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SP 42-15 

Dynamic Shear Strength 

Of Reinforced Concrete Beams 

By 
R. H. Seabold 

Synopsis: Theoretical and experimental work was done to study uhear 
and diagonal tension in reinforced concrete beams for protective 
construction againut the blaut effects of nuclear and conventional 
weapons, Criteria were determined for the minimum amount of web 
reinforcement required for developing the ultimate flexural reuistance 
of beamu uubjected to dynamic loading. RigoroUIJ and simplified 
analyuiu methodu and a uimplified design method were developed, and 53 
beamu were teated, The rigorouu method was found to predict behavior 
up to the uaable ultimate shear strength within normal engineering 
accuracy, and to provide a fair estimate of the time, location, and 
mode of failure, Provisions for the dynamic loading caae were 
expressed in notation and format similar to that of the ACI Code to 
provide practical guidance for deaigneru, 

Keywords: beams (supports); bonding; building codes; computer 
programs; diagonal tension; dynamic loads; failure; modulus of 
elasticity; reinforced concrete; research; shear strength; shear tests; 
structural analysis; structural design; web reinforcement. 
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322 shear in reinforced concrete 

Richard H. Seabold, a member of ACl, iu a Senior Project Engineer in 
tho Structurou Diviuion of the Naval Civil Engineering Laboratory, He 
hau t1-1olvo yearu experience in reBoarch, moutly in the field of 

utructural dynamicu au applied to protective conutruction againut tho 
effectu of nuclear 1-1oaponu, 

INTHODUCTlOi'i 

Theoretical and experimental v1ork donE' at tho Naval Civll 
Engineering Laboratory to utudy uhoar and diagonal tonuion in 

red.nforced concrete beamu for protective conutruction ar;a inut tho 
bl.<J.ut effects of nuclear and conventionnl The work Hau 
uponuorecl by th0 Defenuo Nuclear Agency (formerly thP Defonllo Atomic 
Support Ag oncy), 

Primary objecti vou of tho work worE• to detorrnino cri to ria for the 
minimum amount of 1-1ob reinforcement rnquired for developing tho 
ultima to floxura 1 rouiBtance of beam(;, and to d etermino the d ifferonco 
bohH>on tholle criteria for utatic and dynamic loadine;. 
objoctivou Wlre to develop methodu and equationu 1-1ith confidence 
limitll conuiutent 1-1ith thoue aullociated Hith flexure, and to pro(lont 

tho reuultu in a uimple, yet completr>, form to provido practical 
guidance for douignoru. 

Tho ucope of thiB paper ill limited to a preuentation of llome of 
th<:1 rouultB of the 1-1ork, Emphaui.u iB placed on recommondocl equationB 
and deBign criteria, and how thoy are expreuuod in notation anrl format 
similar to the ACI Code to provide practical deuir;n gui.dancP, 

In keeping with IICI publication policy, tho text is YTritton for 
11 tho so 1-1iuh to know only tho factu uncovered and tho cone luBionu 
roached, 11 A tochni.ca 1 report (1) covering a 11 of tho hau boon 
publiuhod by the Nava 1 Civi 1 Labor a tory and iu rocommondod 
for 11 thouc v7ho in addition wmt to rovi.ev7 tho details of tho invouti.
gation 1-1hich uncovered t.houe factu and all of tlw data on which tho 
concluuiom• are based," ' 

ln keeping with the objf'ctivou of thill uympouium, the text iB 
aclclrouuod to a qeuigner in tho forlll of ll. 20-minuto forma 1 upoech on 
th.., ueuuion thorne, which iu practi.ca 1 design app lie a ti onu, Appencli.x A 

containu dotailu not preuentod i.n the upoech, but uuggonted by the 
rovi('lworu to improve the papm·, 
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. /Background 

/ 1 •. ··t of thr> Hork \IIW 1 imi tecl to roctangu lar, reinfor?"d concrete 
10 " t " t 'f ly di•·tnbuted beanw on uimplP. llUpportu and mlbjoc A3u o urn orm " 

dynamic and lltatic loadll, 

The main portion of tlw oxperimP.nta l 'Hork conlliHted ?f tollting 53 
"- ,. .. ?9 ,1err> loaded dynamically and 2lf were loaclod lltatlcal1y, 
uElan .. ,, · · f b i f t· 47 beam•· 
EmphaBill Hall placnrl on effoc tivene!W o we ro n orcomen • . " 

w&b rninforcflmont and llix had nono, The boamll woro full 
:;i?.o and about 12 feet long, All of the beamu "1ero rectangular except 
10 that ,10re I-llhaped, and all were lllender except five of the I-llhaped 

beamll that were of intermediate lllendernellll, A ratio of llpan length 

and effective depth between five and lleven wall conllidered to be 

intermfldiate lllendernellU, 

All of the beamll <lore tellted in the blallt dmulator at the Naval 

Civil EnginElering Labor a tory, Static loadll wore app liod IWinr, 
comprMwed air, and dynamic loarlll were applied Ulling the expanding gau 

from detonation of Prin1acord ex:plollive, 'l'Henty-eight channolll of 

electronic inlltrumontation were Ulled in each beam tout to make 
continuouu meauurementB of load:;, reactionll, acceleration:;, deflec

tion:;, and lltrainu, Strain:; were meallured in the utirrupu, the 
longitudinal tendon and co,npreuuion uteel, and the remote fiber of the 
concrete at variouu along the upan, 

In addition, telltu were conducted on material llampleu to 
determine dynamic of materialu, including the uteel in 
tenllion and the concrete in both tenuion and comprouuion, 

A uimplified dP.uie;n method and both uimplifiEld and rigoroull 
analylliH mothodu wero developed for simply llupported rectangular, 
reinforced concrote beamll unclor uniform and concentrated dynamic 
loadu, Hany of tho equationu apply to other conditionu of loading and 

reutraint a1J Hell, F,quationll were developed for predicting the 
maxir>1um dynamic uhoar at tho uupport (uued in tho llimplifiod methodll); 
the uhear at the oupport vlith reupoct to time (uuorl in the rigorouu 
methcxl); and the dynamic rouiutance of tho beam at the 
correuponding to llhear cracking, uhoar yielding, llhear failuro, 
flElxural yieldine, and flexural failure, 

A computer code wau programmed to mako calculation!l uuing the 
rie;oroull mElthod, The procedure iu on tho linear acceleration 
Elxtrapolation method for numerical ana lyuill of 
freedom uylltemll; for each cycle of tho calculation, checku are made 
for uhear and bond, The procedure appliell in the 
plautic, and plautic regionll of rellponue, and the motion parameteru 
(diuplacement, velocity, and acceleration) are calculated for each 
cycle; therefore, the procedure appliElll to all uequenceu of yielding 
and all modell of failure, 

Tho theory inclurle!l a concept of ductility along tho upan at the 
zone au well all at tho critical flexural uection, 

It aluo include!l effect!l of beam motion on tho utrain rateu and 
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324 shear in reinforced concrete 

dyn;:;mic yield st:rongthu of mate1•ia.lu, :-rrocts of beam motion on moment 
of inertia and spring constant (rThich 111 actually a variable), and 
inelastic hinging, 

The rigorous method found to prerlict behavior up to the 
usable ultimate Bhoar lltrength within normal engineering accuracy 
an? to provide a fair estimate of the time, iocation, and modo or' 
fa1lure, In tho callo of boamu dellignod to remain elastic a capacity 

ion factor of 0, 85 in llhear wan sufficient to in sur; a.gainnt 
yie in llhear due to uncertainties in tho method and in tho 

of beams, In the case of beams dosignorl to renpond in the 
1nelastJ.c regime, a capacity reduction factor of unity in both shear 
and !' in llUfficient to inuure agairwt yielding of lltirrupll prior 
to. Ylelcllng in flexure and yielding of the zone 
pr10r to failure in flexure, Greater uncertainties in uhear in the 
!limplified method!l make it necessary to uue capacity reduction factors 
of 0,75 (elastic) and 0,90 (inelastic) to inllurf> development of the 
desired flexural resistance and maintain ductility along thE> span, 

NOTATION 

ACI notation v1as U!led insofar au practica 1, but additional 
ls, IJUbllcd.pts, and superscripts vrere introduced to provide more 

preciue closignation, In general, uppercase letters indicate forces 
while lmrercaso letterll inclicate forces per unit area, Hhero it ill 
necessary to indicate location at the support rather than at the 
critical section, the subscript u is used to Bpecify location at the 
support, .A letter d iu added to the subllcripts of symbols to denote 
tho dynamic case, It wau necesuary to differentiate between the 
strengths of stirrups and longitudinal terwion and comprosllion steel; 
therefore, the llubscript containll a letter v to denote lltirrup 
material, and a prime denotes a material in compreuuion, 

The work wa!l completed in 1970 and therefore does not include tho 
changeu in notation adopted by ACI in 1971, 

Tho list of symbols given at the end of this paper is a complete 
liut of those in the paper, It ill only a partial list of those in the 
Naval Civil Engineering Laboratory report (1), and a few symbols have 
been changecl to confortn to the notation adopted by ACI in 1971. 

The following llymbol!l are a departure from ordinary ACI usage, 
but we-re necessary to differentiate among strosueu in different uteolu: 

fvy Static yield strength of utirrupu (psi) 

f Static yield strength of tenllion baru (psi) 
y 

f' Static yield strength of comprellsion bars (psi) 
y 
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DEFINITIONS 

. tim t buerve deflections or tho forma-
There is inuuffic1.ont e jo 1° tu regarding change in behavior 

of.viuual 

must be uued, Therefore, it iu neceuuary t? 
behavior uuch au cracking' yielding' anicll fulure d toutu uhould 
tormu Theue quantitieu uhould be eau y maauure ' d b 
a 1 'in the inelautic au well au the elautic regime, and uhoul e 

to both the utatic and dynamic caueu in order to valid 
Thuu, all changeu in behavior wore defined 1.n termu of 

critical utrainu, 

Traditional practice of uuing utreuu criteria in utatic deuign 
did not cauuo a ueriouu problem, becauue the moduluu of elauticity of 
uteel doeu not change an appreciable amount au the utrain rate iu 
increaued and the moduluu of elasticity of concrete increauou by 
only a amount. Unleuu determined otherwiue in touts, the 
moduluu of elauticity for uteel in the dynamic and utatic caueu can be 

auuumed to be 

E = 29,000,000 pui 
u 

(1) 

Unleuu determined otherwiue in teutu, the moduluu of elasticity for 
concrete in compreuuion in the dynamic and utatic caueu can be 
auuumod to be 

(2) 

In the computer code of the rigorouu method, the increaue in 
concrete modulus wau conuidered by uuing the dynamic compreuuive 
utrength of the concrete in place of the utatic utrength in Equa
tion 2. For the uimplified methodu, the equation wau uued au uhown, 
The magnitude of the net effect of the incroaue in modulus in beams is 
probably lesu than the total error due to other uncertaintieu uuch as 
pouuible changeu in utreuu block uhape, approximation of the utatic 
moduluu, etc, 

Yield utrength, yield utrain, ultimate utrength, and ultimate 
utrain of concrete in compreuuion are not well defined due to the 
nonlinear utreuu-utrain relationuhip, and aluo due to differences in 
behavior between concrete conutrained by reinforcement in beamu and 
unconutrained concrete in tout cylinderu, However, when combining 
concrete and uteel to form beamu, it becomeu neceuuary to eutabliuh 
effective valueu of theue propertieu for proportioning the beams and 
defining the regionu of reuponse, Under dynamic loading, the percent 
increaue in yield utrain iu less than the percent increase in yield 
utreuu, and the increaue in ultimate utrain in beams is unknown, 
Critical eventu of concrete behavior in compreuuion for both the 
dynamic and utatic caseu were defined au utrainu in quantitative 
terms au followu: 
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Static and dynamic yield strain of concrete: 

t 0Y = O,OOJ in,/in, 

Static and dynamic ultimate strain of concrete: 

Ecu = 0,006 in,/in, 

(J) 

(4) 

Stresses associated with the critical utrainu 
follows: were defined au 

Static yield strength of concrete: 

fey = 

Dynamic yield strength of concrete: 

0,85 fl 
c 

rdcy = 0,85 

Static ultimate strength of concrete: 

f = fl 
cu c 

Qynamic ultimate strength of concrete: 

fdcu = 

(5) 

(6) 

(7) 

(8) 

Other compressive stresses in the concrete in the various regions 
of reuponse were computed au follows: 

Static loading, elastic 

Qynamic loading, elastic 

region (£ <f.. ): 
c- cy 

f =t.E <f 
c cc- cy 

region (t <E. ): c- cy 

fc = t.CEC fdcy 

Static loading , inelastic reg ion ( E < t. < E. ) : 
cy c- cu 

f <f=EE<f 
cy c c c - cu 

Dynamic loading, ine1autic region (t: < E.. < e ) : 
cy c- cu 

fdcy < fc = E.cEc fdcu 

(9) 

(10) 

(11) 

(12) 

These preciue rules (Equations 9 through 12) were very important, 
because the stress, strain, yield stress, ultimate stress, and modulus 
are time dependent for dynamic loading, 

FlAXE.!!t 

Flexural cracking of the beam occurs when the tensila strength of 
tho concrete is overcome at sections where bending forces are 
paramount and shear cracks do not already exist, In the accepted 
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