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Abstract

The paper is inlended to propose design strength of slender steel reinforced beam-columns by using the modified superposed melhod. The
design of composite members is carried out by a superposed strength method in AlJ (Architectural Institute of Japan) design method. The bearing
capacities of the steel part and the concrete part have 1o be delermined separately and then added to a combined capacity. Authors have proposed
& new superposed method in a modified form for the slender composite beam-columns and reinforced column. The modified superposed method
is adopled for the slender steel reinforced beam-columns, Validation of the modified superposed method is undertaken by comparison with anafyti-
cal results calculated assuming a sine curve deflected shape of the beam-columns, and with the test results conducted in Japan.
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1. INTRODUCTION

Steel reinforced concrete (SRC) Structures have been used
widely for building structures in Japan. Al) Standards for
Structural Calculation of Steel Reinforced Concrete Struc-
tures was published first in 1958, and the latest fourth edition
was revised in 1987, The superposed strength method has
been used for calculating the strength of SRC members since
the outset of the Standards.

In the latest revision (1987}, the superposed strength of a
column section is adopted for slender steel-concrete compos-
ite columns considering the effect of additional bending mo-
ment (£d moment). The strength of SRC beam-columns is
obtained by superposing the strength of reinforced concrete
{RC) portion and steel portion {Wakabayashi, 1977). The ac-
curacy of the formula, however, was not examined in detail.

A modified superposed method was proposed for the slen-
der composite beam-columns (Tsuda et al., 1997). The differ-
ence between the Al} method and modified superposed
method is in the strength of RC portion. In modified method,
approximately exact concrete column strength was obtained
from the numerical analysis. The accuracy of the modified
superposed method for the slender concrete filled steel tubu-
lar beam-columns was verified by the analytical results and
test results conducted in Japan (Chung and Matsui, 1999).
This method was also adopted for Recommendations for De-
sign and Constructions of CFT Structures published in 1997,

In this paper. the modified superposed method is adopted
for slender SRC beam-columns. The modified superposed
strength and A1) design strength for the slender SRC beam-

columns are examined by the numerical investigation. The
numerical analysis is performed by assuming a conventional
sinc deflected shape of the beam-columns. As the analytical
parameters, buckling length-section depth ratio, tensile re-
inforcement ratio and strength of concrete are selected.

2. PROSED DESIGN FORMULA

The proposed strength of a SRC siender column is calcu-
lated by Eq. 1, where conventional equations of simple su-
perposition are modified based on the Wakabayashi's study.

When N = N orM =M (I- N/ N)
';\:u = " ;Vr«
M= M~M (- N N) @n

When N, > N or M, <M (I- N/ N
N=N+N

IV )

M=M(I- N/ NJ (2.2)

O 8

The fundamental concept of superposed method is shown
in Figure 1. The strength of the steel part and the RC part has
to be determined separately and then added to the steel por-
tion and RC portion. An example of superposed strength of
slender SRC beam-columns on the moment M -axial load N,
interaction curve is shown in Figure 2. The ultimate com-
pressive and flexural strength of both steet and RC portion
can be obtained by the following calculation.
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Figure 1. Superposed strength of SRC column

(1) Strength of Slender Steel Column

As an interaction between N and M, appearing in
Eq.{2.1) and (2.2), a conventional formula used in the plastic
design of steel structures (AlJ, 1975) is adopted in the form
of

NIN +MAM (1- N/N)}=1

$wr e & uw s T $Sus Tk

(2.3)

in which N denotes the axial load, & , critical load, N
s s er sk

N u
! Strength of slender SRC column
Pure superposition
RC+S
e
0 M,

Figure 2. Superposed strength of slender SRC beam-calumn

Euler buckling load, M, end moment, M, and full plastic
moment.

(2) Strength of Slender RC Column

Strength of slender RC columns is calculated by using the
superposed strength of concrete column and reinforced steels
that are considered as slender steel column. Therefore strength
of reinforced steel can be calculated by Eq. (2.3). Based on
the numerical analysis, the strength of slender concrete col-

Table 1. Strength of slender concrete columns

Notation Equation
Mo, MM =4 (NINJUIN N YU IHI®) ((N/N, )05}
Interaction tR®) (NN, )OS Y +3®) { (cNukeNer)-0.5 ]
M M =M __ exp[-3.12gI(¢) B+221p2-0.731g3($) B°]
M_=0,D/8
gl gi{g) =0.789+0.371 ¢ -0.160¢?
g3 23(¢) =1.17-0.285¢ +0.1184?
o ¢ =0, /(0.85*960)
11 FI(B) =B/ (0.248 -0.986 B +7.61 $2-7.04 B +2.1184)
2 2 B) =B/ (0.0257 -0292p +240p7-153 B +30.08 )
P& 3 (B) =B/ (0.0036 -0.591 B +1.46 2 -1.90 B 7 +0.7028 )
Buckling Load No=A o, (1€ %))
(N,)
ek, (1-€ , /6 )" +aK (I-€ /£ ,)@"-1=0 , & =052 G, **¥10°
Elastic Modulus E=(0.106 * g ,%+0.703)10°
K K=m2/(248)
B B=05(KD)E,
a a=Et /0O,
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Table 2. Proposed formula

Range

Equation

M,=

Ny < Ner NI NI - (NS Ny } x

2
[1+ fIB(Nyf Nep) - 05) + (B (N Npy) - 05) +

Ner <Ny < reNer {1- (M *Nerd ek {1 - Ny - Nerd 1N {1 ~Ner f reNiemi tmMyug + sMyg (1 N sreNiem

M =
Nu> pNer

u
{1+ Ny - poNop ) Nep £L = (N = poNep Y N D - re¥er ! sreNion } sMug

umn has been proposed as Table 1.

(3) Summary of strength of slender SRC column

Equation for calculating the strength of slender SRC col-
umn is summarized in Table 2, by substituting the strength of
steel column. In the Table 2, N_ denotes buckling strength
of concrete column.

3.NUMERICAL ANALYSIS

This chapter is concermed with the numerical analysis de-
veloped to predict the strength of SRC columns subjected to
axial compression and bending moment. In order to obtain
the maximum load, an elasto-plastic analysis is performed.
In the analysis, a sine curve deflected shape of the beam-col-
umn under eccentric axial force with equal end eccentricity is
assumed as shown in Figure 3. Cormresponding load to a given
value of deflections & can be obtained using an equilibrium
condition at the center of column. As to the stress-strain rela-
tions of concrete, Sakino-Sun model is adopted for core con-
crete and cover concrete (Sakino, 1994). For shaped steel
and reinforcing bar, Menegotto-Pinto model and elastic-per-
fectly-plastic model are used, respectively. normal to the lon-
gitudinal axis of the members during deformation of mem-
bers.

(1) Correlation with test results

Examples of comparison between the test results and the
analytical ones are shown in Figure 4 and Figure 5. Two
parameters in the test were the buckling length-section depth
ratio (Lk/D), and the eccentricity of the applied compressive
load (e). In addition, the mechanical properties, such as the
compressive concrete strength, tensile steel strength and
reinforced bar, are shown in each figure. Solid lines show
experimental results, and results of elasto-plastic analysis are
shown by dotted line. The buckiing-section depth ratio (Lk/

. section
u=(e+d)sin(n x/1)
Figure 3. Analytical model
N{t) Ip=0.225(t/em’) . 0,=2.8(tkem?), o =3.83(ticm?)
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Figure 4. Camparison between test and theoretical results
Wakabayashi’s test (Wakabayashi, 1979)
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D} ranges from 14.7 to 26.4. Good agreement between test
and theoretical results is observed.

(2) Parametric Study

In order to examine the accuracy of proposed strength
formula, parametric study is performed using the analysis
above mentioned. The extensive investigation embraced a
range of parameters that could influence SRC columns,
including:

1. buckling length-section depth ratio
(L¥D=4,8, 12, 18, 24 and 30)
2. tensile reinforcement ratio of reinforcing bar
{0.2% and 1.0%)
3. steel ratio of shaped steel
(1.33% and 2.90%)
4. strength of concrete

{ .0 ,=300 and 600kg/cm?)

By changing the magnitude of the end eccentricity e, end
moment {3} -axial force (V) relations are calculated. Yield

stress of shaped steel .o and reinforcing steel o  are both

3t/em’. Assumed stress-strain relations are shown in Figure 6
and Table 3. The column section for analysis is shown in
Figure 7.

(3) Examples of analytical results

In Figure 8, examples of axial load-lateral deflection &
relations are shown with the eccentricity e=0.2D, tensile
reinforcemnent ratio of reinforcing bar, p=1.0% and strength
of concrete, o =300 kg/em?. In Figure 9, moment (M,)-
axial compressive force (M) relations at the center of the

column are shown by solid lines, and end moment (M) and

axial compressive force (V) relations at the ultimate state are
shown by dots.

Ok 2
< (kglem?) 0, mO (em2)
3.
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Figure 5. Comparison berween test and theoretical resuits
Matsui’s test (Matsui, 1982)

Table 3. Stress-strain relations of concrete
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Figure 6. Stress-strain relations of materials

Figure 7. Column section for analysis
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Figure 8. Axial load-lateral deflection relation

4. COMPARISON OF STRENGTH

Comparisons of normalized axial force (n) and end moment
{m) are shown in Figure 10 and Figure 11. Moment A/ -axial
load NV, are normalized by the superposed maximum moment
of section, M, (= G, D°B+ p (1-20) D° 0 +M,  a=d/
D=0.1) and the superposed maximum strength, N__ (= .0,
D'+2,p, D G+ O, ), respectively.

Exact maximum loads calculated by elasto-plastic analysis

thr :N u(t)

L,/D=30
2000

,pt=1.0%
Op=300kg/cm?

1500

1000

0 100 200

300 400 500
My ;M y(tm)

Figure 9. Moment -axial load relation

are shown by dots, and solid lines show proposed strength. In
addition to these, to examine the cuwrrent AlJ method (given
in Table 4) and moment magnifier method (given in Table 5),
strengths obtained by the current AlJ SRC Standard (AlJ,
1990) and moment magnifier method are shown by broken
lines and chain lines, respectively. Dotted lines indicate the
strength of the section.

The current AlJ SRC Standard is mainly based on the
allowable stress design method, and design formulas to
estimate the ultimate strength for slender SRC columns are
not provided. The allowable stress design formula is modified

Table 4. AlJ.SRC strength formula

Range Equation
M, =
Nu< cNy (05N, D{T-Nyl(DeoB) b+ mMup] (1 - NyjpeNp)  + Myg (1 - NyfgreNg)
P Mu= ..................................... S e S R
_L“Ny< Ny < reNigm2 mMup {1 Ny« Ny ) {1 - Ny irci }_*_f__:""uo( 1 - NJocVd )
M, =
Nu? rcNim2 {1 - Ny reNim2 Y Nepd {1+ (N, - reNiem2 ) Nk b A1 - pNigma sreNE Y sMup
Table 5. Moment magpifier strength formula
Range Equation
M, =
Ny < Ny LOSN, DO - Ny/ N + g} + g 1 (t - Nyt Vg
M, =
Ny < Ny < ey [mMuo { 1- (N, - N Ny ¥+ Mg 1 (L~ Nyd g cNp)
reNy <Ny< M, = )
reMyt (A2 AN, Mup (1 - N/ o cNE)
...................... . "> - _Mu_z s e % e
reNy* (A, 20Ny, Mup L1+ ANy = pely - AWZA N} T (N - (A2) NyY T (8 - N/ g Ny)
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(a) Steel ratio 1.33%

(b} Steel ratio 2.90%

Figure 11. M,, - N, relations (f03=600kg!cm2}
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into a formula to estimate the ultimate strength. The strength
of slender SRC columns is calculated by adding the strengths
of slender steel column and slender RC column. The strength
of slender RC columns is obtained using the moment
magnification method for RC columnn section. The difference
between AlJ current method and the proposed method is in
estimating the strength of RC column. As for the proposed
method, approximate exact RC column strength is used.
Furthermore, strengths by using the moment magnifier method
for SRC cross section are obtained.

Figure 10 and 11 show that both strengths by current AlJ
design formula and by moment magnifier methed for slender
SRC columns are too conservative, while good agreement
with exact strengths are observed in case of LD =8. Strengths
by proposed destgn method predict the numerically calculated
maximum strength well in a wide range of buckling-section
depth ratio.

5. CONCLUSIONS

Strength of siender steel reinforced beam-columns is
proposed by using the modified superposed method.
Validation of the modified superposed method was undertaken
by comparison with analytical results calculated assuming a
sine curve deflected shape of the beam-columns, the current
AlJ design formula and moment magnifier method. As the
analytical parameters, buckling length-section depth ratio (Ls/
D=4,8,12, 18, 24 and 30), tensile reinforcement ratio of
reinforcing bar (0.2% and 1.0%), steel ratio of shaped steel

(1.33% and 2.90%) and strength of concrete ( @,=300 and
600kg/cm?) were selected.

On the basis of the work carried out in this study, the
following conclusions were drawn:

1. Strengths by proposed design method predict the
numerically calculated maximum strength well in a
wide range of buckling-section depth ratio.

2. Both strengths by current A1} design formula and
moment magnifier method for slender SRC columns
are too conservative, with larger buckling-section
depth ratio.
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NOTATION

The following symbols are used in this paper:

A : sectional area of concrete
D : depth
€, : strain at buckling
g, :strainat g,
N, : ultimate compressive strength of member
N : buckling load of concrete column (see Table 1.)
N, : compressive strength of concrete portion
_N_  :buckling load replaced steel portion with reinforc-
ing bar
N : Euler buckling load replaced steel portion with
reinforcing bar
.V,  :compressive strength of reinforcement portion
N‘Ncr : rchr __'(‘N{'v + MNtr
¥,  :ultimate compressive strength of RC portion
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subjected to compression alone
: Euler buckling load of RC column
=n’(EJ+ENSYLE
N DN =max( Ny, N+ N
Ny o MNe=min( N, (N
N :ultimate compressive strength of RC portion
N : compressive strength of RC portion

N :buckling load of steel column

N, : Euler buckling load of steel column

N : ultimate compressive strength of steel portion
N : compressive strength of steel portion

APPENDIX (Exampte)

For an example the force and moment of SRC column with
L, /D=20, shown in Figure Al, are calculated through the
following procedure:

Column Depth (D) : 80 cm

Steel Column - H-488 x 300 x 11 x B {;0, =3.3¢/cmn’)

Reinforcing steel : 12-D25 (soy =3.0t'cm?) '
Concrete Strength : 300 kg/cm?
STEP 1: Calculate the strength of steel column.
Strength of steel column may be developed by Table Al.
Sectional area of steel, sA=163.5cm?
Moment inertia of steel, s[=71000cm*
sM=163.5 » 3.3=540t
A=80 * 20/(71000/163.5)*°=76.8
A =76.8(3.3/2100)%5/n =0.969
0.3 < Ai;< 1.3, accordingly,

sNer ={1-0.545(0.969-0.3) } 540=343

Ny =rZ + 2100 * 71000/(20 - 80)*=575

sMup=30+18+33+(48.8-1.8)+(48.8/2-1.8) « 1.1 3.3+

(48.8-2 - 1.8)/2=10229 tcm

Table Al. Strength of slender steel column

Notation Formula
Sattonnl area sA -
Moment of inertia sh -
Radins of gyration s (slisa)**
Slenderess Y Li/(s1/sA)*
Nermalized sieadecness Al asoy/ sE)*in
Yield streagth 0y -
Yield load sNy=sA soy -
Buckling Load sNer sNy (*1<0.3)
{1 -0.545(x1-0.3)}sNy (0.3<x1<1.3)
sNy/{1.3A1%) (1.3<x1)
Edler Critical Load sNK sE s L &
Fall Plastic Momeat sMwo _

Y+ buckling strength of SRC column

N (B E J+ EJS)ILK
erkm - N =max("rNh cN + N +NuJ

src” km orom oer §

oo M= (EJ+ EJS)LE

M, . ultimate flexural strength of member
M. ultimate flexural strength of RC portion
M, cultimate flexural strength of steel portion
M, . ultimate flexural strength of steel portion
subjected to bending alone
0, : compressive strength of concrete
.0, vield strengthof reinforcing bar
. yield strength of steel
STy
s Ld %ﬁj
5\ Steel
B S R - g H-488x300x11x18
g {SM490)
S Reinforcing Steel
S 1 12-D25(SD295}
> ; sl
om 20 | a0 o]
o 80mm

Figure Al. Column section

STEP 2 :Calculate the strength of reinforced concrete column.

a) Strength of concrete portion

Strength of steel column may be developed by Table 1.
G =ry* Fc=0.85+300=255kg/cm?

£0=0.52 * 2554 + 103=0.00208

£=(0.106 - 255%5+0.703) + 10°=239568kg/cm?
a=239568 * 0.00208/255=1.95

B=0.5 * 20% + 0.00208=0.416
SH(=0.416)=-0.585

f2AR=0.416)=-1.16

f3(p=0.416)=-3.69

Mmaxo=255 + 80%/8=16320000kg cm=16320tcm
$=255/816=0.313

21{$)=0.889

b) Strength of reinforcing steel
Strength of reinforcing steel column may be also
developed by Table Al.

Substituting, ;N =mV)
mNy =2 + 0.00475 * 6400 « 3.0=183¢
A=2+20/(1-2 - 0.117)=52.2
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M1 =52.2(3.0/2100)%5/x=0.628
0.3 <h;< 1.3, accordingly,
miNer ={1-0.545(0.628-0,3)} 183=149t
mNe=0.5(1-2 * 0.117)*n? + 2100 - 0.00475 * 80%/202=463t
mMuo=(1-2 * 0.117) * 0.00475 * 80° * 3.0=5597tcm

¢) Strength of reinforced concrete column
Strength of RC column may be developed by Table 2.
relNk= A2 (mEml+ cElIS) Li?=1094t

reNign= max( reNK, cNer+mNer)
= max(1094, 1347+149)=1497t
Accrondingly,
when N, < 1347t
reMuy=4 (reNul 134TV 1-(reNu/ 134T [1-0.585 * ((reNw/
1347)-0.5)-1.16 " ((reNu/ 1347)-0.5)%-3.69 * ((;cNu/
1347)-0.5)°1* 7130+5597 *(1- ,cN./1497)

When rcNu > 1347t
reMu={ 1-(eNu-1347)/149} {1 -(rcNy-1347)/463 ) { 1-
1347/1497} + 5597

STEP 3 :Calculate the strength of SRC column.
Strength of RC column may be also developed by Table 2.

sreNET G E I+ mEml + e Ecl/5) Li7=1669t

sreNign=max{1669, 1347+149+343)=1835t

N(t)
2000 = L/D=20

1500 |-
1000

500

0 50 100 150 200
M(t m)

Figure A2. Interaction diagram for a SRC column

Accrondingly,
when N, < 1347t
My=4+(NJ1347){ 1-(N./1347)}[1-0.585+ (N,/1347)-
0.5)-1.16* ((Nu/1347)-0.5)3-3.69 » (( N/ 1347)-
0.5)31-7130+5597 * (1- Ni/1497)+10229 + (1- N/
1839)

when 1347t < N, < 1497t
M={1-(Nu-1347)/149}{ 1-(N,-1347)/463} { 11347/
1497} +5597+10229(1-N,/1839)

when N, > 1497t
M={1-(Ny-1497)/343 1 { 1-(NW-1497)/575} {1-343/
1839} -10229

The moment capacities calculated is shown Figure A2.



