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Summary

The critical axial force for convergence-axial displacement curves of SRC and RC beam-
columns are proposed as a characteristic curves for repeated loading in order to predict the
cumulative damage. Tests and analyses of SRC and RC beam-columns were carried out and it
was found that the cumulative damage could be evaluated by the curves very well.

1. Introduction

Since the strong horizontal force occurred in earthquake often causes the cumulative damage
such as the strength deterioration and the accumulation of deformation in structures and their
members, the prediction of cumulative damage is needed in the aseismic design of structures. In
this study, the characteristic curves of composite steel and reinforced concrete (SRC) beam-
columns are presented experimentally and analytically, and a method of predicting convergence-
divergence phenomena in accumulation of deformation of beam-columns is explained.

2. Evaluation of Cumulative Damage by Characteristic Curve for Cyclic
Loading

The strength deterioration and the accumulation of deformation in structures subjected to
repeated loading are named cumulative damage in this study. Since the deteriorating behavior
closely correlates with the accumulation of deformation, it is necessary to investigate the
accumulation of deformation. A limit value of the axial force when the accumulation of
deformation in a beam-column subjected to a repeated horizontal force converges to a certain
value is named critical axial force for convergence. Since "critical axial force for convergence"
is very long, it is termed "critical axial force" hereafter.

Procedures of obtaining the critical axial force of a beam-column are outlined as follows;
1) Give a value of converged axial displacement.
2) Apply an axial force so that the value of axial displacement may become a given value.
3) Apply a repeated horizontal force with a given constant displacement amplitude under the
given axial displacement.
4) The minimum axial force obtained in the loading step 3) gives a critical axial force.
5) Increase the value of converged axial displacement and go to 1).
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In general, the critical axial force is approximately given by the minimum value of axial force
under an assumed axial displacement, because the varying axial force become a true one when it
takes an extreme value, which can be derived from theorem of minimum potential energy. The
relation between the critical axial force and the maximum of displacement varying in the
converged state becomes the critical axial force-axial displacement relation.

3. Critical Axial Forces of RC and SRC Beam-Columns

3.1 Experiments

3.1.1 Specimens and Mechanical Properties

RC and SRC specimens were tested under a axial force and a repeated horizontal force. Figure 2
exhibits the configuration and dimensions of SRC specimens, and those are same as ones of RC
specimens except for the encased steel. Depth and width of SRC cross section are 150mm. In
SRC specimens, an H-section of steel H-75x75x3.2x3.2 (mm) built up by welding is encased in
concrete with 4 deformed main bars. Hoops of D6 are placed with a pitch of 50mm in bending
failure type RC specimens and SRC specimens and with a pitch of 100mm in shear failure type
RC specimens. Table 1 shows measured dimensions, compression strength of concrete, hoop
ratio and spacing of hoops. The material properties of reinforced bars and steel are listed in
Table 2. Specimens RC1-RC3 and SRC1-SRC2 are bending failure type specimens with hoop
ratio wp=0.85% and Specimens RC4-RC6 shear failure type ones with wp=0.43%.

3.1.2 Experimental Method

RC and SRC beam-columns under a repeated horizontal force and an axial force were tested.
Figure 2 shows a test set-up. Specimens were fixed at its end horizontally to the loading frame
because the height of the loading frame is not sufficient for erecting the apparatus vertically.

Table 1 Exprimental Parameters

L2ä 100 I 25|
I 150 I

(a) Cross Section
Fig. 1

2.300

(b) Elevation
SRC specimen

I.00D 1.700

Spec. B D t h F, P X

No. (mm) (mm) (mm) (mm) (kg/cnf (%) (mm)

RC1 149.2 151.2 750.1 549.4 412 0.85 50

RC2 149.0 153.1 751.7 550.0 339 0.85 50

RC3 150.1 152.1 751.0 548.7 407 0.85 50

RC4 150.6 150.5 749.7 549.9 446 0.43 100

RC5 150.3 150.6 750.6 549.3 401 0.43 100

RC6 151.7 151.6 749.2 549.1 420 0.43 100

SRC1 148.5 150.5 750.0 550.5 388 0.85 50

SRC2 149.0 149.8 748.3 552.5 378 0.85 50

B=width, D=depth of cross section
I =length, F =compression strength
wp=hoop ratio, x=spacing of hoops

Table 2 Material properties

Matcnals (7, 0. S

(1/orf) (l/cnfl m
D-6 396 6.11 184

Re-Bare D-10 3.56 5.22 20.2

D-13 3.44 5.02 19.4

Steel H-75x75x3.2x3.2 3.73 4.6 20.6

Fig. 2 Test set-up

a =yield stress, au=tensile strength
Ô =elongation
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Repeated horizontal force with a constant displacement amplitude of 10mm was applied to the
top of the beam-column by a hydraulic jack and an axial force was also applied to that through a
pin. Here the horizontal force means the force in the direction perpendicular to the axial
direction of the specimen. The hydraulic jack for axial loading was attached to a slider so that
the axial compressive and tensile force can be applied with moving.

Critical axial forces were obtained by two kinds of loading. To Specimens RC2 and RC5, a
repeated horizontal force was applied in three cycles successively with keeping the axial
displacement constant (Test 1). The critical axial force can be given by the minimum value of
the axial force in the third cycle. In Specimens RC3 and RC4, critical axial forces were obtained
by providing the variable axial displacement assumed on the base of displacement in the
previous step Test 2). The convergence-divergence behavior of axial deformation was
investigated under an axial force varied in the stepwise manner in the vicinity of the critical axial
force-displacement relation in order to verify the validity of the critical axial force obtained by
Test 1 and Test 2. The horizontal displacement ôh at the top of specimens was measured by a
displacement meter installed on the stand and the axial displacement ôv by displacement meters
equipped on sliders set up between both ends of the specimen. The measured displacement ôv is,
however, not a vertical displacement but a displacement in the axial direction of the specimen.

3.13 Test Results and Discussions

Figs. 3 through 9 exhibit test results of RC and SRC specimens. The axial force p-axial
displacement 6v relations of Specimens RC2 and RC5 is shown in Fig. 3 where open squares
represents the maximum point of varying axial force-minimum axial displacement, and open
circles the minimum point of varying axial force-maximum axial displacement. Figure 3(a) is a
result for bending failure type specimens and Fig. 3(b) for shear failure type specimens, p in
these figures is the axial force normalized by FcBD in which Fc denotes compressive strength,
and B and D denote width and depth of the cross section. Open circles and solid circles in Figs.
4(a) and (b) indicate the axial force p-axial displacement ôv relations of bending failure type
Specimen RC1 and shear failure type Specimen RC6 subjected to a constant axial force in a
stepwise manner. The solid line in these figures indicate the critical axial force-axial
displacement relation expressed by the inner curve formed by curves with open squares and
open circles. The stages of constant axial force loading are designated by 1-10 and 1-8. Open
circles and solid circles in the loading stage represents convergence and divergence in the
accumulation of deformation, respectively. Figs. 5 and 6 show the critical axial force-axial
displacement relation and the accumulation of deformation under a constant axial force for
Specimens SRC1 and SRC2. The axial force of SRC specimens is normalized by the axial
ultimate strength {cyuFcBD+ A o + ap } where p =yield stress of reinforced bar, cy =0.85-2.5spc,
spc=sa/BD, tac=area of a steel fïangé,'p =yield stress of steel, sA=area of the encaseä steel,
a=total area of reinforced bar.

r

Figures 7(a) and (b) are horizontal force h-horizontal displacement ô. relations for bending
failure type Specimens RC1 under constant axial forces p=-0.18 (loading stage 3 in Fig. 4 (a))
and -0.26 (stage 4), and Figs. 8(a) and (b) for shear failure type Specimens RC6 under constant
axial forces p=-0.33 (stage 4 in Fig. 4(b)) and p=-0.41(stage 5). Hysteresis loops of Specimen
SRC2 under p=-0.17(stage 3 in Fig. 6) and p=-0.23 (stage 4) are shown in Fig. 9(a) and (b),
respectively. Horizontal force h of RC and SRC specimens are normalized by ultimate strengths
{atroy(D-2dc)+0.12BD2Fc}/^ and { yubD2F/8+sZ sCTy+a ay (D-2d )} prescribed in A.I.J standards,
respectively, where a=total area oî tension reinforced oars, dc=âepth of cover concrete, ^length
of specimen, tZp=plastic section modulus of steel.

The accumulation of deformation converges and the hysteresis loop closes in the beam-column
under a axial force less than the maximum critical axial force (Figs. 3 through 9). In the beam-
column under a axial force greater the maximum critical axial force, however, the cumulative
damage increases with the divergent accumulation of deformation and strength deterioration due
to bending failure or shear failure. Figures 3 through 9 show that the critical axial force p -axial
displacement ôv relation forms a hysteresis and the strength deterioration and the accumulation of
deformation increase with the increase in the slope of the descending pCT-ôv curve. Therefore, it
is noted that the progress of strength deterioration and the convergence-divergence behavior in
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the accumulation of deformation are predictable by pcr-ôv curves.

3.2 Analyses

Analytical models of SRC beam-columns are shown in Fig. 10. Models of RC beam-columns
are identical with that of SRC beam-columns except for the encased steel. Cross sections of
models are divided into a number of segments and are idealized in Model A (Fig. 10(a)) of the

gross cross section and Model B (Fig. 10(b)) of cross section without cover concretes in
consideration of spalling due to compression. Fig. 10(c) exhibits the analytical model of beam-
columns which consists of an elastic-plastic portion and a rigid body. The length of the elastic-
plastic portion is 0.2^ and is the depth of cross section D approximately, where t is the length of
beam-column. Figures 11(a) and (b) show an assumed stress-strain relation of the reinforced
bar, steel and concrete, in which the tension is taken positive. Stress's' of concrete is normalized
by compression strength and stresses of reinforced bar and steel are normalized by yield ones.
Strains are also normalized in the same way as stresses. Skeleton curve of stress-strain relations
of concrete are expressed as a function fj(e) as shown in Eq. (1). The strain eu at the ultimate
point of the stress-strain relation was assumed to be -3.
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(a) p^-0.17, conv. (b) p=-0.23, div.
Fig. 9 Hysteresis loops of SRC beam-columns
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0.3 -0.4

(a) Bending failure (b) Shear failure
Fig. 3 pa - ôv curves of RC beam-columns
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Fig. 4 Prediction of cumulative damage of RC beam-columns
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Fig. 7 Hysteresis loops of RC beam-columns
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Fig. 8 Hysteresis loops of RC beam-columns

(Shear failure type)
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m=
1-(1+— )'e +

e„

e*eu> /i(0=-l e<e„

1-e /2(e) -)'r/I(e) f3(e)=-Y2-m (i)

where ea=strain at a common point, e =plastic strain.
In this analysis, the critical axial force was obtained by using the axial displacement ôv in the
previous calculation step in the similar way to Test 2 in the experiment. Parameters listed in
Tables 1 and 2 were used in analyses. Sections of concrete and steel were divided into 6 and 14
elements, respectively. Young's modulus of concrete and steel were assumed to be 210t/cm2 and
2100t/cm2, respectively. Coefficients related to degrading of the s-e relation of concrete as
shown in Fig. 11(b) were chosen such that Yj=-0.7, y=-0.5 for RC beam-column, y^-0.4, y2=-0.2
for SRC beam-column. Smaller coefficients of SRCbeam-column were given in view of poor
casting. The amplitude of displacement ô. was taken equal to 10mm. Eq. (2) is derived for the
analytical model as shown in Fig. 10(c). Ine curvature at the base of beam-column can be given
by Eq. (2) with the use of the displacement at the top of the beam-column ôh. The bending
moment and the horizontal force of a beam-column were also computed from the curvature O.

_A
<P.

A
Ô.

(2)

where <t> and ô. are <t> and ôh at the yield point, respectively.
Critical axial force p -axial displacement ôv relations of RC and SRC specimens derived by

analyses are shown in Fig. 11 in cases of Models A and B together with those by tests. pcr-ôv
relations obtained by analyses mostly agree with test results.

4. Conclusions

1) Cumulative damage of SRC and RC beam-columns subjected to repeated horizontal loading
can be predicted by critical axial force-axial displacement relation experimentally and
analytically.
2) Critical axial force-axial displacement relation forms hysteresis. Limit point of the curve and
the slope of the descending curve represents the resisting capacity of the beam-column for
cumulative damage.
3) The critical axial force-axial displacement relation is useful for the limitation of axial force of
SRC and RC beam-columns in order to keep the aseismic safety.
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