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BEHAVIOR OF REINFORCED CONCRETE BEAMS SUBJECTED TO
COMBINED LOADS OF BENDING, SHEAR AND TORSION

I-Kuang Fang Tin-Juin Lin  Jian-Ling Jean Chang
Department of Civil Engineering
National Cheng Kung University

Tainan, Taiwan 701, R.O.C.
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ABSTRACT

The behavior of reinforced concrete beams subjected to combined loads of bending,
shear and torsion are presented. The requirements of flexural reinforcement according to
AASHTO-LRFD and ACI318-08 Codes are also discussed. Ten beam specimens with solid
and hollow rectangular cross sections were tested. The ratios of torsional moment to
bending moment (T/M) were 0, 1/10, and 1/8, respectively. Results revealed that all beams
failed in ductile flexure mode. As the T/M ratios increased from 0 to 1/8, the flexural
strength decreased about 15% and the associated flexural curvature ductility decreased up

to 74% in specimens with hollow section. Reasonable correlation of failure loads was



found between test results and interaction equation proposed by Elfgren and Hsu. The
amounts of required longitudinal reinforcement according to AASHTO-LRFD and
ACI318-08 Code are 1.31and 1.26 times the actual values, respectively, i.e., conservative

design was obtained based on the provisions of codes.
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f % a L
. c T
Specimen |\ ibay 7z (mm) | (mm)
(mm)

NCS-1.5-0 0 0 0
NCS-1.5-10 110 | 150 | 150 | 1500

NCS-15-8 | 34 | wus | 187 | 187

NCS-2.1-10 110 | 210 | 210
2100

NCS-2.1-8 18 | 262 | 262

NCH-1.5-0 0 0 0
NCH-1.5-10 110 | 150 | 150 | 1500

NCH-158 | 36 | 18 | 187 | 187

NCH-2.1-10 110 | 210 | 210
2100

NCH-2.1-8 18 | 262 | 262

SUPEET 1250x350 mm > f, =468 MPa > f, =460 MPa °

Asp : 2-#8(top), 2-#7(bot.) - fFE (1) : #3@75 mm

NCS-1.5-0

S ——
I T— 0:T/M=0; 8:T/M=1/8 ; 10:T/M=1/10

15:L=15m;21:L=2.1m
S: Solid , H: Hollow
NC: Normal Concrete specimen

I
a
P=V T _ Pxa_
P T=Pxa=V xa v P
M=PxL=VxL | -rxa_2a
M PxL L
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£ 0 BUIEEES FE

%2 A )\ 2o E 3
FE‘ 7](83/2\% r":’\'A'mE_ (kg/m>
=hiE] mh | ek
W/C+P) | sp | k | kit |%% | &%
F Ho| H
NCH
(1 ~aompa)| 090 | 375|185 | 188 | 112 | 75 | 858 | 903
NCS
. 0.49 |360| 175 | 180 | 72 | 108 | 818 | 971
(f, = 3amPa)
%3 BRIV A
_ TV M/V V. T, My
Specimen | TIM 1oy | (mm) | (kN) | (kN-m) | (KN-m)
*NCS-150 | 0 0 1500 | 1825 | -- 273.7
NCS-15-10 | 1/10 |150.0 |1500 |168.7 |253 | 253.0
NCS-15-8 | 1/8 |1875 |1500 |157.9 |29.6 | 2368
*NCS-2.1-10 | 1/10 [2100 |2100 [1181 |248 2481
NCS-21-8 | 1/8 |2625 |2100 |1148 |301 | 2410
NCH-15-0 | 0 0 1500 | 1765 | -- 264.7
NCH-15-10 | 1/10 |150.0 |1500 |158.8 |238 | 238.2
NCH-15-8 | 1/8 |1875 |1500 |154.8 |280 | 2242
NCH-2.1-10 | 1/10 |2100 |2100 |1135 |238 |2384
NCH-2.1-8 | 18 |2625 |2100 |1088 |286 |2284
7S L L 7 PR D
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# 4 ?EH%IE&;‘/%EH@E%&;‘%B%A f‘“—l’ggjj/%ﬁ[%ﬁ

Specimen %/I % Specimen %/I %
NCS-1.5-0 0 | 18.47* | NCH-15-0 0 21.86
NCS-1.5-10 %o 17.21 | NCH-1.5-10 %0 11.82
NCS-1.5-8 % 11.29 | NCH-15-8 % 571
NCs-21-10 | % | 2008* |NCH-2.1-10 | Y, | 14.45
NCS-2.1-8 % 1462 | NCH-2.1-8 % 8.21

AL Moment
* ;\,ﬁﬁfi;&g_g;‘;gg; (KN-m) 4
Mu

A At T T R BT

Il & fit

A et IR E bR

2t 6 fE o

My T

Pu
Curvature
(rad/m)

Py

[
>
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A5 BV POMRENE A E T MM

. Mu Tu Vu .
Specimen MM, | TuTo | ViV, |F¥ (8)
(KN-m) | (kN-m) | (kN)
NCS-1.5-0| 273.7 0.0 1825 | 1.20 0 0.38 1.29
NCS-15-8 | 253.0 | 29.6 | 168.7 | 1.11 0.39 0.35 1.27
NCS-15-10f 236.8 | 25.3 | 1579 | 1.04 0.46 0.33 1.22
NCS-21-10| 248.2 | 248 | 1182 | 1.09 0.39 0.25 1.21
NCS-21-8 ] 241.0 | 30.1 | 1148 | 1.06 0.47 0.24 1.22
NCH-15-0] 264.7 0.0 176.5 1.16 0 0.37 1.24
NCH-15-10] 238.2 | 23.8 | 158.8 | 1.05 0.37 0.03 1.13
NCH-15-8| 224.2 | 28.0 | 154.8 | 0.98 0.44 0.33 1.15
NCH-21-10] 238.4 | 23.8 | 1135 | 1.05 0.37 0.24 1.16
NCH-21-8| 228.4 | 28.6 | 108.8 | 1.00 0.44 0.23 1.15
Avg. 1.20
e 5(0)  THFTREIZUIPTRA S@AE AEVELY B AR
Age A d, b, fye fi
(mm?) | (mm?) (rmum) (rmum) (N /mm?) (N /mm?)
1013 1788 272 173 460 468
A, s M, T, v, R
(mm?) (rmum) (EN —m) | (kN —m) (kN) (mm?® /mm?)
71.3 75 227.61 64.27 475.17 0.57
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% 6(a) UK AASHTO-LRED 4 #gt fTrsE £ BVE 1% Ay sal

As

Specimen Mu vu u Vu/f'c | g% 103 (mm’) (1)*
(kN-m) | (kN) | (KN-m) * = (11| A

(1)
NCS-1.5-0 274 182 0 0.071 1.12 2504 1.40
NCS-1.5-10 | 253 169 25 0.065 1.06 2455 1.37
NCS-1.5-8 237 158 30 0.061 1.03 2358 1.32
NCS-2.1-10 248 118 25 0.046 1.05 2364 1.32
NCS-2.1-8 241 115 30 0.045 1.02 2360 1.32
NCH-1.5-0 265 176 0 0.108 1.12 2386 1.33
NCH-1.5-10 | 238 159 24 0.097 1.06 2288 1.28
NCH-1.5-8 232 155 29 0.095 1.03 2289 1.28
NCH-2.1-10 | 238 114 24 0.069 1.04 2250 1.26
NCH-2.1-8 228 109 29 0.066 1.02 2219 1.24
Avg. 1.31

As*: %fl‘%fﬁlg‘lj/ As = 1788 I'l'll'l'l2

A 6(b) JHFRREHIATR 6(a) A HEVEV LA BEK

d, A, X, Y, A4,
(rmum) (mm*) (rmum) (rmum) (mm*)
272 1788 190 290 46835
P, E, A, fyn s
(rmum) (N /mm*) (mm*) (N /mm?) (rmum)
960 200124 71.3 468 75
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% 6(c) I 2 REHTER 53 7 6(a) ?E'ﬁ

AN S
Specimen 0 B
NCS-1.5-0| 37.48 2.16

NCS-1.5-10f 37.00 2.19
NCS-1.5-8 | 36.68 221
NCS-2.1-10| 36.81 2.20
NCS-2.1-8 | 36.56 2.22
NCH-1.5-0]| 37.63 2.15
NCH-1.5-10] 37.01 2.19
NCH-1.5-8| 36.77 2.21
NCH-2.1-10| 36.89 2.20
NCH-2.1-8| 36.62 2.22
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% 7 FEYKACI3I8-08 HHFH RO 5

SV (A TR

As AS A2 Av/s+2At/s
: 2 (1) (mm?) | (mm?) )
Specimen | (mm°) (55 (mm*/mm)
(1) (3) (4) 5)
NCS-1.5-0 | 2264 1.27 1313 0 0.781
NCS-1.5-10f 2370 1.33 1075 276 1.862
NCS-1.5-8 | 2280 1.28 888 323 1.976
NCS-2.1-10f 2322 1.30 1018 271 1.469
NCS-2.1-8 | 2322 1.30 937 329 1.695
NCH-1.5-0| 2179 1.22 1251 0 0.940
NCH-1.5-10] 2219 1.24 872 260 1.917
NCH-1.5-8| 2147 1.20 710 306 2.09
NCH-2.1-10] 2220 1.24 874 260 1.592
NCH-2.1-8| 2188 1.22 759 311 1.778
Avg. 1.26

(1) Mu £ Tu #7324 5 8
(2) As g ¥+ 8 :2-#7+2-#8:1788 mm?
(3) & Mu *7% 2 /& 4 4% 55 ¥

(4) & Tu “TZ 2 £4 & 58 A2

(5) Av/s+2At/s § % * £ :1.901mm?/mm
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3) Evaluation of vulnerability of constructions
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5) Strategy and guidelines for damage prevention
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