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Effects of beam width on the cyclic behavior
of reinforced concrete

David L. H ]
anks', Steven L. McCabe?, and David Darwin?

ABSTRACT

Lateral_forcc resis,.ting concrete frames in regions of moderate seismic risk are generally designed
to dissipate applied energy through the formation of plastic hinges in thgc beamyelemgne
Previous r;semch strongly suggests that, in addition to load history, applied shear strcc;;l GI;E
nominal sn:rrup strength, member width also influence hinge performance. To facilitate a l;ctter
understandmg of the effects of beam width on the inelastic behavior of reinforced concrete
members subjected to severe seismic loading, four lightly reinforced specimens were fabricated
and tested. 'The ;_)er.formance of these specimens is compared to those of narrow beams fabricated
and tested in a similar manner. This study indicates that, for specimens with the same flexural

strength, nominal concrete strength, and stirrup spacing, an increase in beam width improves
beam performance under cyclic load.

INTRODUCTION

Failures in reinforced concrete frames subjected to moderate earthquakes are minimized
when energy is dissipated through the formation of plastic beam hinges. An understanding of
the factors influencing beam performance is necessary if a structure’s integrity is to be

maintained throughout the duration of the seismic loading.
Numerous studies have been undertaken to determine the influence of various parameters

on the hysteretic behavior of reinforced concrete beams. This research indicates that load history,
applied shear stress, and nominal stirrup strength significantly affect hinge performance.
Unfortunately, the development of a consistent measure of cyclic performance has been
complicated due to variations in design and test parameters within and between studies.
Several measures of cyclic performance have been proposed for which the goal has been to

characterize the net effect of variations in member properties and tcst}ng techn}qucs. Thc.se
measures include the Work Index and Modified Work Index, I, and L, respectively (Gosain,
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Index. I, (Hwang 1982), the Energy Dissipation Indey n
In g '

. Index, Igy (Ehsani and Wigh;y 1990, * !
Normalized Energy : ).
(Nmﬂj and Darwin Iigg),pazf“:::]eand Nisriai (1986) and Hanks and Darwin (1988) SUggeS[S that
PI'CViOUS researc '

| dissipation and cyclic performg,
' fluence on energy ' - pe i
beam width may have a substantial lf:n aximum applied shear stress, which mgmﬁcantly aff@?tz

- ' e | ber of cycles to failure.
increase in beam 1d increase the num - '
member response algdt }fizoxl-lcscarch is to investigate the influence of bcarp width on the

The purpose of forced concrete beams. The results from the experimental portjqp,
behavior of lightly rein hose of previous research (Nmai and Darwin 1984) using narrow

dtot : he energy dissipated and
study are compare e is based on an evaluation of the energy p and the
Beam hinge performanc

Dissipation Index, D..

Brown and Jirsa 1977), the Energy

Cyclic
of this
beams‘
Enel'gy

EXPERIMENTAL INVESTIGATION

_in- inforced concrete specimens were fabricated with a beam W

i anio;:;;zlslt égpﬂag? ;egliﬂ-- Reinforcement ratios, p, of O..34% (Beam H-1, H-3,_and H-4) a4

0.51% (Beam H-2) were used. Other details of the beam dimensions and properties are showy

in Table 1 and Fig. 1. Nominal stirrup strength, v, = A},f“/(bs), (1_'5\., = total area of stirrup, f,
= yield strength of stirrup, b = beam width, and s = stirrup spacmg)-was about 78 psi ip

beams. The maximum applied shear stress, v,, = V_ /(bd), (V. = maximum sh

= effective depth), varied from 64 to 105 psi depending on the area of flexural

All specimens were fabricated with two layers of #4 bars as ne

A, (top steel). Beams H-1, H-2 and H-3 contained one layer o

reinforcement, A; (bottom steel), while Beam H-4 was fabricated

A;. Transverse reinforcement was fabricated from 7/32 in. nomi
welded to form a closed hoop. The first

1dth of 15

ear force, anq (
steel.

gative moment reinforcemen;
f #4 bars as positive moment
with two layers of #4 bars ag

nal diameter smooth rod ang
stirrup was placed at 1 in. from the vertical face of the

_ _ _ structural floor and the ends of the beams were
loac}ed using a 110 kip capacity hydraulic actuator. Throughout testing, specimens were

: : uctility factors, B, ranging from 4.3 to 8.5 (Table
gative bending. Strains in the longitudinal and transverse reinforcement

&ages. Beam tip displacement and displacements at various locations
WEre measured with linear variable differential transtormers, LVDT's.

WEre measured with foil
In the beam and column

: O(.)p - Fig. 2is a representative plot of the hysteresis

€xperimental results for the beams of this study
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EVALUATION OF TEST RESULTS

Energy dissipated, E, is a functic y

eliminate ambiguity in the dcﬁnit;:ii‘:}r:);)i‘;;;rzUT;f;;f Cf(i];%_
dissipated by a member as the summation of encjréy O
:s at least 75% of thf.?: ){if:ld load, P, (i.e. P, 2 0O
cumylﬂtlvef3;‘-’:?}’1(1(115%193[@:(1 Dy a membcr can b(, obtained by comparing the results of
specimens 1a ricated with different widths, yet similar flexural reinforcement effective depth
stirrup Spacins, concrete strength, and load history. Beams F-2 and E-3 tested b Nma’bp d
Darwin (1984) z%nd H-1 and H-—2‘ of this study provide for direct comparison: : S

By comparing the el s dissipated for Beam F-2 (b = 7.5 in., p = 1.02%, AJA, = 0.5, p
=51 K= 169 lﬂCh‘-klpb). and H-2 (b = 15 in., p = 0.51%, AJA, =0.5,p =53, E = 315 inch-
kips) for all cycles n which .P“ 2 0.75P,, it can be seen that the 86% increase inj E for H-2 may
he attributed to the 1increase in beam width. Similarly, a 22% increase in E for Beam H-1 (b =
15 in., p = 0.34%, AJA, = 0.5, p = 4.3, E = 245 inch-kips) as compared to F-3 (b = 7.5 in., P
— 0.69%, AJA = 05 p = 4.4, E = 201 inch-kips) also results from the larger beam width.

The increase 1n energy dissipated is primarily attributed to the reduction in the maximum
applied shear stress. However, increased beam widths also improve confinement of the core
oncrete and thus delay buckling of the compression reinforcement which may increase both the
rumber of cycles to failure and the energy dissipated.

Since the cyclic behavior of a member depends upon both strength and displacement
ductility factor, energy dissipation alone is not a viable means in which to evaluate inelastic
performance. One measure of cyclic performance which appears to provide a consistent
=valuation of a wide range of design parameters is the Energy Dissipation Index, D;, developed

by Nmai and Darwin (1984). The Energy Dissipation Index is expressed as

D 2 E

i

required to cause failure. To
hers have defined the energy
f_()r cycles in which the maximum load, P,
./13P,). The influence of beam width on the

Al (1)
0.5PA [1+ (T)Z]

s

in which © E is the summation of the energy dissipated for cycles where P, 2 0.75P,, P, and 4,
A’ = area of bottom steel, and A,

- initial yield load and yield deflection in negative bending, A,

= area of top steel. The normalizing term 0.5Pyﬁy[1+(A’s/As)2] approximates the total elastiC

energy at yield for both negative and positive bending at the near and far ends, respectively, of

a full span beam in a frame subjected tO lateral dis.pla(?ement. .
Nmai and Darwin (1984) show that the contribution of nomin

strength and maximum applied shear Stress correlate well wup D.. g
linear regression analysis of selected data, show that these design paramert =,

. . . . . ancc
form (v.£)*5(v. )", provide a reasonably good estimation, O prcdlcnf)(lil,,}] of [ii;i;fll]ct ic;n;g;n .
of the applied shear stress, and subsequently the ‘nfluence of beam width, 15 ,

the relatively large magnitude of the vy exponent. _ | oA
Thcvinglucngce of gincreased beam width on D 18 Sceil by pcrfOI:m;nogf li’t) lg;cg ggg(vm)""’
analysis on the data for Beams 1.2 & H-2 and F-3 & H-1. The regressio i '

results in a best fit equation of

al stirrup strength, concrete
Their results, based on a
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(2)

D, = 81.8[(v,f:)" (Va) g 1 F
e _ ison of D, values in Fig, 3
..t 1= 0957 (F1§ o 2 Compm}—lls?tzA = t4#4 and A, =32#4f0r cam,
+h a correlation coefficient, T 34#4) and Beams F-3 and H-1 (A, ‘ : ) Sugge

F2and B2 (0 =00 o width appears !

that an inCrease = t increases ndependent of variations i
flexural reinforcemen 2 appears to be indepe npand A’/

- ’ tcd in Eq‘ ‘ d fl Wh
with similar stirrup Sp 27 inch-kips) from the research by R b <

on D, for speCimcns / 2 =139, E = 2 c

: s A =051 ’ LT % 2 | ang
e i'oiﬁ”aiins (1.3 (b = 15 in., p = 0.34%, AJA, = 0.5, | . 83, E = 178 inch-jp,
Darwin (1984) and " 0.34%, AJA, = 1.0, p = 4.7, E = 507 inch-kips) of this styqy are
and H-4 (b = 15 in., gof tl;e specimens shown in Fig. 3, the best fit equation becomes

included in the analysi

D, = 84.9[(v f)**(v,,) "] + 12 3)

4 shows the seven data points represented by Eq. 3. As this figure
illustrates, there is a positive correlation of data reprcsented, by the best fit line for specimep,
fabricated with widths of 7.5 or 15 in., 39<p<8.5,and A,,_/A, of 0.5 F)r'l.O. For the range of
data previously discussed, Eq. 3 provides a reasonably consistent prediction of D.. Both Figs,
3 and 4 indicate that an increase in D; may be obtained by increasing the nominal stirrup strength
and concrete strength and decreasing the maximum applicd shear stress. For the range of datg
analyzed in this study, the most effective means in which to improve D; appears to be obtained
through an increase in beam width.

with r = 0.972. Fig.

CONCLUSIONS

g bc?ams with similar flexural strength, stirrup spacing, and concrete strength, an increase
In beam width increases the energy dissipation capacity. The increase in energy dissipated by
;he member appears to be primarily the result of a decrease in maximum applied shear stress.
ncreased beam widths improve concrete confinement and delay buckling of the compression

reinforcement. As a result, the .
- , the number of cycles to fail Issipati '
of the member are increased. ¥ ure and the energy dissipation capacity

Darwin, D. and Nma;
y * aI’ C.K 1986‘ E - . ’ *
Eng., ASCE, 112(8), 1829-13 46.“”8)’ Dissipation in RC Beams Under Cyclic Load. J. Struct

Ehsani, M.R. and Wight, J K. 1990. Confi
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Table 1. | %
able Beam properties and principle experimental results

Beam —-Ii:.l_. H-2 H-3 H-4
Length, L (in-) 68 68 6
Height, h (l'n-) 13 18 12 ?2
width, b (in.) 15 15 15 15
Effective depth, d (in.) 15.69 15.81

_ . 15.63 15.75
Effective depth, d, (in.) 16.81 16.88 16.69 15.75
Core width, b, (_m-) 13.0 13.0 13.0 13.0
Core depth, d. _(m.) 15.91 16.03 15.835 13.91
Shear span, a (in.) 60 60 60 60
2/d 3.8 3.8 3.8 3.8
Top reinforcement ratio, p (%) 0.34 0.51 0.34 0.34
Top reinforcement, A, 4#4 6#4 4#4 4#4
Bottom reinforcement, A; 2#4 3#4 2#4 4#4
AlJA, 0.5 0.5 0.5 1.0
Yield str. of flex. reinf. (ks1) 66.4 66.4 66.4 i
Stirrup diameter (in.) 0.222 0.222 0.222 0.222
Stirrup spacing, s (in.) 3.6 3.6 3.6 3.6
f,, (ksi) 56.6 55.5 54.3 54.3
v, (psi) 81 79 0 4
Va (psi) 64 AR . e
g 4200 4400 4120 10060
Slump (in.) o 4.0 2.0 :

. 14.8
Yield load (kips) 12.8 20.9 sy 18.0
Maximum load (kips) 153 24.8 : 7

. S 0.34 0.24 0.
Yield deflection (in.) 0.30 : 173

. 1.80 2.04 :
Maximum deflection (in.) 1.29 5-3 25 47
Displacement ductility factor, p 4.3 :

Number of cycles: 4 17
- 7
P, 2 0.75P, 13 7 - 21
Total : 21_ :
~ Cumulative Energy Dissipated (1nch-2k;1515)' 315 178 _ 507
Cycles where P, = 0.75P, 1 91 93

- Energy Dissipation Index, D;

102
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Section A—A

(H-1 & H-3)
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flgure 1. Test Specimen and reinforcing details
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