28th day
st,ea% _ : | ,
C},% N Compressive strength f Compressive strength Tensile strength | Bending strength
Mo‘del« ..:e : AFiel? “?ter cunng i&nnd;rd wapéf Field wéter cunng fut;nndgmd water _‘ Eutanr;q:rd water iumgnd;rd water
Nt .' a0 . - 283 o 20 e | 23 R
S ez L 234 B 285 | = m | - =
No.3 o 273. me | 28 | 24 :33
Nog - 230 210" B e | - | -
No.5 280 315 295 s 25 a8
| W 300 320 ~ 303 — JE——
N, 269 202 | 01 | 326 2% 4.




Appended Table 2-7 Characteristics of Steel Materials

Member

Model, steel material Diameter, etc, Quality
Main reinforcement A
: Side reinforcement D13
(74vZ )  {Hunch
reinforcement
Model Hoop
D6
Stirrup
Base reinforcement| D13, D16
Main reinforcement D29 ‘
¢/ vz ) Hunch . D22
Large-diameter feinforcement r SD30
reinforcement Hoop D13 '
model
Base reinforcement D22
Column
: Main reinforcement
Side reinforcement D13
Hunch
) reinforcement
( 4 V2 ) Hoop
‘ D6
Stirrup
SRC model Base reinforcement| D13, D16 | J .
Main steel frame C T 100 x50 . S S41
Diagonal
reinforcement $13, ¢ 16. SR
$19, ¢25
, . Longitudinat D13, D22 ]
Footin 1 ~ ¢ reinforcement
ooting Transverse D16
reinforcement
Main reinforcement
Side reinforcement D13
(%) Hunchinf . ' ‘
reinforcemen :
Column Model ' | (SD30
Hoop
- . . . D6 ﬁ
Stirrup ;
Base reinforcement| D13, D16 -
Longitudinal
gr‘einforcement D16, D22
FOOﬁng 7' Tfansvem’ D 22
reinforcement J




Appended Table 2-8--Mechanical Characteristics of Steel Materials (Standard Value)

Type Symbol Yield point Tensile strength Elongation
s, | 5000 | | guy i | ot
Structural 541 eriegr/:na; 41~52%s /o |No.1A; larger than 17
g{gglf‘g;':é SR24 Iz‘zrﬁ;;h:",‘ 39~53ks,/nd | No. 2; larger than 20%

Appended Table 2-9 Results of the Tensile Test of Steel Materials
(average of three test pieces)

: . \ . 2y|  Tensile strength Elongation
Materials Test piece |Yield point(kg/mm’ ) (kg/mm?) (%)

D 6 No. 2 ne 55 24.2

~ D13 No. 2 87 56 2.3
Dgfon‘ned : :

bar (SD30) D22 No. 2 - 36, 57 21.3

D29 No.3 | = 36 58 28.5

__ C(ggg‘l‘lj’e seell 100 x 50 x 6x8 No.1A - 35 52 22.7

Round bar $ 6 Noi2 38 52 29.5

(SR24) e
¢ 13 No. 2 33 46 33.0

Appended Table 2-10 Comparison of Actual Strength
and Standard Strength of Steel Materials

- Steel material | CT shape steel |D13 reinforcement|
Item Ss41 SD30
' D Result of :
“tensile test 35 87
Yield point @ Standard
2 value (lower limit) 25 30
(kg/mm?) T
D% 1.40 1.23
@ Result of
Tensile streneth tensile test 52 65
enstle streng @ Standard value 41 49
Db 1.27 1.12
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Appended Fig. 3-10 Load-displacement Curve of No. 5 (SRC-Without Stud) Model
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Appended Fig. 3-12 Load-displacement Curve of No. 6 (SRC-With Stud) Model
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Appendix — 4 Damping Factors Obtained by the Experiment

Equivalent Damping factors estimated from the hysteresis loops
as shown in Appendix—3 obtained by the reversed cyclic loading
tests are shoun in Appended Fig. 4-1.
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- Appended Fig. 4-1 - Damping Factor Estimated from Hystei‘ésis;ﬁooiis
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