General Offices ® Selden Street, Bertin. Connecticut

P.O. BOX 270
HARTFORD, CONNECTICUT 06141-0270

(203} 685-5000

October 18, 1984

Docket No, 50-423
Bl1346

Director of Nuclear Reactor Regulation
Mr. B. J. Youngblood, Chief

Licensing Branch No. |

Division of Licensing

U. S. Nuclear Regulatory Commission
Washington, D. C. 20555

References: (1) W. G. Counsil to B. J. Youngblood, Millstone Nuclear Power
Station, Unit No. 3, Technical Review Meeting Summary,
Structural Confirmatory Items, dated June 26, 1984.

(2) B. J. Youngblood to W. G. Counsil, Millstone Nuclear Power
Station, Unit No. 3, Docket No. 50-423 (NUREG-1031), dated
August 2, 1984,

Dear Mr. Youngblood:
Millstone Nuclear Power Station, Unit No. 3

Transmittal of Responses to Safety
Evaluation Report (SER) Confirmatory Items

Enclosed are Northeast Nuclear Energy Company's responses to SER
Confirmatory Items 6, 9 and 22 (Reference 2). Confirmatory Items 6, 9 and 22
correspond respectively to Items I, IV, and Il discussed with your Mr. Nilesh
Chokshi and Mr. David Jeng, Structural and Geotechnical Engineering Branch and
Mr. Bob Palla, Containment Systems Branch, on June 14, 1984 (Reference 1).
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If there are any questions or concerns related to the information contained
herein, please contact our licensing representative, Ms. C. J. Shaffer, at
(203) 665-3285.

Very truly yours,

NORTHEAST NUCLEAR ENERGY COMPANY
et. al.

BY NORTHEAST NUCLEAR ENERGY COMPANY
Their Agent

22/ /)
W, G Coperas/
W. G. Cotnsil
Senior Vice President

By: W.F. Fee
Executive Vice President

cc: Mr. Nilesh Chockshi - NRC-SGEB
Mr. David Jeng - NRC-SGEB
Mr. Bob Palla - NRC-CS

STATE OF CONNECTICUT )
) ss. Berlin
COUNTY OF HARTFORD )

Then personally appeared before me W. F. Fee who being duly sworn, did state
that he is Executive Vice President of Northeast Nuclear Energy Company, a
Applicant herein, that he is authorized to execute and file the foregoing
information in the name and on behalf of the Applicants Licensees herein and
that the statements contained in said information are true and correct to the
best of his knowledge and belief.

tary Public
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By Comemission E
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Structural Audit Item 41 - (Item I from June 14 meeting with NRC)

Discussion of Stone & Webster Engineering Corporation's Missile Barrier
Interaction Topical Report (SWEC-7703)

RESPONSE:

A. Additional data is required to .stify ductility ratio and impulse
values for the auto impact study. The applicant will provide this
information.

Ductility Ratio - The applicant will (1) survey all Category I struc-
tures exterior walls above ground level and prepare a table of panel
sizes, (2) identify any panels less than 24 in. thck and (3) identify the
limiting panel size. If the limiting panel size should be less than 10'
x 10', we will then look at the ductility ratio.

ITEM &

As requested, the applicant has submitted the data required to justify the
automobile impact and impuls2 parameters. They are derived in Appendix C of
SWECO 7703 Time History Analysis for Overall Structural Response (enclosed).
The following, which is extracted from Appendix C pages C-3 and C-5, speci-
fically explains the derivation of the magnitude and duration of the auto-
mobile impact force used in the analysis.

The square wave force F 3 representation of body-chassis crushing strength is

based on the results of a test performed by Sandia Laboratories. The test
censisted of projecting an automobile head-on against a reinforced concrete
barrier. The following data describe the test:

Weight of auto: Originally 2,715 1b, modified
for test to 3,330 1b

Impact velocity: 76.3 fps

Damage to barrier: Nove

Damage to automobile 26 in. crushing
The average crushing resistance of the body and chassis can be determined by
calculating their kinetic energy and dividing that energy by the crushing
distance. Assuming 16 percent of the original weight to be engine and trans-

mission this calculation gives:

26 R/12 = (3.3 2.715 x.16) 76.3%/64.4
R = 119.6 kips

Since the automobile used in the example is heavier than the one tested, the
crushing resistance R 1s greater. Assuming resistance proportional to

weight, there results

R = 119.6 x 4000/2714 = 176 kips

BX2-12179-225




For conservatism, this is increased to 300 kips.

In order to know the duration of the square wave force F 3, it is necessary to
monitor the velocity of the missile mass M,. This is done as follows:

v, = (I, -gFJ3de)/M,

When the missile velocity V, decreases to the velocity of the barrier, the
mass M., no longer pushes on tge barrier with force F 3. From this time on, the
barrier and missile M. are assumed to travel together until the barrier stops.
I3 is the original momentum of missile mass M3.

Utilizing the above method along with the missile spectra submitted in FSAR
Table 3.5-13, the ductility ratios submitted in FSAR Table 3.5-14 were
calculated.

ITEM B

As requested, the applicant has peformed a survey of all exterior wall panels
to a height of 30 €+ above grade which proviae tornado missile protection.
All walls providing protection from tornado missiles are a minimum 2 ft thick.
The results of the survey are as indicated on the attached sheets. Those
panels which provide missile protection, but are naturally shielded by othex
structures are so indicated. The results of the survey indicate that there is
only one panel with a dimension less than 10 ft which would be subjected to
impact by the automobile missile. However, this panel is shielded such that
the automobile impacts close to the 2 ft roof support and the impact load is
transferred directly into the roof. (G.6 Line Wall in Fuel Building. Page 7
of Attachment).

The results of the survey show the exterior walls are adequately protected
against tornado missiles.

BX2-12179-225

L I POREAE SN 5




T M sodese

|
|
|
{

SHIELDED —

CONTROL BLDG-SOUTH WALL
DWG 12179 - E€-108 (18-18)

_AND HAVE "lICI0" EW
ALL DIMS ARE APPROX

Ja 12179

STONE & WEBSTER ENGINEERING CORPORATION
121..90‘-8' 0 _|PENET NOJLENGTH |HEIGRT
Q) -57-0" 126-O"
23-0" [40'-0"
EL. 64-'6_ % W i
g__sro k.--’/ S §_ - 94’.'01 'z.-o..“
€L, t‘L—GE/i/f g D (-0 [23-0
b/,
E.LZ4 (A // 1 q
_SEU.EL.DED
ILONIRQL BLDG_NOEIH WALL
_ bwaG [2179-Ec-10G (IT=17)
EL. 64"G. ' |
YO NI IIIE40, PANEL NQLENGTH | HEIGHT |
L ATV | 71 Vle2-0" | 17'-a" |
| JE s ;/ @} 102-0" 23-0" |
‘-.ZA:’SM - g/ X ’
SHIELDED —
| — . » s > .
| CONTROU BLDG-TASTWALL
DWG. 12179-EC-10G ( |4-4) |
|
dt sdt” _;EANEL NO|(LENGTH| HEIGUT
EL. 646 L) et e'-6"
s sade 7777 7 X0 LR June'l 8RR
| EL.46-0L Kool 5 //, 4 |
| | A D NOTE :ALL WALLS AND ROGFS |
R SR/ ARE 2:07THIGK MIN™

| CHECKED
1

| conrRECT

APPROVED

POWER INDUSTRY cnou:?m.z NU SCO —M\LLSTO NE*a
TORNADO MISSILE BARRIER |
PPANEL SIZES OF CAT I SWUCTS | SKETCH NUMBER

ISCALE Na SCALE
oate JUNE 26, 84

| REVISIONS ((2

1 [©)

L@l

o)

|
|

PG |




Aiucu

STONE & WEBSTER ENGINEERING CORPORATION

| S PANEL NO| LENGTH| AEIGH T

fLoc® ) 102-0°| 11-0"| |
g 102-0°| 23%-0"| |

EL 64°C -
ELG 4-0" ®

EL 47-G°

i k @

EL 24°6

| CONTROL RLDG - WEST WALL

| DW4 121719 -EBC- 10w (20200

|

|

|

|

I

|

|

|

| 10 12114

l[r

| TiTLE NUSCO- M\LLSTO\QE*B iSCALE N0 SCALT

CHECKED

CORRECT

{TORNADO MISSILE BARRIER. |oae JUNE 24, 84

APPROVED |

PA“‘L 5\255 QP CKT 1 STKUC:S, SKETCH NUMBER




STONE & WEBSTER ENGINEERING CORPORATION

PANELNS | LENGTH| HEIGHT |
1 ] " ' "
(DT @!20-0 24-G |

EL1& -G

CW PUMP HOUSE ~ LOMG \AWS
PNG \2N9 - EC- 14 H

PANEL N | LENGTH
@© |18-Q

EL 14-6"

CN, PUMP HOUSE - EXND \ALL
PWa 12179 88 & W

JQ 12177

e NUSCO MILLSTONE ™3 |scae mons
aprROVED | PANEL DIZES ofF CAT 1 STRUCT-‘;”"H NUMBER

REVisSiONs (D) ©) @ ® | -




|
| CHECKED |
|
!

| cCORRECT |
pr—y | PAMEL 21285 of ONT T STRWT 5o
| REVISIONS @ 4 -@‘: @L_ ?

& sovene __STONE & WEBSTER ENGINEERING CORPORATION
i
|

| |

EL @56 |
| ELG4-9; @ ® PANELNO [LENGTH|HEIGHT |
[ gl : g i Y T
ELsid Q4@ 1210 e8]
% : @ @ @ Q @ 32-Q \0‘3 ‘
| EL 40-9"
!
| NG 1273 Ec;z%:tw 101) WALL A 13 N FRON
| b / OF WALL B |
| e
L 510" | | i
| ! PANEL NO | LENGTH | HE16KT
1 e :
i I === K | ©4® |32-0"| 21-¢"
| | .
EL 240" @ q Q@
|

EMER GEN ENCUL ~ EAST WALL
| PWG 12172 -EZ- 290 (16-16)
| (wALL B)
|
; 3o 9
|
| |™me NUSCO MILLSTONE *3  [scae  nNowe |
. TORNADO MISSILE SARRIER IOATE JUNE 26 84

Pe 4 |




& 3036 84

STONE & WEBSTER ENGINEERING CORPOXATION

e NON= SRARY ‘
EL a5 2 o, 1
gL 64-0" il @ PANEL \°| LENGTH[HE\GHT
- e 1{0e@ |32-2 | 246G
| ® @ DED 222 [&-@
. EL20e-6
| PG 12179 -EC- 29F (13 -13)
j EL@’LG” _ i
| L 640 ® ©) PRNEL NO| LENGTH| HEIG
EL 42-Q" ¥ v 1O 8@ [32-2" |16°6
"EMER. GEN. ENCL ~ WEST WALL
NG 1UTA-8C-29K (1e7-107)
ELes-ot [ NON-GARRIER TO EL 59-9"
| N 1 PAMEL MO | LENGTA| WEIGHT
| e8¢ SF -= O ) 53-0 | \&G'
ELE-ET @ __[NON - GARRIER
| © S [71-e'| 270
' EL 24-0"
FMER. GEN. ENCL ~ JORTW WALL
WG 12119- BC- 29 (9-9)
ELGS-&'
EL54-Q" _ ' J T W] PANEL N0 | LENGTI | RENGHT
| ———— 59-6 | 14°G
' BL 8 'o ~ /7, { Q - i
EL 338 __ 7 / 57 @ D |97'd" [27'0"]
) n SH\E‘-DED 1 @ 6"0" 17-4"
EL24-Q "/////// =
| EMER. GENM. ENCL ~ S0UTH WAL
| PuG 121M9-EC- 296G (\&-14)
| JQ12179
| e \USCO W LSTONE *3 e wNONE

| CHECKED |

| CORRECT

| APPROVED

TORNADO MISSILE BARRIER
| PANEL S1Z2ES op CAT T STRUCT el

oate. JUNE 26, 84.

fncvumousiggl

e o)

CST’

——

965




[ AL N® | LINGTH | HEIGH T
WA | D10 ® [23°Q"] 54-C
| w - - - o 4 - -

| L STe—

; ? —SHIBLORD

FUSL BLOG-20.& LINE WALL
Dwé 12179 -3S-3®8x € @

TZANELR®  LENGTH | KEIGHT
O 129-47 840"
@ 1294|276 |
d

':'b 53"-0: ;L Ez“' /‘n e,.a,j
| T T el
; - SHIELDED
s Tg
|
BL 24"

FUBL BL0G ~ 51.2 LINE WALL
Dwe i271-8.-38T

| SAR I - My

1 VAN&.&W LENGTH |HEGHT
e0-0" 410"

-n./i" f TF, // 1
a.'l 'ou” / /// / // ’;//
SHIELTED

-~

2L %4*Q '1////7 “'f’ / /]
EL52-4" ' '/

FUEL DL0§ ~ F3.83 LINE WALL
Nwéd 12'1-3C-38 5

13 1% 7Y

sower nOusTRY smeuR | TTE N USC O ~ MILLSTANE T3 e NONE

::ccxg TCRNADO M1s%iIL L AARTIRR sare: JUNE 26, 34
. - - PANEL SIZES am CAT 1 STRUCT Sxerer <umeen

mm@ @T @ A@ Ps ©




ROOF THICENESS

/nxev |-4-T3 DANZLUY LENGTH| HEIgHT

O | 3w-0"| 37-0"
@ 21:0" 3-g |

e

f;?TAOT A BARTLN

3. s2-4 |
PREW [oos

__BARRIER

SL24-0
SHIELDED

FUZL BL7G - WALL &3 WesT o @.6 Lule
Pwsg 129D -SL-DIS J L’c%vS})

—

LEMsts H&mﬂﬂ
ody’| 27-0"
NCT A AARRIER
NET A JARRIER

JV 12179

[ﬂmwtw NOUSTRY GROU» ™TMQ

S

| \ scaLl NONT
SHECIED

TORMAD

; | care: JUNE 24 84
coRmgcT™ -

ANEL
PERQVED P .

|2

SKETCH NUMBRER
R ALk & ] /23 I




Panel u® |LENGTH | HEVGHT
© | 38E ELEVATION

~
s )

7
’ / F\
/

e WIELDED

DWa 12179 -8C- 38 % (80-8C)

gL 101-0
PANENY] LEnaThl HEGAT
5L 64' 0 E L Q10 @| 250 77-0
wzes | ol @ al
FUEL BLPEG CANOPY ~SQUTH & NAORTH WALLS
PwWGeg \ 2179 -C-38F ¢ 33Y
QAR ZALRER
i 3.2,
EL ol -0
| PANEL N2 LENATHIREIGR ™
L 640 SLL I @ 23| 77-Q
L ®| RS
EL 240 O]

FUEL BLDG CANOFY-EAST WALL

{0 12179

-
=

s £56-86)

| gwf 2,79 -EC-35"
POWER NOUSTRY GROUP | ™' TLE -

CHECKED

CORRECT

AS®ROVED

| NUSSS ~ MILLSTONE ™3 [e NONE
TORNADL MISHLE DARRIER |oare JUNE 22 34

?F-NEL 6“:;’5 -".e -’-A '."7 RUCT SKETCH NUMBER

i[ SCVgIANS
|

-

™ @

(v




& 3036 64 STONE & WEBSTER ENGINEERING CORPORATION

i SHIELDED 7
£e98-8 i © |1270° |586
: & 330" | 19-0"
77 777 0-g" | 149"
ELG6"G— ¥ e gy S~
Leral sl L e mr e
P Bt : » !
| 'EL 435" /// / §7 Z , © i2-0° | 1a'-0°
| 'f/ /@' 56, @ O er32-0]@ 1ncL @] 750" | \F-0" |
e VOOV b =) 10-0" | IW'-e" j
. EL 24"@ / L 5 x ~
‘ ' M\'r'ri
“AUX BLDG ~ F-LINE WALL MRE LR
7w 12179-8C- BTA, (1-1) ® | 1601230
L 14-0"| 23-0"
» 20-2'| 23-0"|
| AT NG  ERE TR L
e P T B [4s-0"] 23'e’
| Eas @ j0-0" | 220
a93e
!sr.asig;‘
| fLowe
21,64'0" . ot KL X | |
| @] Blpare | |
¥ |

AUX BLDG ~ 55 2 LINE WALL 71’-6" | 19-0"

e8-a'| 230
PNa \2119-8C -~ 37¢C (3-3) ’ L. 7 o ir
. 3 (33, 29-0" | 2% -0

l - | 12 58-6"
nee | @ @ C) % e T
@

JO 121719
| Y |™me NUSCO MILLSTONE *3  scie wows
pre | TORNADQ MISSILE BARRIER. |oarc JUNE 26, 84 |
APPROVED&L I PANEL SI172ES er CAT 1 STZUCT SKETCH NUMBER

| REVIS.QNS @} 1 @! A@l @i P& 2




JIVNE & WEDDIEK ENGINEERING LURPURA HION

SHIELDED 7

| "
L923"% >
E 77 - PANGL NO RE1EWT
EL 771 , , / . : 2. Q"

-y

2 ’ »3.011

3,85 \4 & 1 %. 0"
4,564 7- \ ¥%0"
Q,10,11,12Y |1%%0"
\5 13'-0"
\@ 230

AUY BLDG ~ F.2 LINE WALL
" PNG 121719 -3 (22)

”w O \2\79

_™e NUSCO MILLSTONE ®3 |scae Namz
TORNADG MISSILE BRBARR\ER  |ocare JUNE 26, 84
{ PAMEL SIZES oF CAT 1 STRUCT semrenwomsen

revisions (@ ©) o & 7410




STONE & WEBSTER ENGINEERING CORPORATION

 EL ©4-0 o fotd "
€L 56-2 PANEL N°] WIDTH |HEIGAT
| ©@ @ @ & D § @ | 23-0" | 12-0°
, 27-@" | 12-0
EL3G:-@ . —— 210" | 1270
: KO @ @ @ O 22-9"| 12-0"
EL24- 23-0" | 20-3"
48-@ | 20-3"
| ﬂ.ﬁF BLD a i EPST Vn.\, 4-51- 914 2 O'-s"
EL cato" D\vﬁ lztvﬁ-\;iszq 4-4) -
? VANEL N2 | WIDTH |[KEIGHT
| @ ® 57 0" | 12:0
‘E'LW 0, @ 1y'-0" |20-3"
L ZaE W lo8 |02
| ESF RLPG~ SOUTH WALL
| PWwé 12119 -8C-32 S
|
€L GA- 0" sum.uwﬁ
EELZG_Q_
R\\\ﬁ % PANEL WO| WIOTH |HEGHT
i 0D | 78-0' | -
in:za‘-r.__ \\\ \@ \\\ 38-0" | 203"
\ NN \ " 3 | 40-0" 203
EL 24-@" \
ESF BLpPSs ~ NArThA WALL
Pvs 2119 -EL - 324
JD 12\ 9
| \ [""E NUSCO MILLSTONE ™3 [scae wonNe
pra— i TORNAPO MISSILE PARRIER  oareJUNE 26, 84
Pr——— PANE\. S\ZES or CAT 1 STKUC’( | SKETCH NUMBER |
REVISIONS @I V@lf @T @ 74\




SWECO =703

EMTR-801
September 1977
APPENDIX C
TIME HISTORY ANALYSIS FOR OVERALL
STRUCTURAL RESPONSE

Stune o Wemsier Enyineemny Corporanon



SARLE OF COWIRUS
AR i Zakat Eage WSRO0 Tisae Page
C.1 PURPOBB. - : + » « « » « C= Cesed Susarical Solutiom for
Equation of motiom . . . C=4
..3 m..-o.ooonc"
Ceded Abalytical Solutioa for
C.d SINGI MASS TLeE iquation of MOTiom . . . C-5
HISTORY AMALISIS OF
BARRIER STROCTURAL Cede? williamson and Alwy
.“.-..-...C-‘ m.;.--.—.‘:"
Cedet General Descripeiom. . . C«1 C.l.8 oL Numerl -
ca. and Analytical
Ceded Allowmble Barrier Methods with Willi.am-
DRflection . « « « + » » C=2 son and Alvy sessults . . C=
Cedad Barrier Lawilibeiom Ceded Application o Other
fquacion and Tranas- MABBALES . « « « « + « =« 5=
formation FPactowrs. . . C-3
C.4 COMIDEIONS. « « « « « « S
Seded Miss.le Force for
MWI-.--..-C-‘ :.3 m..-....CO\O
il SF TNk
Table Tabls :
amoes Zakae TG lazat
Cud=1 4000 1b Ameo V = 59 Meters/Sec -~ Ced=s 4000 1b Aueo V = 55 Metars /Sec
Inscantaneouvs “oseantum Transfer 650 b Engine 3350 1D 3ody and
Span = 0.0 2t Frame Span = 15.0 ft
Ced=2 &ooo b Ameo V » 53 Metars/Sec - Sad=. 3000 b Amto V = 59 Meters/Sec
Instantanecus “ossntum Transfer 650 b Ingine 1350 lb 3edy and
Span =+ 15.0 ‘¢ Fframe Span = 10.0 ft
Ced=3 4000 b Auto V = 59 Metars/Sec - Ced=? Sarrier Deflection and Ductility
InSTaAntADSOUS “OCmancTum Transfer for Tornado-tcorne Missiles Plus
Span = 0.0 fc 360 sph Tornado Wind
Cul=e 4000 b Amto V = 55 ‘mters/Sec Cald=d Comparison °f 3arTier Ductility
450 b Ingaine 1350 b 3ody and Predicted 2y Analytical and
Prame Span = 0.0 ft Numarical Wethods with William-
son and Alvy “ethod
. 2L IGURES
Figure
Jumoe; Takat
ced=? Lffect of TEnsi.y MeROTane Action

7703

on Supported Zircular ilap



b4

IX

TIME HISTORY ANALYSIS
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daflection of the JarTier .3 aided by any

STAtLC and dynamic forces normal o Lits

sarrier deflection i3 opposed v whe
Sarrier’'s scructural Cesistance, Lnitially
eLastic and finally slastic, reoresented

L2 Jecermined Y
a0 oredit for any
snfluence.

satenary or
™e usNLle And Darrier
Sontinue T Weve under =the action of the
various forces, asually wmelil Doth have
AChieved 3 CommOR TelOCity. After cthat,
e Alsalle and DArTier Are assumed o
I0r® A4 sanale lsgree of freedom jyetem

valocity.

oy
(<]

il

il
i
i

i
e
E . L

White(i1e) 4
capacity of these Darriers
plast Tesistant STTUCTUTeSs.
Anderscon et al. states.

Lacerally.
action that has Deen discussed, there is a
CORpLOX MMADTADS ACTION as well.

in =he case of a4 square plate wath four~
side support, the DNUIgADg a4t the Ccentar
tends =0 Pull opposite sides of the 2late
toward eacn other. ™uis effect is
sTrongest (Or 4 CemtrAl IJtrip and does 0T

axist fOr a4 SETip adjAcCent O 4 Ssupported
edge. A8 a consequences, the muddle area
of the plate i3 in tenalon and the ourer
sarts wn COWPTE®S8L0N . ™is has °two
effac=s: 1) the JIembrane action SuWwplies
some load carrying capacity, and 2) the

Tenslon And compression fialds alter tne
plastic Ninge MNomants to De used Ln the
sield line theory. b4 ]
WAt the mmOraAne act.ion, )
18 not confined to two-way slabs. A
SAamUAr effect vill De sncounctered .0 one~
vay slabs and Deams the ands Of vnich  are
S0 ANCHOred A4S O Jrevent ovement “oward
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mams

™e tension mechaniss described above for

two-way 3labs and Deams anchored at their

ends is used in barrier design when:
Thare p¥ ) iex

H
i

4

the Darrier suppert.

by the ¥WRC?'') for sechanical 2ipw #hip
restrI. \Ots .

™e Dbasic eguation of @motion of the
Darrier .3

Mea * o= Ry €.3=1

M, e 4, : Prior %o the mszile
DArTier reaching 4 common
velocity, My eguals darri.er
STUAVALADT IS My, Flus the
BASS , M. , associated sitn the
wnitial wmpact of zero Jduration,
wad Type 4. Thereatter,

M, " Mpg * M N After aissile
ADC DArTAGr TsAcCh i common veloc-
iy, M, equals the sum ° 1e
SArTLAEr ACULVALENT Tass Yy, Z.u8
“h@ TisSSi.e Tass Irem _cac TUoes

ang +.

7703

in Section C.l.1.

When cthe zussile wejlocity V Jdecrsases to
the velocity of the DdDarrier, the lass V.,
no longer pushes on the darrier vith force

Although the darrier deflection Satterm
cakes on different configurations .n the
elastic and plastic stages, the values
used for the 3ass and load c“ransformation
factors, ‘. and 4. . are determined for tne
slastic offiguration since i oazrier
deflect.ion .3 2redaminanct.y .n whe 2laseic
range. "Me SArTier smuuvalent Zass '_. .5
detarmuined irom it



dA * incremmnt Of DAITIAr Area

™e squivalent forces acting on the
barrier from the aissile, othar Jdynamic
loads and static loads are detarmined as
follows

Ty *% 7 €.3=-0

whare

» = load cransf orEation facror

" determined S0 that the sodel and
prowotype forces do the sane
work on the OJArTIEr ASSURLNG
same displacesants for model and
PrOtOtYpe DArTiars.

% -Z‘ AT C.3=5)

wher.

f = forece par Init Aares of Darrier
POC DANL S

F = zotal force oo barrier

A different egquivalent force .3 determined
fo1 each Load acting on the Darrier.

T™e DAITIEr eguULVALENT Tesist.ing force ’.
L3 dectatained from

R, * R C.I=6)
where

* Jarrier resiscting force for a
sonecentrated load osroducing 2
specified dLisplacement

ll‘ : 4 . I“I -

™e wissile force for load Type I o
section J.J.1 L8 decetmined oy one of the
following asthods:

1e ™Me force for Load Type ] 8
squal =0 whe wnetic energy of
“he nssie divided Dy the
LSTANCe LNe NiSSi.e dermanent,
leforms TAis netnoc .3 isec
«ner ere .s signiflcant

JeneTIaATLON =} 4 shear 24uaQ

sovesent compared with missile
deformation in actual tests.

If actual test data for (1.)
abowe are 2Ot avallable, then
the oad Type ] for constant
CTOSS=SACLLION MissSiles i3 the
Lesser of missile material vield
stress oOr 50 |7 5% confined

1f whe missile does nOt Aaintaln
A CORSTANT CTOSS~S8CLION a4t the
point of umpact, Load Type ] is
set egqual to the peak of a
force-cIusn curve for the
®issile, whare the ares mder
the curve egquals the kKinetic
energy of the misalile. i the
force=crush curve

Shergy

of

™e osumarical solution for the barrier
egquation of sotion is performed starting
trom an instant of time wvhen the
displacemsnt and welocity of the arrier
and the 3issile and the forces acting on
tham are mown. The sussrical solutiom of
the DarTier eguation of moOTion given here
is accomplished in a4 wmammer similar o
Biggntd), Chapter 1. The differences ars:
4) the aarTier has an Jaatial velocity
from ap insctantsous ispulse of high foree
cCapacity nissile cCoOmpOnents , 5) whe
applied force Jof the AlSElle TEBALDS ON
the Darrier dnt.l Wssile and DarTier come
L0 4 common Wvelocity: then it Ls taken
off, and 2) =he aass of the ugh force
Capacity 32ussilse components + and the
aMas 4, of the lower force capacity
aissile COWpOnents which DJenetrate oOr
crush signaficantly are added o the
eguAVALEnt 2ass of the Darrier after whey
ATLALD 4 COWMBON velocity with the Darrier.

Louation cedm1 establishes whe
sconleration. T.e welocity and oosition

of the DAITIar At the end of a Time
mrarval 4t are

Vo

in

* valocity
rtarval

™mioecity
Lime

SArTIAr lisD.ACEmant it
nd of LUMe Latarval it




= dariier displacemant at
beginning of time interal dt

DArrier accsleration assumod
conscant Juring tiae Jaterval

time incresant for numerical
ntegration of the egquations of
MWOTION., Lt L8 At Detwed) I and
20 microseconds depending on

the tume duration of aissile
torcs .

™e example used for Lllustratlion is an
automobile weighing 4,000 1b (1,870 kg)
which strizes a 2 ft ruinforced conmcrete
Darrier at 194 fps (59 aecar~ par secord) ,
NRCCYY, ™e engine and TIADSRMLSSION aAre
assumed o weigh 550 1lb and sssumed o De
E)
of
of
of
ot
chis componant 1S assumed o De 100 kips
Alxi tO De essentially cOAsStant as long as
crushing cCONTiAues .

™e assumpolcs of Odv-Chassis cTushing
sErancth i3 Sesed On the rfesults of a test
performed oy Sandia lLaboratories(*’., e
LASt CONMLSted LA ProYecting an autamobile
nead—an gepinst a rsinforced concrete
parmioer. 10w lollowing jata describe the
cest:

Weight of agtc: oziganally 2,718 1b,
modilied Ior test to
J¢330 o

welocivy: 76.J) fpa
O D . -tar: Kie

= autowobile: 26 .a. crushing

™e average <cTusLing resistance of the
body and chassis can De

calculating (= BN o netlic

divading that

distance. Asgsumang 6 parcent of
origanal weliaht w0 o engine
wraasaLssLon " ls caloulat.on Jives:

26 R/12 * (3.3 = 2.715%.16) T76.2%/84.3
R = 11%.8 kipe

Siance the automODLle 1sed Ln the sxamule
i Neavaier than the one tested, whe
crushing resAasCaANCe R | Jreater.
ASsaming Tesistance Provortional =0
wveignt, there results

2 e 19,0 x 400072718 = 176 cips

for conservatism, =his is .ncreased =o 100
4ips for zhe examp.e.

Table C.J=1 wroueh l.Jee

2¢ *he umerical solutlon

SarTiers with spans °f

-
-

30 f£. T™wo different load conditions are
considered for each span. They are:

1. 4,000 1lb auto Bbody and auto
engine considered as appiying a
zero durstion impulse (Load
TYpe 4). This gives identical
results to Williamson and AlvY
Equation 6.

Impulse: 20 Gp-sec.

autd DbDody with 20.15 kap-sec
sosentua coasidered as applying
4 SQuUAre vave lapulse with crusb
force of 100 kips (Load Type 1,
and agto engine wnith
1.35 xip=sec zoeentum considered
43 a pure impulse (Load Type 3 .

T™he top half of sach table gives the data
on WASSile, Darrier, and other loads
acting on twhe Dbarrier. The ottam half
presents a4 susmary of whe numerical
incegration of the barrier eguation of
WWOTIoNn.

Table C.3.7 gives the deflection and
ductility of tornado-tborme aissiles listad
in YOUREG-75,087, Sectiom 1.5.° .. ™is
table shows that twhe duectility L3  less
chan 10 for all mussiles when the DAITIAY

loaded samulcanecqasly with cornado

This asalytical solution is presented =0

vearily whe rumerical solution n
Section ... aud to offer an altermnative
0 4 computer Program for the single mass
time nascory analys.is of SArTLer
deflect.ion.

™he analvsis sredicess he stucTural
resgonse Of an  elasto-olastic Tis3l.e
SArTier %o any Sombinat.on ot the four
Kinds of locads ziven 0 Sect.ion ]

wad Tvpes I - & are specifically =reated
an whe analyetical development what
follows, and .un whuch the static Loadine
LS assumed %O D@ tere. T™he result 13 a
syscan at formulas ehich Detmit e
determinat.ion 2f ;otn wne VA XloNam
structural deflectior x. anc the ductollty
TATLO . * X e, <hETe & * The e asticC
~iBat jef _ect.oOn -} 1 whe arTier.
iurac.on -] 4 e ~LOacT srase

PrOCESS CAn Al3C D@ OWL JJ reTuLrec

e eflect -3~ 4
loading .s Jdecerainec D>v
SOLrTeCLLON >} 4 “he Tesu.ts
YNARILC loading analvsis, as
.ater

Ldiferent situactions cour iccerdineg
Wi 2 La8T.C o~ . © Teachec

Jre ’ sLex e *NgC e BDact
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. LawavT SOase ends when tDe zissile and
.~¢ sA4rzier (at the poant of umpact) have
«=¢ sSame VvelOoCitYy. fuolowaing that time
che 2issile and DarTier are assumed toO
renaLn in contact and =o decslerate
cogether dntlil WOTION COASES . Under sone
conditions, the DArTier Ccomes O Test
pefore the zassile does. This dappens for
Nigh JcANTUR AiIsSsiles vhare the forece
stopping the aissile oad Type J) is less
chan the DarTier resistancs, .

™he tinal result of the analysis \is
qmodwuma!..muuoot the
final deflection to the elastic limit
deflection of the Darrier.

™e following symbols are used:

e ( * %Xy ) *= elastic limit deflection
y of barTrier (ft)
constant aissile LIpact
force (lbs), Load Type 2
PP
immv/?* /WE8 = zan -
Initial ispulse (lb-sec) =
&V = sV, Load Type &
equivalent mass of darrier
(slugs) Bg. <. =’
. 2

aLssile Jass assoc.ataed
with force Fi=M
AASSLLe BASS assocliated
with aitial mpulse 1w
LOTAL LUEOHACTLNC BASS
suddenly applied comstant
fores of .ndefin.te duration
wad Type 2 (Eg.T.3-]
equivalent stat.c foxce,
oad Type ' (Bg. C.3-1)
SONSSANT 2LAStiC eguivValent
res.istancs of DarTr.ier
ga. S.3-%
cime (sec)
durations of successive
stages of Tesponse
spact velocity of missile
(fps)
deflection of darvier (fT)
deflecticon at ends of
fuccessive sSTtages
elastic ..mit deflecticonn
displacemant of alissile
BASS 2 After .mpact

dx/4c, dy/ee.

2./

A Me

can=* G

final deflection/e *
ductility ratlo

itage ¢ Js x Se. ¥

Louations of JOTLON Are
- ~f™ X * Rx/Me = T'/™

eV - Pcm =z ¢ Fts
S b

. . v
x- Lr' A8ANAS * -‘-H cosAt

Pind tame © whan x = @ Dy Setting X = o.
™en cos (At ¢ v) = [V=R/T" cos ~

whete .39

i

v = ran”' immv/® /e = zar ' G
If (1=R/P*) cos v$ - 1, the DarTrier remains
slastic.

The condition for Case A to ocumx iS:

- .
AT ) € =

b -
* - -

.3=10

r
an it - G cosat ‘?r

Stage 2 This stage ends when 7 * X.

BEguations of :otion (Mew tiEe Origin) are

‘.',’-Z' x-&&
T A

i R > F' che darrier mass M 1ay
come O TSt At time t, Dbefore y * x. °O©
decarmine .f this happens (only possible
i R > P*) calculate t! , Irom

SAnAt - 5 Somat

7, A (C.3=11A)

‘8 or i t; fzrom 2q. S.2=
when NOt.Oon Ceases at T,

- 3 SOt

J=13A

-

tage ] follows, .o which Zasses ™ and =
aove together mMmtll They COomMe TO eSSt At 4
final darrier deflection x

dowever , 2 F* > R or £ < >ie,, then
S

Juring Stage ! the decsleration .3

t =he decinninge 2f Stage
sef.ect.On aAre 3tace . ‘.lnal

e




€.3=12)

Zguations of WOTILON AXe ThHe TANe a8
Stage 1 of Case A.

Stage ! end at wime T, whem y * X.
This w.ae i3 given Dy the equat.on

8D &t =~ Gcos it cgr= it

T™he condition for Case 2 0 ocTur

-
SOt -~ Gaan .t 21 s g C.l=1m)
Telocity and deflect.on at the end of
Stage ' are

: AT
x - *. sSinAt

L Al .
x = ‘—;‘ twcogAt * & \sinic

Stage @' Dnds whean DAITIEr COBes tO rest.
Jse worx anc snersy arinciple. At the end
of Stage 1, =he strain and kiaetic
MMErvies are

xi e and 22
the end of Stiage
--/2), amd

or, alternatiwvely

o 1T
_..0'1» Twcagit

-«% gmAt - G comit

-

™e limiting comdition for Case 3 occurs
with only an inicial ismpulse I « 2,V and
oo force 7. Then, since M = M, + a.,

“e el ToH C.3=17
T™e results cthat have been presented for
dynamic resSponse with 20 accompanying
static loading can be corTected as follcws
when a static load Q also acts.

A wniforaly distributed constant static
loading can be represanted for the dynamic
analysis oy *0ans of an equivalent
concentrated constant foges (Q, according
o Bg. C.l=1. Since this force i3 capable
of doiag worx during - structural
displacement .t oconcridutes to the final
deflection of the system. ItS LiEpOTTAnCS
depands oOn .Lts aagnitude CompDared o the
structural resistance (R) of =he DbDarrier.

Allowance for the effect of ] on maxisum
deflection i3 made as follows: The foroe
¢ 4lone produces in the Darrier an elastic
detlection Je/R which uses up 4 Ifraction
R of i3 elastic limit deflection e,
leaving what can = called a
peusdo-elastic limit deflection e¢' (we -~
Q@R . Z . the presance bl
reduces the remaining available plast.c
resisctance from the walue R to R - Q = R*,

R* can be tarmed the psusdo-glastic
res lstance .

™e dynamic loads can haxt D8 applied =0
the new TUDSTtitUte sSYSTan characterized bv
e' and R' .nstead of the actual ® and 7,
™e calculations lead =0 a4 walue of x.'
Bg. Cod=12, CI=12A, C.3=18, or 2.1-'8
48 the Case 3ay de) w«hich i3 =he final
deflection of the system 2|yong or in
addicion = the starting Jef. ection e
caused by Q. PFinally, the actual aaxisum
deflection of the barrier relative o .its
nstrained configuratlion is

X, * X, ¢

and =he dUCTL.LTY TAtio .3

x

=
2

™ williamson and Alwvvi(?) aethod of
calculating sTIUCTUraAl response .S Oroken
iown o, (a) the case vith Tssile
Penetration and (DY she case vitn w
oceneTIATION. ™is wethod s used as a
Dasis Oof comparison Dy cwha NYRCTe), e
=OrnAde 1issile whuch oroduces the nNOSt
sTructural response .3 the «,..00 B aumeo
ach Jloe:z 170t Jenetrate e barrier.
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s re. wne case Of no penetIation in
wissiamson and Alvy is discussed here in
iecadl . 3ecause the senetration of
sissiles of concerm to nuclear power plant
design varies so widely for the spectrus
of mssiles and Deciuse the penetIation of
any given design Dasis zissile i3 not
docusented, STIUCTUral response is 0ot
sased On peneti.tion. Rather, it is based
oo che force of the a2issile on the
DarTierT .

1 in wWilliamson and Alwy
establishes how such reinforcing steel
needed in 4 bDarrier of givem thicKness tor
a Sissile with Iomentum equal to N times
Vme This method of calculating
response dows NOt NECeSSArLLY
structural responsa fOr WOWiDngG QD)eCTs
SEriking BDarriers a4t a suclear facilicy.

Equation & .is darived lhare in 4 WOTe
direct vay taan given in  Willliameon and
Mwy O

™he kxinetic energy and somentum of e
aissile are

=_»
MOSem tum * ".'n Vm

™he wvelocity of the DAITIAr after lopact
is detarmined Dy assuming that the aissile
and DarTier remALD togethur after impact .
3y conservation Of IOWETTUR, che welocity
of the Sarvier and :issile SOVLNG together
Aftar LEpaACT .8

v v_ N/ :
e ® T2 Mo/ M * Mg

A=
energy after LEpact .s

L .
Eowe * e Y% 7% * N

e
wheare

€.1=19)

Mo
Va
.-‘x
‘Dem

mass of 2Assile

velocity of aissile

equivalent 3ass Of Darrier
wlocity of aassile and DarTier
craveling together after LJEDact

e ainetic energy of the system after
Mpact .3 ADsorded Dy SEIUCTUrAL TeSpOnse .
™e STIUCTUraAl STOpEITLes aAre

R * sguUAvVAleEnt DAITIAT DLASTLC
resiseing force

5L o
x:!‘.-

® JUCRi.LtY

sarrier vield displacement
W CAUR DarTier iisplacement
detined Dy ia/ Ny

fquating The eneryy 3f STIUCTUral
L0 the cnet.c smergy of
JDact jives

sesponse
whe systam after

-

a1
va

where the barrier stiffnass x is defined Dy
X, = R/% and X_ = _X C.I3=22)

m .
2f zhe systam .8

The period T

/ \ &
T e 3w, - M) (C.l=2M
\%. - /‘ /
"he resisting force of the Darrier R
then becomes

MV -

..—-rl.h-.*— f_.'|_

(C.I3=20)

Zguation C.J=24 i3 the same as
Sguation 14 in Williamson and Alwycd)

Eguation S J=2s produces the e
def lection as Load Type 4 for the asuissile
where ohe asomentum of the Jassile i3
cransferred =0 the DAITIAr 45 an wnitial
valocity Defore the DArTier offers any
STIUCTUZA.L Tesponse .

C.l.

3

T™he sethod proposed Uy Willliamson and ALvy
for predicting the sTtructural resgonss of
a ainsile Darrier w mpact Dby a
AONPEDETIALLNG 2As3ile L3 Dased on the
ASSTRPTIOn hat the Jduraticn of the .=Epact
A8 wary short comparsd to whe ime
regquired fOor the DArTier o reach its
saxiaum daflection. ™e Loading L8
treated as 4 concentrated .mpulse. This
ASSUMptiOn .3 tOO CORSEIrVRTIVE, &8s i3
evidant from coasideration of the data
pressnted in the Table .. -4,

A 2USSLLe NAVIDG a4 OmrTALn
strength will exert A
approximately that
Ampact Loterval. ™e
STUShANG OSrocess L3
consideration of whe LAalti4al  TOmENTIm.
When tHAt crushing Or LOAading aterval LS
20t exXTremely IJ0OLT COMpArec to the total
reaction Lterval, consideration of Thac
fact 18 NDeCessAry. e »eTHOAS of
analysia presented hHare ctake account of
che fact what ~he srushing and /or
peneTIaAtILG Jaterval 8 of finite
durat.ion. Mote =hat all the results
sresented .o TADle D (-3 ase "he same lata
gaven Lo Tadbles CHAZOWGN .o .

f¢inite STushine
wotal force of
ampunt during the
duration of the

chen detarmined Iroem

.

e Ceason
ALl .. Aams0n

for onservat.sa 0

and AlWY method .3 that it
allows whe eguivalent of _oad ™pe 1 .n
Section C.2.'. A has  load Tase, -he
somentum oOf “he DASsAle .3 rapsferrec O
the DHarrTier Sefore whe Darrier offers
JETUCTULAL Tesistance.

e
LY

n Tabie . “i, wad Type A 48 4 20fC
JUSatLiOon .ODULIe, DA TPe . aMmac Lve
resulLts .aentica. t9 whose 2f ¥Wil..ameon
and Alwv. “wad 3 13 the omoinat.ion £ aAf
LAtiAl TigAd 3a8s Umpulse °rf

JALD A STUAr® save
sec anc force 200

.

LADUL e

CAD8, Lac TYves
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«. 2% LS apparent in Tabla S.5=3 that for
whe short span he difference ir
considerable Dut that it Tremalns W
significant for the longer spans as well.

C.3.9  ARMASARISN %0 OtDEX MAasiles

™he meThod of decermining barrier
structural deflection to missile

$.3.4, has many possible applications for
predicting the effects of nissiles
seriking reinforced CONGrete DAITiErs at
nuclear power plants.

Ah example i3 a whipping ruptured pipe
seriking a rednforoed comcoTete DArTIAr.

™e whLipPANS PAPe WOCION JUring Lmpact i3
considerably more complicated than the
head-on impact of an auto or tornado
driven pipe sSTriking end-om. A whipping
Pipe WAy Striks 4 DArviaxr near the pipe

It may also strile seguencially

Une whan 4 long section of pipe

calculated
sechaniss surrounding the Line of

AS A whipping pipe strikes a bDarvier, the
setal on he LAEpact side of the pipe

eXNrts 4 large forom o Oring it @ a
sudden seop. Then 4 lower foree ¥ ]
axered on the DArTier as cthe pipe
crushes . i1f che pipe has sufficient
Mmergy, it will not De stopped Dy the time
the Sack surface of the 21pe arrives atc
the Darrier. In this Case 4 second forve
of large magnitude i3 exerted on the
Darzier =0 sStop the rear surface of the
pipe.

The aozentus of the froat surface of the
PAPw LD the LEDACT ANSA L3 assumed O act
like oad TYpe & in Secuiom T.J.', an
\astantanecus Japulse. The crusaing of a
pipe i3 represented Dy Load Type ] wvheare
the zacuitude of the squUAre <ave .3 the
saxiaum force froa foree deflection crush
curves for pipes, from Peech et al.f%7,
reedec =0 absord the energy of the
whipping pipe. The smergy of &4 whipping
Pipe ased O determine the lAaxioum ‘oroe
from crush “urves Lf the total cinetic
enerey of 4 YRAPPADG PAPe Less the wWnetic
energy of the Laitial Lmpact surtace of
the DApe, Jiven ADOVE AS AR .aSsTtantanecus
Ul se .

I1f the =otal cTush energy of the elbow,
jefined Dov Peech ot aae ) . 0t
sufficient to ADSOrD the < net.: enersy of
wthe *hippANg Pipe, MAeinAng after the
‘ront surface 2f D6 ZiPe JAS LIDactac the
SAZTLIAL A8 AN LASTANTANGOUS IDulle, e
ARCESS “ANetLC anerdy .3 Absorded As an
LSTANTANSOUS JDact, oad T™me . o} 4 “he
Iear jide 3 4 e TiDe -~ 4CT e e

**a1
Q2

barrier. ™e “wo TYpe 4 loads
representing tHe fromt and TeAr surtaces
of the pipe iIpacting the DHarrier are
applirec or simplificacion and
comnservat.ss at twhe Degianing of the
impact process.

C.8  COMCLUSIONS

™e conclusions to be drawn from thlis
Appandix are:

1. A 2 £t zthick rsinforced concrete
Darrier wvith No. '1 recar at
10 in., on Ccenters each wvay and
each face, having concrete
scrength of J k3l and rTebar
vield strength 40 xsa can
withstand the impact of the
toriado~generated aissiles Jiven
an WREG-T75 /087, Section
J.5.1.,4¢7) combined with tornado
wand . ™e ductility i3 less
than W.

™e sethOds ot analysis
formulated in this Appendix can
e used o conservatively desicm
DArriers for structural
cesponse . T™hese wsethods avuly
o cornado-generated aussiles,
“NAPPANG pipes, airsrate,
dropped egquipment, and upcured
components from pressurized and
IOCATANG SYSTAmS Aand equlionsent.

Scructural response L5 limicted
to a4 ductility of 10 or less .S
the DarTier is cCarryiny other
+oads or Af it is the only
DAFXTIAr SepaArating the missile
from 4 missile protected one.

Feainforcoed CONCTete DAITIErS are
iesigned o 9O LAto the tenilon
CeSASTLNG WeChADLIm fOr anchured
sanm Darriers and aenbr ane
tension Of tWOSwaAY S.4L SArTiers
when Zhere L3 4 second DarTier
Jownstrean ot whe SrimaAr
Sarrier which can stop secondary
SoONCTEte MUIsSSLes and vhean the
SrLMATY DAITIEr i3 70t regquired
0 carTy other loads. ™Me
SAXLSUS DAITiGr tension sTra.n
A1 thAs Zase L3 the same as .
permicted for sApe hiD
restra.ats, NUREG-TS 087,
Section J.6.2.010)

LSTiBat.ng STIUCTUra. response
fOr SALTAGLS At uClear Dower
facilitlies uasing whe jetod for
non ~oenetl ating ssiles an
diliamson and Alvwwid) L3 =00
Onservatlive. he “*ethod
sresented .n thas Apoendir: .3
ised Dv Stone Jjepster

The neThod o} 4 sdlCulac.

FEIUCTUral respvonse Lven X
WS Append lx -3 e same
hether =“he “lis3i.ie JeneTTates
3T 90t - 2008 10t leven oSN 2
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(s

ts)

iecermination of the
jince penetrstion

wood , R.E., "Plastic and Elastic
Design of Slabs and Plates®, ™he
Ronald Press Go., New Yorx, W.Y.,
1961,

ASTM=AG15-7%, *"Standard Specification
for Deformed and Plais Billet ISteel
Bars for Coancrets Reianforcement.®

s

(&2

ts)

i)

i)

Bigys ., Jelhe, TIntroduction -
Structural Dynan.cs®, MoGraw-841)
Mook Company, 1964,

SUREG~TS /087, Section 1.5.1.4,
*Wissiles Fenarated oy sactural
Phencoena®, U.5. Nuclear Regulatory
Cosmission.

WUREG-75 087, Section 1.5.J, "Warrier
Design Procodures®, U.S. muclesar
Regnlatory Commiasion.

Saston, Jekes Siess, C.P., and
Sewmarx, %M., *An Investigation of
che Load-Deformation Characteristics
of Reinforced Comcrete Beams Up to
the Poiny of rallure®, Ciwil
Eng LDeeT Lng Scadies, Scructural
Assearch Series Ho. 30, Oniwersicy of
11lin0is, Decenber 1952.

Andarson, *.Z., Sansem, R.J., Murphy,
Bole, Nowmarx, .M., and White, M.P.,

*Design ot Structares o Resist
Waclear Weaa por 8 gL feces”,
ASCR-sanuals ot Engineer ino
Practice-80. 32, Amsrican Sociecy of
Ciwvil Enganeers, 1%1.

SUREG~7S 087, Section Jl.6.2, "Deter-

sinatiom of Breax wweation and
Dynamic Effects Associated with the
Posculated Rupturs of Pipang.* 0U.3.
wuclear Regulatory COmmLAS.O0ND .
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TABLE C.13-2
4,000 LB AUTO V=59 METERS/SEC**INSTANTANEOUS MOMENTUM TRANSFER SPAN = 15.0 FT

DATA OM MISSILE, BARRIENR, AND LOAD COMBINATION EQUATION

l--llln-nun.lnul--.--ln.l----l.-‘lll.-l-..l-.-.-n.l-Illnn..l'l.--ln.ll.ll.Ill.lll...llIlIl..Il..ﬁl.lllu..llll...

BARRIER YIELD MECHANISH SPAM = 15 .0 FY L BANRIER THICKMESS = 24 .0 ¢
P = 0 007632 = AS/(B=D) = STEEL RAVIO == DEPTM O CEMIROID OF TENSTON STEEL = 20 .44 ™
FC = 3.0 XS1 == FY = &0 XS] Ll YIEAD LINE FORCE = 12 4mw

8.0 KIPS EQUIVALENT STATIC FORCE == LOAD )
0.0 KIPS EQUIVALENT CONSTANT DYHANMIC FORCE »» 10AD 2
o0 KIP - SEC MISSHIE VN SE RESISIED BY FORCE AT BARRIER SUPPORT PLUYS DARRTER TNERTIA DURING MOMENTUN TRANSFER == LOAD 3
26 000 NP SEC MISSILE INPULSE RESISTED DMLY BY BARRTER INERTIA DURING HONENTIRS TRANSFER == LOAD &
40.2 FPS BARRIER INETIAL VELOCETY DUE 10 LDAR ¢

BaANRIEtR nissie missie SArRRIER BARRILR BARRIER
EQUIVALENT HE 16MT HEIGHT PLASTIC EFFEC. VIELD PERIOOD
METGMT 10AD ) 1OAD & FoRce DEFLECTION

KiPs Kirs KiPs Kips n SEC

8 8 L L L “. 000 sz .2 L 141 e .81

..ll..l...ll.ll.llllllIlI.lI.I.II.I.IIIIII.III-IIII.IIOIII-II. ‘.-ll..llII.-.I......‘.l.I..I.'...l.......l.l.'...

RESULTS OF TINE NISTORY ANALYSES FOR MISSILE InPACT HITH OHER LOADS

lIl-‘l..ll.l.llI.ll.IIIIllIIIIIIIIl.llll'l.llllI.IIIl.......l.lIIllIII..ll.l.l.‘...l..l....l.l.llIII..I-.-.I...I

L] L4 3 N s LS ’ L) ’

Tint DIMAT IO nissie FORCE A} TINE OF Max MAX TInm MAXIMAM MAX TR FINAL BARRIER
HISTORY oF ToRCE BrRRIER BARRILA BAIRIER BARRIER BARRIER RESISTING NECHANISH
maBtR LOAD 3 LOAD ) SUPPORT OEFLECTION DEFLECTION pUCTRLATY VELOCETY

StcC KiPS KPS SEC LA FV/5EC

NEVEBRANE TENSION




TABLE C.3-)
4,000 LB AUTO V=59 METERS/SEC** INSTANTANEOUS MOMENTUM TRANSFER SPaN 30.0 FT

T L)
DATA OM MISSILE, BARRIER, AND LOAD COMBIMATION EQUATION

BARNIER YIELO MECHANISH SPAN = 30.0 1) Lo CARRIER THICKNESS = 24 .0 ™
P = 0 007632 = AS/IBRD, = STEEL RATIO s« DEPTH 1O CEMIROIO OF FENSION STEEL = 20.44

FC = 3.0 KST »» F¥ = 40 KSI w» VIELD LINE FORCE = IR 4mw

€0 XIPS (QUIVALENL STATIC FORCE == 10AD )
8.4 Y775 EQUIVALENT COMSTANT DYMANIC FORCE == LOAD 2
1P SEC MISSILE IHPULSE RESISTED BY FORCE 4T BARRIER SUPPORT PLUS BARRIER THERTIA DURTHG NONENTUN TRANSFER =& 1DAD 3

L
24 000 KIP SEC MISSILE IPULSE RESISTED OMLY BV SARRIER THERTIA DURTNG HOMENTUM TRANSFER = 10AD 4
19.4 FPS BARRTES IMETIAL VELOCITY DUE 10 LOAD &

SARRIER nissie nISS e BaRmiER BARRIER BARRIER

EQUIVALENTY HEIGnT HEY Y PLASTIC EFFEC. YIEAD  PERIOD
HEGMY 1040 ) uad & foRce DEFLECTION
wirs KIPS KiPs wirs LA SEC
5.2 4 000 4 000 4022 LR LN 8,055}

EAEARERANAE AR RAR SRR RS
RESULTS OF TINE HISTORY ANALYSES FOR MISSILE InPACT MITH OINER LOADS

) R 3 . N . ’ -
T ouRAT oM nISSILE FORCE AT TINME OF MAX  PAXDIM nAX It eI FINAL BARRIER
HISTORY oF roRCE fARRIER BARRIER BARRIER BARRIER BARRIER RESTSTING MECHAN]SH
mReER ohe 3 10s0 3 SUPPORT OEFLECTION ODEFILECTION DUCTILETY  VELOCETY
seC Kirs KiPs sk (1] F1/86C
i ° e e 1682 2 8 018938 e.2118 2. 02 19.44 BEIDING YIELD LINE
1 ot 1



BANRILR YIELD MECHAMISH SPan = 10 ¢ #1
P = 0 007432 = AS/tB*D) = SILEL RATIO
FC = 3 0 XS =« FY = 40 KsS1 ..

BARRIER nIsSsSieE nissie
tQUIVALENT MEIGHT HEIGHT
HELGHY 100 3 o 4
Kivs KiPs Kirs
y 3. %50 0 .450

il t t . $
The DARATION HISSHE FORCE AV TINE OF MAX
HISTORY of fORCE BARRIER BARRIER
(LLE 10AD 3 10AD 3 SUPPORY OEFLECTION
st L L] Kirs StC

§ 003520 je0 » 1482 2 0 .S0is2e

O .0 KIPS EQUIVALENT STATIC Fomce

0.8 KIPS EQUIVALENT CONSTANT DYNARIC FORCE == LOAD 2

20 150 KIP SEC MISSILE IMPULSE RESISTED BY FORCE AT BARRIER SUPPORT PLUS BANRIER INERTIA DURING MONENTUM TRANSFER == LOAR ]
3 850 KIP SEC WISSTIE INPULSE RESISTED OOULY BY BARRIER NMATIA DURING HOMENTUM TRANSFER == LOAD 4

270 FPS BDARALER IMIVIAL VELOCITY DUE TO 104D &

TABLE C.3-4
0,000 LB AUTO V-59 METERS/SEC*® 650 LB ENGINE - 3,350 LB BODY AND FRAME SPAN = 10.0 ¥v

DATA OM MISSILE, BANRIER, AND LOAD CO@INATION EQUATION

e e e R L LR L LR L L L L L L

- BARRIER THICKNESS = 26 .0 ¢

®s DEPTH TO CEMIROID OF TEMSIOM STEEL = 28 .44 ¢

YIELD LINE FORCE -

BARRItR
PLASTIC
FOoRCE

Kies

1482 2

BARRIER
EFFEC. YIETD
DEFLECTION
LA

’
MaAxiam
BARRIER

DEFLECTION  DUCTRLETY

0517

. 45

12 4mw

StC

L}
MAX T
BARRIER
viLocisy

FI/3EC

tr.2e

RESULTS OF TINE KISIORY AMALYSES FOR NISSILE INPACT MITH OTHER LOADS

P e L L L L R L L L L R L L L L Ll Ll i T L e T L e R L L L DL L DL Ll

A
FINAL BPARRIER
ReSISTTNG NECHANTSH

BEIDING YIELD LMk
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4000.0

¢ Barxrier data:

ib
ib
b
b
ib
b
ib
b
b
b
ib
ib

TABLE C.3-7

BARRIER DEFLECTION AND DUCTILITY FOR

TORNADO -BORNE MISSILES PLUS 360 MPH TORNADO WIND®

wood plank

wood plank

6 in. S5ch 40 pipe
6 in. Sch 40 pipe
1 in. steel rod

V in. steel xod
utility pole
utility pole

12 in. Sch 40 plpe
12 in. Sch 40 pipe
anto

anto

2 ft concrete £

Velocity
{meters perx

__second)

83
83
52
52
59
5
55
55
w7
4
59
59

= 3 ksi No.

cach way aml each face

1 of 1

Moment um
kip-sec

0.97
0.97
1.52
1.52
0.05%
0.05
6.130
6.130
3.59
3.59
264.00
264.00

Barrier Barrier

Span Deflection

Yy (fYy
10 0.00138
i0 0.0121
10 0.0038
30 0.0162
10 0.00048
30 0.0048
10 0.0114
30 0.052)
" 0.0125
10 0.0327
U] 0.0520
30 0.0629

11 rebar Grade %0

10 in. on center

Barrler

Ductility

0.33
0.9
0.30
0.6
0.04
0.05
0.98
0.50
1.08
0.31%
L
0.60



Missile:
Baxxiex:
Line Span
No - (£L)
) 0
2 10
] "
" "
5 10
N (0]

ﬁ\

TABLF ¢ .4-8

-— -

Anto: weight = 1810 kg, velocity = 59 mps

24 in. concrete No. 1) xebar at 10 in. on center each way and each face

Missile

lLoad Analytical

Type _ Method
Ae 68.82
live 8.56
A 9.
B .87
A 2.02
B 0.56

Numer fcal

_Method
68.42

§.45

".w
1.85
2.02

0.56

*n 24 kip sec initial ispulse for auwto body and engine

sepy 3_A5 kip-sec inithal impulse for engine and 20.15 kip-sec square

auto body with W0 kip crush strength

l()fl

»

Williamson & Alvy
. Method

68 .82

'.“.

M.t
N.A.
2.02

N.A.

wave for
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Structural Audit Item 15 =- Containment Failure Mode (Item IV from June 14

meeting with NRC)

Item A: The applicant will provide reference for the use of 160 psi shear

value for containment concrete.

Response: Copies of reference papers listed below ave enclosed.

References

9)

The Shear Strength of Reinforced Concrete Members. (By the joint ASCE-
ACI Task Committee 426 on Shear and Diagonal Tension), Journal of
Structural Division, ASCE, June 1973. pp. 1091-1185.

10) White, R.N. and Holley, M.J., Jr. Experimental Studies of Membrane Shear
Transfer Journal of the Structural Division, ASCE, August 1972,
pp. 1835-1852.

11) Hofbeck, J.A., Ibrahim, I1.0., and Mattock, A.H. Shear Transfzr in
Reinforced Concrete. ACI Journal, February 1969, pp. 114-128.

Item B: The applicant will make the headings to Tables 2-4, 2-6, and 2-7

consistent (mean or median of normal distributionm).

Response: The headings in Tables 2-4, 2-5, 2-6, and 2-7 have been changed to

make them consistent with each other and assumed to be normally
distributed. The ravised tables are attached with this response.

Item C: The applicant has presently defined the median containment over-

pressure at which the leak criteria is exceeded. The applicant
will also provide the lower bound pressure at which the leak
criteria is exceeded.

Response: The lower bound pressure exceeding the leak criteria is 114 psig

in Zone II where most of the piping penetrations and access
hatches are located., (Refer to Table 15-2 attached with previous
response to Item 15)

Item D: The critical pressure for the buckling analysis for the equipment

hatch door appears high. The applicant will review the analysis
and provide comment.

Response: The Failure Mode Analysis made by W. J. Woolley and Co. for Equip~

ment hatch and personnel airlock has been reviewed and summarized
below. The revised Table 5-2 is attached with this response.

Summary of the review of the analysis by W. J. Woolley & Co.:

Buckling pressures for the equipment hatch and personnel air lock in the
analysis by Woolley & Co. is based on classical shell theory and experi-
mental results by Hunag referred to in the September 1964 issue of
Journal of Applied Mechanics. This analysis gives an upper bound for the
buckling pressure.

BX2-12179-225



This analysis has been reviewed using the NASA SP-8032 document
"Buckling of Thin-Walled Doubly Curved Shells," which accounts for
uncertainties between theory and experiments and for differences between
assumed and actual boundary conditions. This gives a lower bound for
buckling pressure. In the Containment Failure Mode Analysis Report, the
lower bound -of the buckling pressure is shown in Table 5-2.

Item E: A table similar to Table 8-2 *ill be provided varying only the
corresponding material properties for indication of the first
yield of the liner.

Response: A new Table 8-3 of Mean Failure pressures varying only material

properties for indication of the first-yield of liner ies attached
with this response.

BX2-12179-225



TABLE 2-4
REINFORCPMENT STEEL MATERIAL STRENCTH
Yield Strength (psi) Tensile Strength (psi)
Min. Spec. Mean Test Standard Min. Spec. Mean Test Standard ch
Rebar Type Strength* Strength** Deviation Strength Strength Deviation
#18, GR-50 50,000 56,504 2,159 70,000 89,396 3,576
f14, GR-50 50,000 58,948 2,943 70,000 93,897 4,882
#4-8, GR-40 46,000 50,900 5,635 70,000 81,692 10,048
#9-11, GR-40 40,000 49,619 5,390 70,000 83,250 7,130

*Used in original design
*klised in this study



Type of
Break

Bar
Sleeve

Pull out

B4-12179-9351B

CADWELD SPLICE STRENGTH RESULTS

Min. Spec
Strength

(psi)
62,500

62,500

62,500

TABLE 2-5

Mean Test Standard
Strength  |/)\ Deviation
(psi) (psi)
89,179 2,990
85,619 3,988
85,573 5,436



TABLE 2-6

CONCRETE COMPRESSIVE STRENCTH EVALUATION

Specified Mean [ﬁ; Actual Standard
Structure Strength (psi)* Test Strength (psi) Aging Factor Strength (psi)** Deviation
Contaliment-Mat 3,000 4,437 1.15 £,102 249
Contatoment-Wall 3,000 4,381 1.14 4,99% 354
Containment-Dome 3,000 4,674 1.16 5,442 415

*Used in original design
**ijsed in this study

B4-12179-935I1C 1 of 1



TABLE 2-7

STEEL LINER MATERIAL STRENGTH

Specified Mean Standard
Value Value & Deviation
Property (psi)* (psi)** (psi)
Cylinder Plates
(SA 537 Class 2)
Yield Strength 60,000 78,582 5,559
Tensile Strength 80,000 90,812 4,893
Dome Plates
(SA 537 Class 1)
Yield Strength 50,000 57,093 5,363
Tensile Strength 70,000 78,453 3,845

NCTE:

1/4 in. liner material (contaimment mat) is made of same material as
cylinder plates.

*Used in original design
**Jgsed in this study

34-12179-9351D 1l of |




TABLE 5-2

FAILURE MODES AND PRESSURES OF EQUIPMENT BATCE ASSEMBLY
AND PERSONNEL AIR LOCK

Failure Mode

Equipment Hatch Assembly
Bending stress intensity in
spherical cap reaches ultimate
stress

Buckling of hatch

Weld failure at juanctionm of hatch
barrel snd cylinder liner

Manway failure

Personnel Air Lock

' Bending stress in spherical
cap reaches ultimate stress

Buckling of hauch

Unseating of O-ring

NOTE:

> Means actuzl value exceeds value given.

l1of 1

B4~12179-9413A

Failure Pressure

170

163

>194

230

>194

302

153

si




Zone
1@c,
11 @ C;
111 @ Cg4

IVE@Cs

Containment Mat
Section B,

Section Bj

Piping Penetrations
Main Steam

Feedwater

B4-12179-9351F

Mean Failure
Pressure

(psig)
140
128

132

>
=145

155

140

128

131

TABLE 8-3 /\

MEAN FAILURE PRESSURES AND TOTAL VARIATIONS

Material
Coefficient

Standard
Deviation

of Variation (B) (psig)

0.

0.

0525

0465

.0622

.0622

.0491

.0493

.0707

.0707

17.35
$5.95

18.21

$9.01

$7.61

16.90

19.04

19.26

1 of 1

Mean Failure Pressure (psig)

+One Standard
__Deviation

147

134.

140.

154.

163.

147.

137.

140.

.0

-One Standard
Deviation

133.0
122.0

124.0

136.0

147.0

133.0

119.0

122.0
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Lt l:l'l‘: axial force due 1o prestressing; | JOURNAL OF THE .

constant parameters,

U = subscript denoting upper bound; ’ STRUCTU RAL DlVlSlON

3 X, XA, XB, XC, XD = vanables
I Y = configuration variable; '
! z = objective funclion;

@,y = constant parameters; ' g"
b = coclhiier cqualling +1 or ~1; and 'i
o = stress '
L]
| THE SHEAR STRENGTH OF REINFORCED :

CONCRETE MEMBERS

(',
2
By the Joint ASCE-ACH Task Committee 426 on Shear and Diagonal S‘
Tension of the Committes on Masonry and Reinforced Concrete
of the Structural Division

geenTve

Crarren 1

1.1 Introduction

In the design of concrete structures an adequate margin of safety must
be provided against any mode of failure that might occur under the forces
that act upon the structure during its lifetime. One general type of failure
that must be prevented is the so-called ““shear failure,” which in realuy
is a fmlure under combined shearing force and bending moment, plus,
occasionally, axial load, or torsion, or both. Such failures reduce the
strength of structural elements below the flexural capacity and consider-
ably reduce the ductility of the clements. Especially for the latter reason,
shear failures are generally considered undesirable.

The understanding and knowledge of the shear transfer mechaniims
m vanous types of concrete structural clements has progressed sigmifi-
cantly since the previous report issued by this Committee (7). This ad-
vance has occurred in three ways: though greater understanding of the
fundamental mechanisms of shear transfer, better quantitative evaluation
of the shear strength of structures, and the study of new types of struc-

| tures or loading conditions.
This report reviews recent research results and design proposals in
‘ an attempt 1o establish the current state-of-the-art in our knowledge of

shear transfer in reinforced concrete structures. Although specific design
recommendations are not presented, it is hoped that thas report will help

Note.—Discussion open until November 1, 1973, To extend the closing date one month,
a written request must be filed with the Eduor of Techmical Publicanions, ASCE. Thas
paper 1 part of the copynghted Journal of the Structural Diwvision, Proceedings of the
Amencan Society of Cwvil Engincers, Vol 99, No. ST6, June, 1973 Manuscnipt was
submatted for review {or possible publication on February 12, 1973,

1081
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designers, rescarchers, and specification writers 1o arrive at simple, uni-
versally applicable design concepts. Despite the tremendous number of
references on this subject, the question of shear strength is far from
being settled. In some instances the explanations of behavior and the
design concepts that are presented are somewhat speculative and may
change as more information becomes available.

Throughout the report an atteinpt is made to compare the shead transfer
mechanisms in vanious types of members. The different modes of shear
fatlure are histed in this chapter but will be discussed more fully in subse-
quent chapters. The strength of concrete under combined loadings is
discussed bricfly in Chapier 2, followed by a review of the fundamental
methods of shear transfer commonly found in various structural members.
Use will be made of this mformation i subsequent chaplers.

Considering the importance of the shear problem in beams, Chapter
3 analy zes the nature of the shear strength of beams, the factors affecting
strength, and the design of beams o pievent shear failures.

Chapter 4 deals with special types of members such as deep beams,
brackets, walls, etc. A future continvation of this report will consider
the shear strength of slabs

Although this report covers the subject extensively, some peripheral
material such as the histonical background presented in the previous report

s
.

ey 5

¥
’
y

FIG. 1.1.—Shear Failure and Inclined Cracks in Continuous Rool Beams

REINFORCED CONCRETE MEMBERS 1093

of the Shear Committee (7) and in other papers (24,88) is not repeated
heren. In addition, the interaction of shear and torsional effects is not
considered. Design recommendations for this type of loading are given
in Ref. 6, 41, and 114, and also in the reports of ACI Committee 438,
“Torsion."

1.2 Shear Failures and Shear Distress in Stiuctural Members

Shear distress and failures have been reported in beams, columns,
walls, slabs, brackets, and other members. In general, cach type of

Ly
FIG. 1.2 —inclined Cracks in T-Beam Highway Bridge

member exhibits different modes of cracking and failure, although the
mechanisms by which shear is transferred within the member may be
similar. For a beam subjected 1o a concentrated load, the major variable
affecting the mode of failure is probably the ravo of the distance, a,
from the load 10 the support to the depth of the member, d. As shown
in Section 3.1, this ratio can also be expressed in terms of M/Vd. The
latter form can be used to describe a wider variety of loading conditions,
and therefore 15 frequently used in design recommendations. The relative
magnitude of the flexural stresses, shear stresses, and vertical compres-
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(c)

(b)

(e)

FIG. 1.3.—Shear Failures in Corbels: (#) Precast Building; (b) Laboratory Test; (c) Laboratory Test (Photos Courtesy of Portiand Cement

Associstion)
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sion stresses varies, causing changes in behavior, as the M/Vd ratio
is vared.
(a) Beams
Reinforced concrete and prestressed concrete beams of moderate
slenderness (a/d or M/ Vd = 2-6) develop inchined cracks due to

(b)
FIG. 1.4.—Shear Faillures in Deep Beams

the combination of shear and flexural stresses. As explained n
Chapter 3, beams may exhibit a nuorber of different modes of shear
failure, the most common of which is the crushing or shearning of
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the compression flange over the inchined crack which is often ac-
companied or imtiated by splitting along the tension rei Jorcement.

Fig. 1.1(a) shows a shear fallure in a continuous roof beam
supporting precast roof panels. This failure, in an Air Materiel Ware-
house, lead 10 a revision in the shear provisions in the 1956 AC)
Building Code and subscquently to considerable research into shear
strength. An inclined crack in a beam and slab roof is shown in
Fig. 1.1t h).

Fig. 1.2 shows mchned cracks in a three-span continuous highway
bridge. This bridge has not collapsed although the cracks are wide
and deflections and corrosion of the reinforcement have become
a problem
Deep Beams

Shearmg failures of deep beams, brackets, and similar members
differ considerably from those m normal beams, as shown m Figs.
1.3 and 1.4. This is largely due to the much steeper inclined cracks
n deep members. This, n turn, changes the relative importance
of the various shear wansfer mechanisms as compared 0 normal
beams. The shear strength of deep members is discussed in Chapter
4.

Figure 1.3(a) shows inclined cracks in corbels supporung precast
beams n an industrial buillding. Similar failures in laboratory speci-
mens are shown in Fig. 1.3(b) and (¢). Fig. 1.4 shows inclined
cracks m laboratory tests of deep beams.

Shear Walls

Depending on their height to width ratio, shear walls represent
a special case of beams or decp members. Such members may have
significant axial compressions and occasionally axial tensions due
to gravity loads and overturning moments. The transverse loads are
generally applied 1o such walls by floor slabs attached to the full
width of the wall, and frequently are cyche in nature.

Columns

Columns may fail in shear in carthquakes. These fallures appear
to be of two types: either similar to that in an axially loaded beam
involving mchned cracking, as shown in Fig. 1.5(a); or complete
destruction of the column core apparently prior to inclined cracking,
as shown in Fig. 1.5(b). Shear failures in columns are discussed
mn Section 49
Beam-Column Jowmnts

Inchned cracks m , develop within the joints in reinforced con-
crete structures subjected to unbalanced gravity loads or seismic
loads. Fig. 1.6 shows such a crack in a parking garage subjecied
only to gravity loads. This problem is discussed in Section 4.8.
Construction Joints and Jownts in Precast Construction

Frequently shearing forces must be transferred across an interface
such as a construction joint in a shear wall, the interface between
a beam and a composiie slab, or at the supports of precast elements.
This action will be referred 10 as interface shear transfer and will
be discussed more fully in Sections 2.2.2 and Chapter 4.

~
§
~
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FIG. 1.5.—Shear Fallures in Columns in San Fernando Earthquake (Photos Courtesy
of National Bureau of Standards)

FIG. 1.8.—inclined Crack in Beam-Column Joint
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| (8) Slabs and Footings
So-called punching shear faillures occur in slabs and footings in
the manner shown in Fig. 1.7. The shear capacity decreases as the
moment transferred from the column to the slab, or vice versa,
increases. Therefore, failures are more hkely for externor column
connections, or connections where moment transfer occurs because
of euher the loading conditions or the location of perforations adja-
cent 1o the column. This type of member will be discussed in a
' future committee report.
1.3 Design for Shear
The last report of the Shear Commitiee, published in 1962, presented
4 basic design procedure for reinforced concrete members subjected to
shear forces. The recommendations from this repori sull are the basis
for such design in North America and are contained in the 1971 ACI
Building Code (6). Two signficant changes have occurred during the
past decade:

1. The 1962 report dealt primarily with beams and punching shear
failures in slabs. Since then, considerable work has been done on shear
in deep beams, brackets, walls, etc., and this has led to design equations
for such members. The development of these equations will be discussed
in later chapters, particularly in Chapter 4.

2. The basic philosophy of the ACI Building Code with respect to
shear fallures has changed. Stirrup reinforcement restrains growth of
inchned cracking, providing increased ductility and a warning in situations
in which the sudden formation of inchned cracking in an unreinforced
web may lead dwectly tc distress. Such reinforcement may be of great
value where members are subjected to unexpected tensile forces, settle-
ments, or catastrophic loadings. For these reasons the 1971 ACH Building
Code requires a minimum amount of shear remforcing in most members.

Duning the next decade it 1s hoped that the design regulstions for
shear strength can be integrated, simphified, and given a physical signifi-
cance so that designers can approach unusual design problems in a rational
manner,

(b)

Crarien 2

2. Basic Mechamisms of Shear Transfer
2.1 Fadure Critenia for Concrete
The various modes of shear failure all involve cracking or crushing
of concrete under complex states of stress as, ¢ g, when diagonal crack-
1ng, shear-compression failure, sphtting, or web crushing occurs. Several
studies in recent years have attempted 1o use refined concrete failure
theories 1o nvestigate shear failure mechanisms.

The strength of concrete under combined shear and direct stresses
| seems 1o be predicted well by the octahedral stress theory (25). In this
| regard seveial investigators have emphasized that the micrmediate

prncipal stress is important in failure theories of concrete subjected
to complex three-dimensional states of stress (142). In many apphications,

FIG. 1.7 —Shear Failures in Siahs: (a) Exterior Column in Building; (b) Exterior Column in Laborstory Test; (c) Interior Column in

Laboratory Test (Photos Courtesy of Portiand Cement Association)



JUNE 1973 ST16

however, such as the siudy of relatively slender beams, it is sufficiently
accurate 10 use simpler theones of fuilure, and these are generally used
n discussions of the chear strength of structures.

The simplest cracking criteaon is based on the principal tensile stress
or principal tensile strain theories of faillure. These approaches have been
shown 10 be useful in predicting tensile fallure when applied 10 certain
simple states of stress (46) and have been shown 10 give reasonable

() PRINCIPAL STRESSES (b) SHEAR AND NORMA(

STRESSES

FIG. 21— Biaxial States of Stress

i
-‘—'. TENSION
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—:-Ecountssoon
FIG. 2.2 —Bisxial Strength of Concrete

results when applicd 10 the tensile cracking of a beam under combined
shear and bending moment (105).

In pure flexure or combined flexure and axial load the himiting compres-
sive strain concept gives reasonable predictions of failure loads. For
the computation of plastic hinge relations the value of the imiting strain
15 sometimes taken 1o be a function of the M/ Vd ratio (44).

Frequently the stiesses in a structure can be idealized 10 a buaxial
state of stress wath the stiess in the third direction equal 1o zero as

)
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shown m Fig. 2.1(a) and 2.1(b). Kupfer, Hilsdorf, and Riisch (110) and~
more recently Liu, et al. (121) have shown that as f, and f, are varied,

REFIO N2~/
" /

v
02710 025y¢ >/\
f / f
TENSION ¢ g COMPR
' <

FIG. 2.4 —Combinations of [ and v Corresponding to Failure of Element Shown in
Fig. 21(b)—See Refs. 70, 168, 192

n ot
Voy | H’u
Voy Vo ‘
=== —_—_—_-:.‘_:7 —? V‘

FIG. 2.5.—Forces Acting st Inclined Crack

the element shown in Fig. 2.1(a) will have the strengths shown by the
solid hines wm Fig. 2.2. This diagram 1s symmetrical about a 45° axis
and can be divided into quadrants A, B, and C as shown. Biaxial tension
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(Quadrant A) has relatively hittle effect on the tensile stteulhf and biaxial
compression (Quadrants C) tends to increase the compressive slren_glh
over that for uniaxial compression. Combined l:‘mon and gompf'cssm

Il significantly redace both the tensile and compressive stresses
::‘;‘ume...however.y as shown by the quadrants Iabellcd. B. The hl!ct
case is particulaily important when shears nu-lprescm since they give
rise to principal tensile and principal compressive stresses on elements
in the web of a beam.

Alternatively, Mohr's Theory of Failure yields acceptable strength P
dictions for either of the cases shown in Fig. 2.1 except that conservative
results are obtained in quadrants C of Fig. 2.2. Parabolic (197) and straight
line (70,198) envelopes similar to those shown in Fig: 23 have. !veen
proposed for the family of Mokr's circles tepuscming' failure cqulum«.
Any stress condition that corresponds to a Mohr's utde.lhal 18 tangent
to or intersects this envelope is assumed to represent a failure condition.
For the loading shown in Fig. 2. 1(a) this failure lhcoqy leads to a strength
diagram similar 1o that shown in dashed lines in Fig. 2 2,. The c_lus?ml
and solid lines differ because the effects of the intermediate principal

ss are ignored in the Mohr Theory.
s"lclim-d u: either the Mohr Theory of Failure or the Kupfer, Hilsdorl,
and Riisch diagrams, relationships have been derived for the strength
of elements stressed as shown in Fig. 2.1(b) (70,168,192). One s_uch
relationship is plotted in Fig. 2. 4. This envelope presents all the combina-
tions of shearing and axial stresses on the vertical plane of the elememt
shown in Fig. 2.1(b) which result in failure of the element. _

The implication of such . diagram is that the presence of shu.tm‘
stresses will reduce the compression strength of concrete. (‘ombn‘wd
shear and compression may occur in columns or in the compression
zones of beams. .

In recent years a number of more complex failure theories have .begn
proposed (19,150,169). These are particularly important when large lu;u.uul
stresses exist as in reactor vessels. A state of triaxial stress also exists
iff the compression zone under the column in a slab and as a result
this region has a high capacity ln( sl'u::_w“ aq_d(ggiql_ forces

2.2 ‘
Shear is transmitted from one plane to another in vanous ways in
reinforced concrete members. The behavior, including the lai!ule modes,
depends on the method of shear transmission. Our appreciation of some
of the principal shear mechanisms is relatively recemt nn§l therefore the
delinite evaluation of the contribution of these shear cargying c’(:n!pym?ls

is yet only tentative, ogy g e “‘ -AKec K

The main types of shear transfer are the following: (a) Shear slfess
in the uncracked concrete; (b) interface $hear transfer; (¢) dow=l action,
(d) arch action; and (e) shear reinforcement. .

These mecharisms occur 1o widely varying extents in various types
of structural elements. For example, the forces in a rcinlq«ce?l concrete
beam with a diagonal crack are shown in Fig. 2.5. The kmguudn,pl forces,
T and €, are related to the flexural resistance of the member. The forces
al  the diagonal tension crack, V, and V_ , are due to interface shear

ay'
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transfer (also called aggregate interlock). The V, and V, forces are the
forces in the stirrups and the “‘dowel shear™ carried by the longitudinal

steel, respectively and V., = the shear carried by the compression zone.
Thus,

ST s e A O e A e MR @.n

Most modern design procedures assign portions of the total shear to
the compression zone and to the stirrups. However, it has become evident
in recent years that the shear carried by the longitudinal steel (dowl
effect) and the interface shear transfer along the crack significantly affect
the capacity and mode of failure (60.179). These basic concepts will
be described briefly in this chapter with specific cases looked at in more

detail jn subsequent chapters.
2.2.1 Gy isfer : ressd
The simplest method of shear transfer is by shearing stresses.

This occurs in uncracked members or in the uncracked portions
of structural members. The interaction of shear stresses with tensile
and compressive stresses produces principal stresses which may
cause inclined cracking or a crushing failure of the concrete. The
strength of concrete subjected 10 principal stresses or combined

hear and normal stresses is shown in Figs. 2.3 and 2.4, respectively.
2.2.““ £ Transicg

There are several instances in which shear must be transferred
across a definite plane or surface where slip may occur. Researchers
have called this mechanism aggregate interlock, surface roughness
shear transfer, shear friction, tangential shear transfer. Since none
of these names are sufficiently general, “'interface shear transfer”’
15 used in this report to denote the tangential shear force transmitted
across a crack or plane (such as a construction joint). Several types
of interface shear transfer are described in this section.

If the piane under consideration is an existing crack or interface,
failure usually involves slippage or relative movement aloag the
crack or plane. If the plane is located in monolithic concrete, a
aumber of diagonal cracks occur across the interface and failure
involves a truss action along the plane
(a) Shear Transfer Behavior of Uncracked Concrete with Rein-

forcement Normal to Shear Plane

Several researchers have studied shear transfer across mono-
lithic shear planes. A typical specimen is shown in Fig. 2.6.
Before cracking shear is transmitted by stress across the shear
plane. At higher loads short diagonal cracks form across the
shear plane (Fig. 2.7). Failure is prevented by transverse rein-
forcement. Steel bars and the compression between the diagon-
al cracks form a truss which resists further loads. Failure
occurs when the compression diagonals criush under the com-
bined action of axial and shear forces. For ductile behavior
it is necessary 10 proportion the bars so that they yield before
the diagonals crush. Although shear is transferred across a
definite plane, this mechanism is not strictly interface  ear
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transfer since appreciable shear is not transferred across a
crack. In addition 1o the truss mechanism, shear is also carried
by dowel action. However, the shear transferred by that action
is small if the bars yield before failure.

p" \-T;'I
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FIG. 2.6 —Shear Transfer Test Specimen (87)
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FIG. 2.7.—"Truss” Formed After Disgonal Tension Cracking (134}

(b) Shear Transfer Behavior of Initially Cracked Concrete with
Reinforcement Normal to Shear Plane
If an initially cracked specimen is tested, shear can be trans-
mitted only if lateral confinement or transverse steel exisis.
The irregulanities of the surfaces of the two sides of the crack
ride up on cach other and this tends 10 open the crack and
create forces in the transverse steel (Fig. 2.8).
At failure the shear capacity was found 1o be proportional

ST6 REINFORCED CONCRETE MEMBERS : 1106

to the amount of average restraining siress pf , equal 10 the
transverse steel percentage multiplied by the yield stress (87).
This proportionality is similar 1o the situation in the case of
simple friction, and therefore this approach has been called

b

(b)

FIG. 2.8.—Shear-Friction Analogy
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FIG. 2.9.—Variation of Shear with Reinforcement Parameter  f (87)

“‘shear-friction hypothesis,”” although strictly speaking, friction
does aot play an appreciable role. The shear at failure can
be writien as (87,134)
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in which A, = the total area of transverse steel and tan ¢
= the equivalent coefficient of fnction.

In addition, some shear 1s transferred by dowel action of
the reinforcement crossing the crack.

Because the “cocfficient of friction™ along the crack 1s
independent of the concrete strength, so also is the sheanng
strength, V. provided the shearing stiesses do not exceed
some limiting value. Sumlarly direct stresses parallel to the
shear plane will not affect enther the friction or dowel action
and, as a result, the shearing strength is the same whether
the sheanng forces, V, i Fig. 2.6(a) are due to compression
forces as shown or tension forces

In a heavily remforced shear plane or one subjected 10 a
normal compressive stress, the shear resistance due to fnctron
and dowel action may reach the shear corresponding 1o fatlure
of an inttially uncracked specimen having the same charac-
tenistics. In such a case the crack locks and the behavior and
stiength are similar to those for an imtially uncracked section.

(¢) Test Results

Test results obtained by Mattock and his co-workers (87,134)
for specimens simitar 0 Fig. 2.6(a) are shown in Fig. 2.9.
Ihe ultmate shear stress increases almost linearly with the
mdex, pf . from a finite value for pf, equal 10 zero io @ himat
dependent on the concrete strength for high pf values. With
a monolithic shear plane, strengths are consistently greater
than with a precracked shear plane. For a precracked shear
plane the strength decreases rapidly with decreastog pf, tor
pf, values less than 200 psi (14 kg/cm®). For pf lymg between
Aand A and B m kg 2.9, falure s relatively gentle and
is due 10 a breakdown of the concrete after the remforcement
crossing the shear plane yiclds. For pf, values lying between
B and C. failure occurs abruptly before the remforcement
yields. In this region the failure loads are similar for uncracked
and precrached specimens, as explamed previously.

Hanson (79) used push-off specimens similar 10 those n
Fig. 2.6(a) w cxamine the effects of the roughness of a bonded
surface and the length of the surface. For low pf, values and
a rough bonded surface, the ulumate shear stresses were similar
1o those measured by Mattock (134) for a monohthic shear
plane. For a smooth bonded surface and a low pf, value, the
siresses were sunilar 10 those for precracked specimens. For
both types of specimen the ultimate shear sirength decreased
about 100 psi (7 kg/cm’) for an increase in the bonded length
from 6 . to 24 in. (15 cm 1o 60 cm). This represented a
W% to 50% reduction for the rough bonded and smooth bonded
surfaces, respectively. The addition of shear keys stiffened
the connection at low slips but had no sigmificant effect on

s strength.
Fenwick and Paulay (60) and Loeber (122) studied shear

ST16
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transfer in precracked unreinforced push-of )

group ol’ tests the crack width was I:ld wa:l::l“n:e ::ﬂll.::)::

in the size of the aggregute from 3/8 . 10 3/4 in. (I cm

to 2 ¢cm) had no effect on the shear stress-shp curve or the

ul{unalc strength. For shear stresses between 200 psi and 1,000

psi (14 k!/cm’ and 70 kg/cm’) the shear siress-ship cu'tve

was practically lincar, and the stiffness increas=d as the width
of the crack decreased. In a second group of tests the crack
width was increased at 0.002 . (0.05 mm) per 100 psi (7
kg/cm?) of shear stress. There was a continuous dcgl'a:::itm
9( the aggregate interlock mechanism on the shear plane with
increasing load and for a 4,000 psi (280 kg/cm’) concrete
lmlulcvoccuucd al a shear stress of about 900 psi (63 kg/ cm’)'
. To simulate the deformations at an inclined crack in a bcm'
Faylor (179) tested blocks of concrete in a device that -min:
tained a constant ratio between the opening normal to the crack
AN. and the ‘shculinc movement along the crack, AS 'l‘ht;
ultimate shearing stresses and the deformations dcvc'lupcci both
decreased linearly as AN/AS mcreased. The shear transfer
s‘uenglh was a function of the roughness of the fracture sur-
l;cct’. In some very high strength concretes, fractures crossed
the aggregates, leaving a relatively smooth fracture surface
and consequently a relatively low shear transfer at failure :
' Tests at the Portland Cement Association have shown.lhal
mlellace _sllear transfer is a viable mechanism even under fa-
tigue loading for the transfer of shear between concrete pavin
slabs (lﬂ.!“). The shear transferred for a given ship decrcau:
with cycling and with increasing load and ncreasing crack
wul(hjlmvevct. 9% of the decrease occurs during the first
} x 10 loadm;_cyclcs and the decrease dimigished with increas-
mg'; aweg.:l:‘ stze and hardness.
or as stress ranging from 0 psi 10 820 psi cm?
repeated 33 imes for a 4,000 psi (Iw'l:;/cm‘)cm:::ckﬁ::c:
(122) found there was no sudden breabdown of II;c shear
transter mechanism. Although the permanent ship increased
with cycling, the stiffness increased also.

White and Holley (193) applied cyclic shear forces 1o 1.5-ft
by 2.0-ft by 3.0-ft (45-cm by 60-cm by %0-cm) specimens : e-
cragkcd by wedging them in two. These tests were dcsnﬁp::ed
19 stmulate seismic conditions in a nuclear containment vessel
Even after 50 cycles, more than 120 psi (8.5 kg/cm?) sheal'
stiess could be carried for the crack width and the size of
t;;:ummg rod used. The shear stiffness decreased during cy-
;K ':'cvcn though the external clamping rods did not reach

In tests in which the parameter, p, was varied by varyi
both the bar spacing ;nd the bar size, Mattock, et al‘.’ (87'.1.;:‘)
found no marked vaniation n the effect of pf,. Simlarly, the
effect of the vield strength of the stirrups w'as found l;) be
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tly reflected by the parameter, pf .
Pm:: s:uwn in Fig. 2.9, a limiting shear mcmh of daou
0.3 f was observed for both precracked anyl monolithic s'pea-
mens with concrete strengths of 4,000 psi (m kg/cm’). A
similar limit was obscrved for strengths vulym. from 2,5@
psi 1o 4,000 psi (175 kg/cm’ 10 280 kg/cm’). In tests with
an apphied compressive stress normal to the shear plane, the
shear strength was found to increase n proportion to the sum
of the normal stiess and pf, and 10 reach a hoting shear

th of about 0.45 [ . .
i";':,t'nh have been carried out on specimens having a tensile
stress normal to the shearing surface.

If remforcing bars cross a crack, shearing displacements along
the crack will be resisted, in part, by a dowelling lutcc_ 10 the
bar. 1:+¢ dowel force gives rise 1o lensions in the surmmulm; con-
crete apd these in combmation with the wedging action of the bar
deformaiions produce splhiting cracks along the umloﬂ:cmclm o::'
69). This n wrn decreases the stffness ql the concrete ar -
the bar and therefore the dowel force. Following sphtting, -
doweling force is a function of the stiffness ol the concrete duc:u
under the bars and the distance from the point where the dowe I:Q
shear 15 apphed to the first stirrups supporting the du:::‘ ::o:
Compression failure under the bar sometimes affects this 1

qally in slabs or 1 mass concrete. ‘
“':l:l:::nysh dowel action has been studied by a number of muT-l“
tors (14,69, 107,149,178), dowel tests are characterized by |h.¢':lr
aumber of variables that have to be considered 1o cover al ol: :
bar layouts. So far, reliable results are available only for a
actical cases.

p':(::::wc 10 other shear transfer mechanisms, the duwlcl ms’k;:
force is generally not dominant in beams. On the (_ulx:. :m;m
sole 10 the failure mechanisms of some types of structur h: -
is important. In beams, sphitting cracks develop along { uon
reinforcement at inclined cracks as a result of the dowes cc““'
This allows the inclined cracks to open, which n m: -
the interface shear transfer along the diagonal crack and thus

1o fulure

- wh
In slabs, some investigators (10.102) credit dowel action

about 30% of the total shear.
& 7 ted 10 the
iu !cp !ams and slabs part of the load is transmitie o

hanism §
supports by arch action This is not a shear u\fshd:lby palic
sense that it does not transmit a langcnlu_cl force o a nco‘ s
plane. However, arch action does pcrmn the uans;:: B s
concentrated force (o a reaction n a deep mcm b
reduces the contribution of the other types of sl?u' O s

For arch action to develop. a horizontal l;ulum.;"y g
required at the basc of the arch. In beams this is us

sT16
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by the tie action of the longiudinal Lars. Frequently deep beams
will fail due 1o a failure of the anchorage of these bars. In beams
arch action occurs not only outside the outermost cracks but also
between diagonal tension cracks. Part of ihe arch compression is
resisted by dowel forces and therefore splitting cracks may develop
along the bars. It was found that stirrups close 1o the base of
diage al cracks can piovide support 1p the arches (69,99).

In slabs, arching action may occur around interior columns. Here
the horizontal reaction is provided by the in-plane stiffness of the
slab adjacent to the punching region (131).

14 Be! fitary 1o view the action of web reinforcement
i beams as part of a truss. Although this analogy helps to simplify
design concepts and methods, it does not consider the various types
of shear transfer methods properly.

It 1s also helpful 1o examine the action of shear reinforcement
from the viewpoint of how it aids the several kinds of shear transfer
action. In addition 10 any shear carried by the stirrup itself, when
an inchined crack crosses shear reinforcement, the steel may contrib-
ute significantly to the capacity of the member by increasing or -
mantaming the shear transferred by interface shear transfer, dowel
action, and arch action. Thus, shear remforcement restricts the
widening of inclined cracks in beams and thus slows the decrease
of interface shear transfer quite effectively. lts action is similar
n other situations, such as in corbels or other lypes of members.
Ihe effects of web reinforcement in beams and deep members
are discussed in Chapters 3 and 4.

3 Behavior and Strength of Beams Failing in Shear
3.1 Modes of Inclined Cracking and Shear Failure

Shear failures of beams are characterized by the occurrence of inclined
cracks. In some cases inclined cracking is immediately followed by
member failure and in other cases, the inclined cracks stabilize and sub-
stantially more shear force may be applicd before the member fails.

Inclined cracks in the web of a beam may develop either before a
flexural crack occurs in their vicinity or as an extension of a previously
developed flexural crack. The first type of inclined crack is ofien referred
loas & “web-shear crack™ [Fig. 3.1(a)]; the second type is often identi-
fred as a ““flexure-shear crack ;" and the flexural crack causing the inchined
;n:;: nlx relerred 1o as the “initiating flexural crack" (128,174, and Fig.

)l

10 addinon 10 the primary cracks (flexural and the two types of inclined
cracks), secondary cracks often result from spliting forces developed
by the deformed bars when ship between concrete and steel reinforcement

occurs, or from dowel action forces in the longiudinal bars transferring
shear across the crack.

T,

manner m which inclined cracks develop and grow and the type
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subse is s :ted by the relative
aly develops is strongly affected |
dm'll‘\l:‘:h:" the sa‘::m: stress, v, and flexural stress, f . As a first
approximation, these stresses may be defined as:
4 ¥ 3.

icients depending on several variables, includ-
he type of loading, the amount M arrange-
ment of remforcement, the type of steel, and the m:;ucl::‘ betwce.:
steel and concrete. The values, V and M.‘ are .:(h‘m: ‘:m. bm. -
al a given section, respecuvely, b = the width A 2

in which u, and a , are coefl
ing geometry of the beam, |

{a) FLEXURAL FAILURE

(o) WEB SHEAR CRACK

o S
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T FETOTIATING CRACK T

+
C 270004 1000 w_%
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(b) DIAGONAL TENSION FAILUKE

CSECONDARY (RACE
(b) FLENURE SHEAR CRACK

FIG. 3.1.—Types of Inclined Cracks
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FIG. 3.2 —Failures of Slender Beams
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FIG. 34 —Modes of Failure of Desp
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widih of the web; and d = the effective depth of the beam. The ratio
f,/vis therefore

f, a,Mb_ M b,
R Wy SR R M £ e e & R T o 3.2
v a Vdb Vd b

in which a, = a,/a,. The shear, V, is a measure of moment gradient;
V = dM/dx; and for beams subjected to concentrated loads may be
expressed by V = M/a, in which a is called the *'shear span.” Then

()

and the variation in the inclined cracking load and shear capacity of
rectangular beams may be conveniently considered as a function of vary-
mg a/d, i.e., the ratio of shear-span to depth (24).

In short deep members the vertical normal stiesses, f_, become signifi-
cant as the value of a/d decreases below 2 to 2.5 and this leads to
an additional increase in the shear strength.

When all other things are kept constant, the influence of the a/d
fatio on the cracking of a rectangular simply supported reinforced con-
crete beam can be illusirated by considering beams of varying slenderness
with two symmetrically placed concentrated loads placed a distance, a,
from the supports.

(@) Normal and Long Beams of Rectangular Cross Section (a/d > 15)

Very shallow ocams will usually fail in flexure [Fig. 3.2(a)). The
first crack will ferm due 1o flexural tension at the cross section
of maximum moment. As the beam load increases prior to failure,
the tensile cracking may spread (o regions of lesser moment, but
failure occurs in flexure near the s=ction of maximum moment.

For a beam with somewhat smaller value of a/d, the faal crack
may well be a flexure-shear crack, as shown in Fig. 3.1(b). Such
a crack may cause the beam 1o fai: before its full flexural capacity
is developed.

In moderately slender beams one of the cracks may continue to
propagate through the beams with further load until at some stage
it becomes unstable and extends through the beam as shown in Fig.
3.2(b). This type of failure is called a “diagonal tension failure.”

(b) Short Beams: | < a/d< 25

A curved tensile crack in a region of combined moment and shear
may also trigger one of two additional modes of failure. A secondary
crack may propagate backward along the longiudinal reinforcement
from the inclined crack, perhaps because of dowel action in the
longitudinal reinforcement [Fig. 3.3(a)]. This crack will cause a
loss of bond. As the main reinforcement begins to slip, the wedging
action of the bar deformations contributes to a splitting of the con-
crete and a further propagation of the crack, resulting in an anchorage
failure of the longitudinal reinforcement, called a “*shear-tension”’
failuie (111). Prior to such a failure, the beam acts as a tied arch.

Altcrnatively, the .oncrete above the upper end of the inclined
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crack may fail by crushing [Fig. 3.3(b)] resulting
pression’’ fadure.

ams: 0 < a/d < | _
o |k'¢: 1::':::3: of ‘:lc,:zp heams, shearing stiesses and vertical normal

Lresses require more consideration than (lcxu(ul suessc_x‘. Sn.ml.c::
s incipal compression and tensions, uspcc_uvcly. c?m.(l ..c..m-,m.
zm» the line jomning the load and the p&cu!::‘m a!n‘t:)u:‘ uu m.:cm,

a¥ ig. 3.4).
oC mediately inside the reaction tes A T ‘
?t:u:l:rks appcar to be inttiated by flexural cracks ongmating

a “'shear-com-

CRACK DUE 10
ECCENTRIC COMPRESSION »

T COMPRESSION THRUST LINE

(a) ARCH - RiB FAILURE

LCRUSHING

S
Q, 2 i

{b; w2 CRUSHING FAILURE

HIG 35 —Typical Shem failuras in |-Beams

this region, and in other cases by th
hie jomng the load and reaction, as
After inchined cracking occurs, &

in an indirect 1ension test.

$4). The numbers 0 ki

fail in a number of ways (50, o s Ao

1o the following modes of fatlure: (
reinforcement, usually compmal e
crushing fallure at the reactions; 3 llcu'u.a B
cteel reinforcement due 10 yickiing or h‘um 4.) N faies
of the arch’” when the concrete crushes; or (

e principal tensions across the

decp beam without web hm:n
| ‘ 10 a tied-arch which ¢
forcement transforms almost immediately b
he tension
" 1,
( wel splitting effect; (=
with a do p s
erown
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the “arch-nb" by cracking over the support; followed by (5) crushing
along the crack. The tension at Point 4 is produced by the eccentricity
of the thrust which acts essentially along the inclined crack.

The strength of deep beams will be discussed more fully in Chapter
4.

(d) I-Beams

In a beam with a narrow web, such as an i-beam, the shearing
stresses in the web are much larger in relation 1o the flexural stresses
than they are in a rectangular beam, as i1s shown by Eq. 3.3. Conse-
quently a teasile crack may begin in the web due to principal tensile
stresses associated with the shearing stresses. Such a crack has been
called a “web-shear™ crack [Fig. 3.1(a)) and is inclined nearer to
45° than flexure-shear cracks because of the dominance of the shear-
ing stresses over the flexural stresses in the web. Additional cracks
may also begin in flexural tension.

The I-beams may fail in flexure, diagonal tension, shear-tension,
shear-compression, or ia the various modes of falure already de-
scribed for deep beams. Fig. 3.5(a) shows an “arch-rib * failure
similar 10 that of a deep rectangular beam. Fig. 3.5(b) shows a
“web-crushing’’ failuze which can occur in a thin-webbed beam with
web reinforcement when a thin web element, isolated by diagonal
cracks, crushes under the diagonal compression forces (116,153).
1t should be noted that the mechanics of fullure will differ somewhat
i the two beams shown in Fig. 3.5(b) depending on whether the
lower flange is cracked or not (11). The European Concrete Commit-
tee (41) distinguishes between these two cases for design purposes.

3.2 Development of Inclined Cracks in Reinforced and Prestressed Concrete

Beams

Because all types of “‘shear-failure’ are affected by or result from
inchned cracks due to diagonal tensile stresses, it is essential 10 under-
stand, at least empinically, the factors affecting the formation of such
cracks
(@) Web Shear Cracks

Web-shear cracks of the type shown in Fig. 3.1(a) form in a
part of the beam that is as yet uncracked in flexure. Generally this
type of cracking only occurs in highly prestessed beams with thin
webs.

A web-shear cruck occurs when the siresses at some point in
the uncracked beam reach a limiting value. Based on a limiting
prmcipal tensile stress theory of failure, it has been shown that
for those portions of beams actually susceptible 1o this type of crack-
ing, the web-shear cracking load may be predicted with reasonable
accuracy by calculating the sheaning force required to cause principal
tensile stresses equal 10 the tensile strength of the concrete at or
near the neutral axis of the beam (128). More recently it has been
shown that a slightly betier prediction of the cracking load results
from the use of Mohr's Failure Theory for concrete subjected to
combined shear and normal stress (100).

From a Mohr's Circle it can be shown that the shear stress, v,
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- | of the concrete, |,
: ading 10 reaching the tensile strength ,
:‘I”:I:P::cuu:l axis of a beam with an average axial stress of |

v

.
v..=1, JI f~l + e

In Eq. (11.12) of the ACI Code this i1s approximated by the straght
line function (5):

V!
v, =35 VI +03f, ¢+ l;_d
cal © of the prestressing force
which V= the vertical component :
3 'I'hc‘mcs; revisions 1o the Soviet design regulations and _pumc»c.l
concrete foliow a similar nppwach. except that the tensile sucfml
of the concrete, f,, is defined cuns«l;n_ng the effect of lb‘c p«uu:l.p:
compression force using a diagram similar (0 the upper left quadra
of Fig. 2.2 (197).
Flexure-Shear Cracks e
‘chutc-shcau cracks of the type shown i Fig. ].l(':) l;‘u::‘:
a part of a beam already cracked due lokﬂc’;mc. :Il ::,‘(u.“‘
- f crack observed m
acks are the most common type 0 .
:n;:; prestressed concrete beams, the mechanism by which they form
1 entirely understood.
; :‘:\, a beam contaning flexural cracks, the vamal:m n :;:‘l‘ ;::c:
. ;S the cantilever ¢
from carck to crack scis up forces on . :
':’:;u: between the flexural cracks l_sce Fig. 3 Z(bl'l‘ v::):;: :;n:l
to cause bending and sheanng Jclkcuonsku( |Il:t lf’:lwc(“m.‘ |.m 1 y
: inclined cracking the
As the teeth deflect prior 1o incline -
'.u:d aggregate nterlock stresses developed bﬂwchl the :;:l:lm:“
o prevent rclative deflections of the teeth, thus dcl.tyla:\gmm s
ton of further cracks. The rate of propagation of the : o s
and the stage at which «he mchined «:ta';":u dc:cl::: n:c:“g“‘ wheger
: : he flexural and s
is a function of the magnitudes of ! e
:I ‘:!n: head of the crack (7.105,129). These, n :un.,a;c :m“mqu
of the M/ Vd and b_/b ratios, as shown m' ('{ [cd'by ot
of the flexural crack and the amount of shear transicr

shear transfer and dowelling. 3

In tests of rectangular beams 1a 8 the —_—
mately one ihrd of the total applicd shear was Ildn)kl:t.m) ypm'
above flexural cracks n the shear sp .
ks. The balance was presumably
action. These mes

(b

ylor (180) has shown that appronr

compression zone
10 the formation of nchined crac '
wransferred by mterface shear transfer and duv'vc iy 4
surements suggest that a significant shcu'r a. tfs“ o o (28) s
upper ends ol flexural cracks in the shear :P"h tead 10 *"second
shown that the nonuniform stesses between ‘f‘::,, near the top o
ary shear stresses” which are panl'u:uw'Y %cndar)‘ o
flexural cracks m the shear spans. - ;:;0 ¢ the IPP'CJ loads.
combined with the stresses necessary 1o balanc

|
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cause major diagonal principal tensile stresses at the head of the
flexural cracks.
A number of semirational expressions have been developed to
predict the flexure-shear cracking load of reinforced concrete beams.,
The best known is the ACI Code equation for reinforced oncrete,
developed by ACI-ASCE Committee 326 (7):
Yo Vi + v ¢
b d

n which V_ = the shear carried by the concrete, taken equal to
the inchred cracking shear; V7 is a measure of the tensile strength
of the concrete;, M and V = the moment and shear at the point
under consideration; and p_ = the amount of longitudinal rein-
forcement at that point related to the web thickness. This equation
was derived considering the principal tensile stresses ai the top of
a flexural crack ta the shear span.

For flexure-shear cracking in prestressed concrete beams, the in-
chined cracking load can be expressed in terms of the shear necessary
1o cause a flexural crack at a point located d/2 to d toward the
reaction from the section under consideration, plus an increment
of shear assumed to be necessary for this flexural crack to develop
into an inchned crack (128,174). The 1963 ACI Code (5,6) equation

for flexure-shear cracking in prestressed beams was expressed in
this form:

: M,
Vo= ——+06V[ b d
M d

v 2

i which the first term predicts the shear necessary to cause the
mitiating flexural crack and the second term expresses the additional
increment of shear. The external moment required 10 cause a flexural
crack at the point under consideration is M. This equation was
shightly simplificd in the 1971 ACI Code (126). Since the effect of
mnclined prestressing tendons is included in the flexural cracking mo-
ment, M, it is not necessary to add the additional term, V_,
this equation. ’
Recently Matteck (133) extended Eq. 3.7 10 remnforced concrete
beams with or without axial loads. To do this, the steel percentage,

p. and the modular ratio, a, were included in the expression as
shown in Eq. 3.8

o

YOI " . L
“*N 4 ¢ ,"—'—’— +4.0up)b_d\/"
il el

Statistical squﬁg; of tests of reinforced concrete beams suggest
lhuilhe most significant variables affecting the hear at flexure-shear
Cracking are the tensile strength of the concrete, for = V], the
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longitudinal re’ Jorcement ratwo, ¢, the ratio of flexural temviia o
sheaiing stresses measured Dy the (M/ Vd) or (M/ Vdp) ratio; the
eifcctive depth of ihe beam, d; and perbaps the ratio of compression
1o tension reinforcement (101,199). Perhaps the best known stalist-
cally derived equation was presented by Zsutty (199).

Placas and Regan derived a similar equation starting from a failure
theory for concrete (153).

3.3 Forces in Beams with Diagonal Tension Cracks

Traditionally, the transfer of shear across a section in a cracked beam
has been explained using a “'truss analogy” in which the beam is repre-
sented by o truss with parallel chords and a web composed of diagonal
concrete compression struts and vertical or inclined stirrups acting in
tension (7,88). In the 70 yr since this analogy was first proposed, it
has formed the principal bass for the interpretation of forces in beams
and for the design of remforced concrete beams for shear. On the other
hand, recent studies have shown that several significant components of
shear force shown .. Fig. 2.5 arc not included in the basic truss analogy.
These will be examined in the following paragraphs.

(a) Beams without Web Renforcement

A number of experimental investigations have been carried out
on beams without stirrups to assess the relative magnitude of the
forces shown in Fig. 2.5. Acharya and Kemp (1) showed thai only
40% of the total shear on a section can be carried by the compression
zone if the stress conditions at the head of the crack are to be
compatible with an accepted failure criterion for concrete subjected
10 combined shear and normal force (Section 2.2.1). Experimental
work has subscquently been carried out by Fenwick and Paulay
(60), Taylor (179), and Gergely (69) in which a variation of compres-
sion zone shear between 20% and 40% of the total shear on beams
was found. This range depended mainly on the shape and nature
of the crucks in the beams.

A nuember of investigations by Krefeld and Thurston (107), Parme-
lee (149), Fenwick and Paulay (60), Gergely (69), Taylor (178), Bau-
mann (14), and many others have been carried out on dowel action
indicating that the dowel shear force is between 15%-25% of the
total shear force (see Section 2.2.3).

As discussed in Section 2.2.2, interface shear transfer tests have
been carried out by Fenwick and Paulay (60), and Taylor (179),
and Mattock, et al. (134), among others. Gergely (69) conducted
tests in which mterface shear wransfer was eliminated by preforming
smooth sided cracks in beams. These tests and those by Taylor
indicate that between 33%-50% of the total force on a beam may
be carned by interface shear transfer.

Ihe figures given n the preceding were measured on rectangular
beams without web reinforcement at loads near their failure load.
Different distibutions of shear force apply for lesser loads on the

STe
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beams. Thus, before cracking, a parabolic distribution of shear stress *

-gmssnhemcuhecwec&eduddwcvn:'

displacements across the cracks increase, dowel :;. ul.c.d:: :::
transfer uction become increasingly significant

(b) Beams with Web Reinforcement '

Web reinforcement has three primary effects on the strength

a beam: _(l) It carries part of the shear, V_;(2) it reuricu‘l;e uw:
pllhcdu.onllenioucnck width and thereby helps maintain the
mlcrgscc shear transfer, V_ ;and (3) it holds the longitudinal bars
am! increases their dowel capacity, V,. In addition 1o these three
actions, stirrups may transfer a small force across the crack by
dpwel action and they tend to enhance the strength of the compres-
sion zone by confining the concrete.

3
i _{POwEL SPUTTING
z LOSS OF INTER -
5 v‘.//\ PACE Sean
& /'
3 ]
g -/ i l
|
¥ tt
J” & A
& R &
y @
5’ ;{ 3'3

APPLIED SHEAR

FIG. 3.6.—Distribution of Internal Shears in Beam with Web Reinforcement

If a .ll.iuup happens 10 be near the bottom of a major diagonal
f:nck. iwis very effective in maintaining the dowel force and restrain-
ing the splitting failure, provided that the stirrups are of sufficient
size, are we_ll ach. and are spaced close enough together that
(e;:n potential diagonal crack reaches the tension steel near a stirrup

The mechanism of a shear failure is not yet completely understood
llﬂumgh some careful tests have demonsirated it quantitatively u;
specific cases (1,60,69,179). The internal shearing force components
at a crack suqh as the onc shown in Fig. 2.5 are related 10 the
!npplucd shear in Fig. 3.6. Prior to flexural cracking all the shear
1s carvied by the uncracked concrete. Between flexural and inchined

5 -4

»
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racking, the external shear is resisted by the conculc,‘vd; the
::::r‘;:‘c shear transfer, V_ ; and by dowel action, % l-ono‘...
the formation of inchned cracks, a portion of the shear i1s camed
by the web reiforcement, V . When the shear carnied by the web
reinforcement can no longer mcrease due to ity ylddmgv. any addition-
ol shear must be carried by V., V, and V_ . As the lmhmd crack
widens, the interface transfer shear, V_ , decreases, forcing V, and
V 1o mcrease at an accelerated rate until exther sphitting (dowel)
!a'illuu: occurs of the compression zone fails due 1o combined shear
- M.
m;'ntl‘::c'?::’:l beams without stirrups, beam failure may be cu‘uscd
by the brcakdown of any of the components of force transfer across
the section with different mechanisms doqt!mlung m beams of dif-
ferent types. For example, in some tesis it is possible .lu sce do:::
solitting at the tension steel level before the beam collapses -
n:n other tests, dowel failure and beam collapse occur simultancou :‘
In some cases it is also possible (9 see _spallmg from the sides -
inclined cracks before beam failure, ndicating that fallure of o
p : hamism s imminent.
"“:'.:umh‘u;“:;: ways in which force is carried across beams, ?pm
trom the force camied by shcrups, has a load deformation ;ua;:
which imtially rises rapidly, followed by a falling pors = In U
case of the foice carned in the compression zone, the falling WI::‘
of the cutve follows that of concrete under a combined shu';m
compressive stiess system. l)ow;l lmlulg has a vclyl s!ccpb “0:
portion, except where the dowel 1s re |lfa|ncd from sp u::\g .yl'“‘
rups enclosing the Jongitudinal bars. The failure of l m c‘mm.
shear transfer can be very abrupt, particularly f a crack n. ne e
over most of its length and the predominant movement i“l;”.’. -
crack tends 1o open the crack rather than to shear ot (179? .‘.:“k,
of this it 1s very difficult 1o say which mechanism of I?ruc r;::“
breaks down 1o cause beam failure from the more ductile
of beams with stirtups.

(¢) T-Beams and Prestressed Concicte Beams

. ‘ nt

In T-beams the interface shear transfer is probably k“, ::‘r(::m

than m rectangular beams due to the pwpoﬂnonu!:lr‘ :uu' i

of cracked concrete. In addition, V  is cunccnllalcd ove -

while the flexural compressive stresses are distnibute ov:: w: o
T a h i hear 10 COMPIESS

widih. This lcads to a higher ratio of s paikcer

S F - g, 2.3 and 2.4 suggest that the nag

in a rectangular beam. ¥ig. 2 Lo
of V , and lhc;ﬁay wn which the compression zone fails may

as a result (153). ' =

Ihe role of interface shear transfer and dowel cl::.l;“h::"u

y<t been studied 0 the case of prestressed cum.rcl;ow:' e

fle xure-shear cracks. Prestressing strands cas ty_kssmw S

produce smaller wedging action, lhcu:lugc sphitting ! e 3

than in a reinforced concrete beam. bullhcrn:})::;'nn‘»m b

; : ySINg 7
also oceur later because of the presiress: e )
hand, once started, the inclined crack tends to develop mof apull
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than in a remfoiced concrete beam because of the smaller steel
percentage, and tends (o widen fairly quickly, leading to a rapid
decrease i V. Once splitting initiaZ>«. the strand can bend at the
crack and does not inhibit the rotation that accompanies the opening
of the crack. As a resutl, V_is small. The shear capacity of a
prestressed beam is approximately equal (o the sum of V, and V.-
The term, V_ , appears 10 dupend on the depth of the compression
zone, which in turn is a function of the load at which inclined cracking
occurs.
3.4 Factors Affecting the Shear Strength and Serviceability of Beams

Most current building codes express the shear striength of beams in
terms of an equation of the form:

SR e M e e e e I T T 300
m which V_ == the shear “"carried by the concrete’ at ultimate including
V.V, and V in Eq 2.1; and V,_ = the shear carried by transverse
reinfurc ment. For simphicity, the factors affecting the shear strength
will be discussed in terms of their effect on V_or on V,, assuming
these can be separated.
3.4.1 Effect of Cross Section
(a) Effect of Size
Leonhardt and Walther (116) studied the effect of beam size
by testing two series of similar specimens without web rein-
forcement. The first series consisted of four completely similar
specimens in which the cross section varied from 2 in. x 3.1
m (Scm x 8 cm) to B in. x 126 i (20 cm x 32 cm).
In this series, the bar diameter was proportional to the external
dimensions and the number of bars was constant. In the second
series, the cross section vaned from 4 in. x 7 in. (10 cm
X 18cm) 09 in. x 20.3 in. (22.5 cm x 67 cm), the ratios
of depth were different from the ratios. of widths, the bar
diameter was constant, and the number of bars was varied
10 maintain the sams steel percentage. The shear stress at
falure decreased 37% between the smallest and largest speci-
men in the first senies and decreased 21% in the second series.
The greater strength decrease in the first serics was explained
on the basis of poorer bond quality with increasing bar diam-
cter. The high shear strength of small scale beams has also
been reported by Swamy (176) who attributed it to the influence
of the high value of the modulus of rupture of the material
and the increase in strength produced by extreme strain gra-
dients in small specimens.
Kani (98) tested beams of various depths and the same con-
crete strength, steel percentage, and a/ d ratio. The shear stress
i fatlure decreased with increasing beam depth. In these tests
the beam width was held constant at 6 in. (15 cm) as the
depth was varied. As the depth increased the splitting forces
due 10 the wedging bond action of the reinfoicement increased
and as a result, the failures of the two deeper series of beams
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ivolved spliting along the reinforcement while those i the
shallower beams did not.

In all three test series mentioned in the foregoing, one mix
design was used for all beam sizes. It is possible that part
of the loss of strength can be accounted for by the fact that
although the cracks were wider in the deep beams than in
the shallow beams, the surface of the cracks had the same
roughness in both cases so that the contnibution of aggregate
i lock 10 their shear capacity was different. Similar size
el.ccts have been observed in punching shear tests of model
slabs when the same mix was used for various size models
(141).

Tests by Taylor (181) have shown much less size effect if
the size of the coarse aggregate i1s changed in vhe same propor-
tion as the beam size. Taylor also showed that if large beams
with normal b/ d tatios (d/ b < 4) are tests, the loss of strength
is not as erious as thut reported by Kani. For beams with
d/b > 4 Taylor has proposed that the design value of v,
the shear sticss carried by the ces<vete, should be reduced
by 40%

I'tie beams tested by Leonhardt and Walther, Kami and Tay-
Jor to study the effect of size on shear strength did not have
web reinforcement. It appears reasonable to expect that while
V, has a scale effect, V, has not, so that the effect of size
on beams with web remforcement is small. Statistical analysis
(101) of test results confinms that the beam depth has no signifi-
cant effect on the ulimate strength of beams with web rein-
forcement. This is confirmed in part by tests of two 4 ft (122-
cm) deep Uwall beams™ with web reinforcement (37). In these
tests the shear at inchned cracking was about 50% of that
predicied by the ACH Building Code, but the carly inclined
craching did not lead 10 a reduction in the shear capacity of
the beams

(b) Effect of Shape

(1) b/d Rano of Rectangular Beams

The effect of the b/d ratio in rectangular beams has
been studied by Diaz de Cossio (55), Leonhardt and
Walther (116}, Kam (98), and lycngar, et al. (91). Dz
de Cossio found that shear strength of beams witheut
web reinforcement increases with b/ d ratio. Leonhardt
and Walther tested slab strips and also found shightly
higher nominal ulumate shear stiesses than in normal
beams, perhaps due 10 anti-elastic bending effects. How-
ever, Kani did not find any significant chang: i strength
when the beam width was increased from 6 in. to 24
. (15 cm to 60 cm) and statistical studies by Jyeagar,
et al. of a large amount of data showed no sigmificant
effect of b/d in the range from 1/4 = b/d = 1. In
slabs, the critical range of b/d is about 4 10 10 and in

ST6
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this range, some stre enhanceme occur
(i) Circular Sections i ks .
‘Fuodji and Diaz de Cossio (58) tested circular beams
with and without transverse reinforcement. In general
the cross sections resembled those of spiral columns. l\e'
maximum value of the ratio between concrete cover and
external diameter was about 1/10 in the specimens.
Il‘wu found that the usual equations for rectangular
sections are applicable 1o circular sections if the external
diameter is used for the effective depth, and the gross
arca of the circular section for the product, bd. These
findings are reflected in Ref. 6.
(iii) T-Beams and I-Beams
Tests of 24 simply-supported T-beams were re
by Placas and Regan (153). In one series the web lhccp:::
was kept constant at 6 in. (15 cm) and the flange widths
varied from 6 in. to 42 in. (15 cm 0 109 cm). All the
beams had the same longitudinal and web reinforcement
except that the rectangular beam had compression rein-
forcement 1o replace the flange. As shown in Fig. 3.7
the beams with 12-in. (30-cm) or wider flanges had about
20% greater ultimate sheac strength than the rectangular
beam. Placas (157) and Leonhardt (114) have suggested
that only the portion of the flange immediately adjacent
to the web can transmit a component of the shear in
(I_\c f:ompussion zone. As a result, the compression is
q:;n::buled over the width of the flange while the shear
is conccqumled above the web, leading 10 a critical state
of stress in this arca. Placas and others (72) have observed
lMI the compression zone of a T-beam will frequently
fail due 1o shearing in the region over the web rather
than crushing.
Zsutty (201) has proposed that Eq. (3.11) be
calculate the shear, V_, carried byl:l?c :oncr)ete: wia

in u‘rhich h, = the thickness of the flunge.

» For design purposes, however, it seems reasonable 1o
ignore the strengthening effect of the flange and to contin-
ue to compute V= v b _d.

In pan-joist floors the webs gencrally taper from 1
to bottom. _Allhough this 18 nol serous ::plchc pusili‘:':
moment region, the section of least width occurs in the
compression zone in the negative moment region. In tests
ql beams simulating the negative moment region of a con-
tinuous pan-joist, Hanson (75) found that V  should be
based on the width at the bottom of the web.

Leonhardt and Walther (116) tested a series of beams
with constant flange widih bat varying web thicknesses,
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stresses i the manner discussed n Section 3.:::::: :::
report. The inclined cracking load, e :nd.:“h i
in the stirrups also depended on the web widiil-

- imatel
shear V, the stresses in the stirrups were approximately

a function of V - V‘,‘. LE4 S
The crushing of thin webs of 1- or T-beams

' f
diagonal Coaa,iessne has been studied by @ numbe

'
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authors (114,116,153) who have used the truss analogy
to suggest that the inchined compression stress in the web
varies from f_ = V/b_d for 45° stirrups 10 twice this
value for vertical stirrups.

Recent tests by Demorieux (51 on panels loaded in
compression in ¢ ne direction and loaded in the transverse
direction by tensile forces n transverse reinforcement
to simulate the conditions in the web of a beam, suggest
that the crushing strength of the concrete in the web will
be about 2/ of that i a cylinder test. This agrees with
strengths obtamed from biaxially loaded concrete (Fig.
2.2). Placas (153) has suggested the web crushing is also
affected by the suffness of the web reinforcement.

For design purposes the CEB-FIP (41) limuts the shear
in thin webs as a function of the principal tension and
compression stresses in the web. For the normal case
of reinforced or prestressed concrete beams without trans-
verse prestressing thewr limit can be reduced to 0.2 times
the design compressive strength with vertical stirrups or
0.25 umes the design compressive strength with 45° stir-
rups to prevent crushing of the webs. Accounting for
differences n load factors and design strengths, these
correspond to v, = V_/éb d = 018 f and 022 f',
respectively, in ACH practice. For the practical range of
web reinforcement ratios, the equation suggested by
Placas and Regan corresponds to v, = (15 to 20) \ff:
for vertical stinups and v, = (25 to 50) V' for 45°
stirrups.

3.4.2 Effect of Remnforcement Details
(a) Percentage of Longitudinal Reinforcement

Tests (97,153,158) and analyses (133,153) have shown that
the shear streng h of reinforced concrete beams drops signifi-
cantly if the longitudinal reinforcement ratio 1s decreased below
1.2% 10 1.5% based on the web thickness as shown in Fig.
3.9 For the analysis of the strength of beams a number of
equations are proposed for v _.

Mattock (133) and Zsutty (199) have proposed Eqs. 3.8 and
39, respecuvely, while Rajagopalan and Ferguson (158) have
fitted the following equation to test data:

v=@8+ 100V s20V] ... ... ..., (3.12)

The 1971 British Standard Code of Practice (27) presents
a table of values of v_that are a function of p_ = A /b _d
and the 1971 CEB Recommendations (41) reduce the allowable
shear stress if p_ is less than 1.5% at 2d from the support.
The various design equations are compared to tests in Fig.
39

The effect of steel percentage may be explained in two ways:
(1) The dowel shear, V, will be smaller of p is reduced; and
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(2) as p is reduced, the flexural cracks extend higher into the
beam and are wider, reducing both the shear capacity of the
compression zone and the interface shear transfer.
(b) Yield Strength of Longnudinal Reinforcoment
' Mathey and Watstein (132) have reported tests on beams
with high yield strength longiudinal cemforcement. For a/ d
ratios from 1.5 1o 3.8 they found that the shear strength was
independent of the yield point. If, however, the increase in
yield strength was offset by a reduction in p 10 give a constant
moment capacity, they found a reduction in shear strength.
This finding was corroborated by Taylor (183) who suggested
that the shear strength decreased as the steel stress at inclined
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. cracking increased. The reasons presented in section 4 2a)

- §E 1o explain the effect of p also can be used to explain the
-~ effect of the yield strength on V_ when p is constant or vaned.

(¢) Cut-Off and Bent-Up Remforcement

1 Major inclined cracks frequently develop near the ends of

L L reinforcing bars cut off in a zone of tension. Adjacent (o a
éa,_x_.._A::——L--w»é': §§ ° cutoff point the stresses and deformations are decrcasing n
0 o b i

the cutoff bars and increasing in the remaining bars. This,
combined with the eccentric pull in the cutoff bars, leads to
a state of high shearing and diagonal tensile stresses in the
vicinity of the cutoff. Baron (13) has shown that the changes
in moment arm in this region lead to increased shears in the
cutoff zone.

Tests by Ferguson and Matloob (65), Baron (13), and Bresler
and Scordelis (26) show that:
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1. Cutting off bars in a tension zone will lower the shear
strength of a beam.

2. Closely spaced sticrups n the cutoff zone will prevent
premature failure. The ACE-381-71 rules seem adequate in this
regard.

3. Bending bars up instead of cutting them off will largely
nullify these ill effects, probably because the bend discontinuity
is less severe. On the other hand, a major nchined crack fre-
quently occurs at the bend pomnt.
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(d) Web Reinforcement

The ACI procedure for designing stirrups assumes that the
shear not carried by the concrete after inclined cracking is
resisted by stirrups or bent bars acting essentially according
to the truss analogy. Recent studies (26,72.85) have shown,
however, that small amounts of web reinforcement have a
significantly larger effect on the shear strength than predicted
by the modified truss analogy. This is shown in Fig. 3.10 (72).
While no adequate explanation of this effect has been present-
ed, it has been notcd that the horizontal projection of the
mclined cracks tends to decrease as the web reinforcement
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ralio, y.,, INCreases, so that the increase in the number of
stirrups crossed by a crack is less than the ncrease w p,

Web reinforcement near the bottom of diagonal cracks 1s very
effective in preveniing dowel splitting cracks and in increasing
the bond stuength by providing confinement. Kam (99) and
Gergely (69) claim that isolated stirrups at the bottom of diagon

al cracks would prevent shear fatlure in most cases, but of
course, the position of cracks is not known in design. However,
their tests indicate that the primary role of web reinforcement
is the restriction of the width of diagonal tension cracks. These
authors believed that the interface shear transfer does not de-
crease appreciably until some splitting occurs at the bar and
therefore additional stirrups crossing diagonal cracks are not
necessary.

The maximum yield strength of web remforcement was
empirically set at 60,000 psi (4200 kg/cm?) in the 1971 ACI
Building Code because difficulties are encountered in bending
higher strength stirrups and also to prevent excessively wide
mclined cracks.

The 1971 ACI Building Code requires a minimum arca of
web reinforcement in most members when V. exceeds 1/2
of the allowable V_. This is intended 1o prevent or restran
shear failures in members where the sudden formation of -
clined cracking may lead to distress. Such lcmlqccemcnt may
add valuable ductility where members are subjected 10 un-
expected tensile forces, settlements or cala_cslmphoc loadings
The amount reguired corresponds 10 a nomm_al shearing stress
resisted by stirrups of 50 psi (p f, = 50 psi or 3.5 kg/em’)
and & minimum ratio of web reinforcement, p,, between
000083 and 0 00125,

The European Concrete Committee (41) relates the mmimum
to the compressive strength of the concrete and the yicld
strength of the stirrups with a minimum of (M_l)ll for deformed
stirrups and 0.0025 for smooth mild sieel stirrups. The S\vlfs
Code (11) requires a mimimum web reinforcement, p_f . equal
10 half the nominal shear stress carried by the conclel?. Thn
corresponds to about 0.0010 for 2,200 psi 1!5}4 kg/cm’) t‘t':‘
crete up to 0.00175 for 5,800 psi (410 kg/cm )' concrete.
increase in the minimum web remforcement n this code »

intended to reflect the fact that better c:ncrclc cracks at @

igher stress and therefore at a higher load. ‘

: uI’lucus (153) foynd that the horizontal ptujcqum of uwlu;‘
cracks averaged 1.5d for beains with vemca! stirrups and lcn‘-
ed to be even greater in the case of inchined stirrups. .
beneficial effect of the latter observation was offset bywu
inclination of the force in the stirrups. As £ result he | .
vertical and inchned stirrups had eq‘:ul :‘ﬂn;xm.’y. Leonhar
6) and Bruce (29) also noted similar effects. _
(”ln) view of its relative simplicity and apphicability 1t appearn

§T6
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that the modified truss analogy used in the ACI Building Code
is the best design method available at the present time for
members subjected 1o statically applied loads, and this report
advocates its continued usage for beams with M/V, > 2.5,
More study should be given, however, to the Soviet design
procedure that involves both shear and moment equilibrium
on inclined planes as outlined later in this chapter (20,21,138).
This procedure gives the designer a better understanding of
the behavior of the finished member than does the ACI proce-
dure.

In Leonhardt and Walther's tests (116) beams with bent-up
bars as shear remforcement tended 1o have a lower shear
sirength and much wider cracks than similar beams with stir-
rups for several reasons: (1) Bent-up bars have more tributary
area loading each bar; (2) they tend 10 cause longitudinal crack-
ing or crushing at the bend points; (3) they do not confine
the concrete in the shear region; and (4) they are less efficient
in tying the compression flange and web together. As a result,
the 1970 CEB Recommendations (41) require the use of vertical
stirrups in addition to bent-up bars. This problem is also dis-
cussed by Robinson (163). The ACI Building Code (6) also
limits the shear that can be resisted by bent bars.

The principal conclusions of tests carried out in Stutigart
on welded wire mesh stirrups were (117)

I. Mats with 2-in. 10 4-in. (5-cm 1o 10-cm) spacing of the
stirrup bar were best with respect to crack widths and compres-
sive stresses in the web.

2. An equivalent yield strength of 60,000 psi (4200 kg/cm’)
can be used in load factor design.

The Commentary to the 1971 ACI Building Code provides
similar anchorage details for welded wire mesh stirrups.

In some cases it is convenient to use pairs of U-shaped
stirrups, lapped in the web of the beam to form a rectangular
stirrup. In such a stirrup the lap occurs in a region of diagonal
cracking. The relatively few tests of this type of stirrup carried
out to date suggest that the capacitics of the stirrups are a
function of the lap length, stirrup diameter, and cover (77).
Allen and Huggins (4) suggest that a lapped stirrup will have
the same capacity as a rectangular sticrup of the lap is long
enough to develop the yield strength of the stirrup bars. Section
12.13.4 of ACI 318-71 has similar requirements.

(€) Reinforcement of Flanges

A Studies made by J. R. Robinson {163) suggest that the behav-
1or of the tension chord is affected by the mechanics of the
transmission of forces between the longiiudinal reinforcement
aqd the concrete web. In that respect the importance of the
reinforcement details cannot be overemphasized. The studies
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ails cannot be separated from the sludy of !hc
oh:n:dh?:d::.houge of the longitudinal and web bar including
effects of transverse “'binding™’ reinforcement us d 1o prevent
longitudinal sphitting of the concrele along lhg mam rein-
forcement. Robinson uses a truss analogy 10 design transverse
reinforcement in both flanges. Leonhardt alsc preseats these
5 4).
m'l‘ns |(c|s||s)ol simply supported T-beams, Placas (153) observed
that cracks may develop in the flange along the edge of the
web. These cracks were parallel to the web rather t.lm\val
a 45° angle, as frequently assumed. The m_odd shown in h:e,
3.11 was used to explain this cracking. This figure shqw? [l

top of a portion of flange bounded by the web and midspan.
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Placas found that shear friction reinforcement across
face, AB, would prevent failure. Johnson (93) has reported
similar cracks and based on a shear-friction apnlym recom-
mends that the total amount of transverse reinforcement
the slab over the beam web should be:

Half of this reinforcement should be at the bottom face.

3 4.3 Effect of M/ Vd Ratios and Types of Supports

(a) Span to Depth Ratios M/ vd

A number of authors (24) have puscnled- figures silml{u 10
Fig. 3.12 showing that a/d or M/Vdis an important van_ubl‘e’
in defining the shear strength of a beam. This effect is e;p‘lanm \
in a conceptual fashion by Eqs. 3.2 and 3.3 and is discussed

v. =(Eq.39)
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in Ref. 7. This chapter will deal primanly with beams having
a/d or M/Vd ratios greater than aout two. Deeper beams
wili be considered in Chapter 4.

It is generally assumed that the M/ Vd concept can be used
equally well in simply supported and continuous beams. This
is not entirely true, however, especially for the common range
of M/ Vd ratios for negative moment regions (M/Vd = 2 10
3). The initial development of flexure-shear cracking is similar
in the various portions of a continuous beam and the equivalent
simple beams (22). Once the inclined cracks bave developed,
the load carrying mechanism of a beam loaded on its top face
and supported on the bottom changes from pure beam action
to a type of tied arch action with a diagonal compression strut
from the load to the reaction as shown in Fig. 3.13(b). As
a result, the regions of tenstle force in the longitudinal bars
frequently extend past the point of inflection, as shown in
Fig. 3.14(¢), leading to possible anchorage failures in these
regions (30,112,119,151,164). The meaning of the terms, a/d
and M/ Vd, becomes difficult to define in such a case. Ferguson
(64) have proposed that the ratio, a, /d, shown in Fig. 3 13(a)
be used in place of M/ Vd in Eq. 3.6 when computing v, or
that v_ be taken equal 10 2V [ in all cases for continuous
reinforced concrete beams.

For comtinuous prestressed concrete beams the inclined
thrust shown in Fig. 3.13(b) appears to delay the development
of inchined cracking in the region of contraflexure (84). Once
inclined cracks occur in that region, however, the ultimate
shear strength of prestressed concrete beams with web rein-
forcement is best calculated using the ACH Code formulas (84,
168).

Directly and Indirectly Loaded Beams

In most beams tests the loads and reactions are applied on
the top and bottom of the beam, respectively. Such beams
are said to be “directly loaded.” For directly loaded beams
with a/d ratios less than 2.5 this leads 1o a significant vertical
compressive stress component between the load and reaction
and as a result the shear strength is increased. Thus, a portion
of the increase shown in Fig. 3.12 between the inclined cracking
and shear compiession capacities of beams with a/d less than
2.5is due 6 vertical stresses or arch action. For directly loaded
beams having a/d ratios less than 2.5 the 1971 ACI Building
Code Equation (11-12) allows an increase in v_. Zsutty (200)
has proposed Eq. 3.14 to account for the direct loading effects
in short beams:

d
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Leonhardt (112) has proposed a similar equation.

Frequently in practice, beams wre loaded or supported by
intersecting beams so that the ! ad wransfer is by shear rather
thun by bearing on the top and bottom surface. These are
referred 1o as “indirectly”” loaded beams. A number of investi-
gators have reported tests of such beams (15,61,119,177,182).
For beams having a/d ratios greater than 2.5 10 3, there was
no reduction in shear strength in such beams due 1o indirect
loading provided that there was sufficient reinforcement in
the intersection region 1o transfer the load from the supported
member to the supporting member. Leonhardt, et al. (ny)
recommended the use of “hanger" reinforcer ont of stirrups
or bent bars sufficient to transfer 80% of the shear force at
the joint when beams of equal depth are connected and 100%
of the shear force in the case in which the supported beam
1s connected only 1o the tension side of the supporting beam.
Baumann and Riisch (15) recommend hanger reinforcement
for 100% of the load transferred. These stirrups should be
provided within d/2 of the center of the joint in the members
joined (115). In addution, it 1s good practice for the longitudinal
reinforcement in the supported beam to pass over that in the
supporting beam where possible.

For v/d less than 2.5, however, indirectly loaded beams
are weaker than directly loaded beams because arch action
cannot develop. Such beams tend 10 fail in diagonal tension
at the inchned cracking load. Zsutty (200) shows that Eq. 39,
developed to predict the shear strength of slender beams with-
out web reinforcement, also applies for directly loaded short

zams

1.4.4 Effect of Type of Loading
(a) Repeated Loadings

From tests of 39 small beams without web reinforcement,
Chang and Kesler (38) found that the inclined cracking shears
and ultimate shears having a 50% probability at 2,000,000 cycles
were 50% and 63% of the corresponding static strength. These
beams failed either by crushing of the COMPIEssion zone over
the inchned crack or by a diagonal tension failure.

Price and Edwards (156) found the tensile fatigue strength
of concrete at 3,000,000 cycles was abow 60%-75% of the
static tensile strength. This strength reduction may explan the
redi ced inclined cracking load in Chang and Kesler's beams

Kokubu and Higai (103) report that beams with a/d ratios
of 2 10 4 and no stirrups may fail due 1o fatigue fracture of
the longitudinal remforcement at the point where the inclined
crack intersects the bar. In their tests, localized flexural
stresses due 10 the dowel action in the reinforcement in this
region led to fatigoe failures at 519 10 709 of the static failure
load. Similar beams developed shear compression failures in
statw tests. For beams with a/d of § the inclined cracking
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i " sion failure loads were each tcdpccd by about
‘;'S‘:ﬁ:d‘::m ‘l::-is of their tests, Kokubu and Ih‘a:; l\avek ..:‘
stéd that the shear strength cnu_espondmc o l‘ :..Z: ‘:u .
‘l;ul in each shear failure made is about 60% o
ilure load. . : : |
m:: ests of the cracking behavior of 'l"o, 1 k.(‘;‘;)':m
cinforced concrete beams Kaar and Malloc oo
'lhe stirfup stesses increa;cd mm"m(“d:.] s '::“'
first 300,000 cycles of service load (D '.k‘)ﬂ it 13
eciably durning another 700,000 cycles @ R
w;‘lesucsscd concrete beams lcslcd. by l‘hn:)'l:, ¢ t."m,““
had an excellent shear fatigue resistance. '.:“ngu:“ -
{ the web reinforcement were due plm?'a‘wyum wgr
:l(csscs in the stirfups due 0 dpwcllnu. _ i A
ack widihs during repeated loading was an m\po'cd A
Fulk - ining whether a shear fatigue failure wous oc x
s ml. Hognestad (32) have shown that tack welding
e ‘m loagitudinal reinforcement can significantly "|
:;'u::::\:pl,angue strength of the Iong'llpldinal :usls‘ l;:\ &:uc ;:; :
- to failure at 5000
l:l::(;;s: |lol:~":: ;‘0'::{:“0:!::!“ tack welded stirrups than »
beams with tied sty .
™ l)ylir“:':'r\cs:\;::m‘::-:?: of simply supported mnlu;:e:! :::::
hcu.r:\s under dynamic loads indicate lhal‘ the ‘s“ a“;“k' .
hear strength, and flexural strength all mcr'caphcd o
5. it load with respect 10 the same load ap Sy
ﬂ;l;";- However, the usable ultimate shear sucn;:mm e
‘ﬂn'u'ml yeild strength increase in «lsllcrcmb p::m'“mm y
the contributions of the corcrete and we orgp”
-qr strength. In some cases the compress e
‘t:‘: |:\‘:(:;|l:~l prior 1o yield of the surrups suu"c“sc il‘l:“ 41
Iu;lun upper limit on shear strength ut:k':c duy::au' ks
design. Seabold (166) has recommende !v 5o o>
truss analogy using Fq. 31210 compul:m .‘M i g st
ficd stirrup yield strength 1o account
strength under rapudly applied loads.
i Rc‘\:;n“dal::::‘i: subjected 10 reversals of km‘!;:l;:m
. .k:ndcvclop across the cracking caused :y“ . .
Al Tests in which reversals of loading ha! o™
k'.adm:own that cross-im:lincd-cmckin; occumn;e vtk
de: hear reinforcement does not fksuuy | e W
"I‘n‘ ::vc:nt::r (2,23), but uncertainty exists rc'nr:l':n.
i :;lctcvclsals of loading on ultimate s;\:.l:x :‘:::.wu
Alatorre and Casillas (2) tested -M e
10 4.4 under reversed cyclgs of 'shca: a‘“
that the behavior was not smm(‘ocan:o:ds pia
of a few cycles of relatively high .
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a trend 10 a lower stiffness with increasing loads. The ACI
design equations were found 1> be conscrvative for these
beams.

On the other hand, Japanese investigators (146) have
propused the use of & reduced capacity of stirrups in beams
and girders subjected to seismic loadings as given by:

in which v_is about equal to the ACI value. Thus the shear
assumed to be carried by the web reinforcement is less than
haif that computed using the ACI recommendations.

Paulay (151) apphied reversed cycles of high shearing force
to deep members restrained at each end. In the first few cycles
the beams behaved as predicted by the ACI Code Sections
11.4.2 and 11.6.1 but as load cycling continued the shear carried
by the concrete decreased. Following yielding of the web rein-
forcement, a high load was carried by arch action. Failure
generally occurred by crushing and shearing of the ends of
the arch. Significant decreases in stiffness were observed as
the test progressed.

The apparent discrepancies may be due to the seventy of

the loading cycles considered by the various investigators. In
a beam loaded statically to fatlure without load cycle reversals,
Eq. 2.1 suggests that portions of the shear are carnied by the
uncracked concrete above the inclined cracks, the dowel action
of the reinforcement, and interface shear transfer across the
crack. For statically loaded beams and beams subjected to
nonreversing cychic loads ACH 318-71 Chapter 11 gives conser-
vative strength values. In a member containing x-shaped cracks
due to load reversals, however, the compression zone is
cracked and due o residual tension strains in the precompres-
sion remforcement following a load reversal, the cracks may
not close completely. Thus the shear transferred by the com-
pression zone may be smaller than in a normal beam. Interface
shear transfer is unreliable since it may be reduced by a *“work-
mg back and forth™ action along the cracks as the load is
cycled. Finally, dowel action will only be dependable under
cyclic loads i spiung along the longitudinal bars is restrained
by closely spaced stirrups. Based on this reasoning, Bresler
(23) has proposed that stirrups be provided for the full shear
in beams where full reversal takes place.

345 Effect of Axial Loading

(a)

Behavior of Axially Loaded Beams in Tests

In a group of three otherwise identical beams subjected to
axial tension, no axial force, and axial compression, the intial
flexural cracks would occur carliest in the beam with axial
tension forces and would extend farther and be more nearly
vertical in this beam. In all three beams, however, approxi-
mately the same additional increment of shear is required be-

T — -
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al cracking in the shear span and inclined ctukm.
ll:::\'st::l cracks :r‘ould have esunli_dly the same slo?e n
all three beams, cutling across or .lIOWIfI‘ out of ple-:'xmu:
flexural cracks (72,133). As shown in h;.‘l.ll. the ¢ ::t
axial forces on the shear at inclined cracking may no! bl::'o
significant (72) especially for slender beams or for tensile - -
ings. Axial tensile cracks which had !omml prior to the app ica-
tiva of the shear loading had very little effect on the be.:j“::
and strength of beams tested by Mache.qt (125) but 7!; ucho
the strength of beams tested by Haddadin, et al. (72) \:
yecommend that the shear carried by the concrete be l:/_e'_n
equal to zero if the average axial ll:::le stress exceeds 4 V.
“alculation of Inchined Cri. wng
- (a;:himlimd cracking load of axially loaded bquas ?ias peea
estimated through two distinct concepts. The first confadt:':s
the principal tensile stresses at the head of a .ﬂcxfu:k :‘taé :
For beams without axial loads, such an analysis yie q.
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«'m;;-w_‘. FLANGE CRACRED

(b) FLEXURAL STRESSES IN LOWER FLANGE

FIG. 3.15—Effect of Drapad Reinforcement on Interior Forces in Prestressed Beams
(114) _

' Secti ' t. Commitiee 326
3.6 presented in Section 3.2 Ql this repor .
(7) alse showed that this equation could be applied to axnally

loaded beams if the term, M, is replaced by M in which:

. v ey B R s ke (3.16)
M =M- N(- a‘-) ...........
N = axial load, positive in compression
If this is done, Eo. 3.6 can be rewritien as:
Ve VT4 A s G
b _d ’ M,

addad attock (72) suggest that this
Tests by Haddadin, Hong, and Mattoc _
equation accounts for the effects of axial loads in a reasonable

manner as shown in Fig. 3.14.
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Alternately, investigators (133) have attempted to predict in-
clined cracking in axially loaded members using the shear-incre -
ment concept, which postulates that the load causing a diagonal
tension crack as a development of a flexure crack is equal
to the sum of the load causing flexure cracks and the load
increment required to tiansform the flexure crack to a diagonal
tension crack. Eqs 3.7 and 3.8 are examples of this approach.
The inclusion of the modular ratio, n, and the steel percentage,
p. in Eq. 3.8 possibly accounts for the greater dowel action
due to increased steel area and the fact that flexural cracks
tend to be narrower and do not extend as high if np is large.

Because Eq. 3.17 is frequently difficult to apply in design,
ACIE-318-71 allows the designer 1o use the simplified equations
(Eqs. 11.6 and 118 of ACI-381-71) plotted in Fig. 3.15 10
compute the shear carried by the concrete in beams subjected
to axial forces. The CEB Recommendations (41) present similar
equations.

The interaction diagrams for axial compression and shear
presented in Section 2.1 of this report (Fig. 2.4) rise 10 a maxi-
mum for f = 0.6 ' and then drop off. This suggests that
for very high axial loads, care should be exercised in choosing
the maximum shears at ultimate load because in this region
an increase in axial load may lead 10 a decrease in shear
stiength.

Effectiveness of Web Reinforcement in Beams with Axial
Forces

Recent investigations at the University of Washington have
shown that the presence of axial, tensile, or compressive forces
does not alter the effectiveness of web reinforcement (72).
These tests suggested that the use of the ACI stirrup design
cquation, Eq. 3.29, along with Eq. 3.17 to compute the shear
in the concrete, led 10 an overconservative design for low
percentages of web reinforcement and was adequately conser-
vative for high web reinforcement ratios. Similar resuits were
found for L .ms subjected 1o axial forces.

In beams subjected to high axial tensions, cracks may tra-
verse the entire beam. Although large shears can be transferred
across such cracks by interface shear transfer, inclined stirrups
may be desirable to prevent shearing displacements along such
cracks under repeated load conditions (125).

3.4.6 Effect of Prestressing
The ACI Code method of designing presetressed concrete beams
to withstand shearing forces is based on the assumptions listed
in Section 3.6.1. In this procedure stirtups are provided for:

V=yv Vv

L] - P

—

(c

The shear “carried by the concrete,” V_, is assumed 10 be equal
1o the inchined cracking shear as defined by Eq. 3.5 andd 3.7 and
as such, wcludes any vertical component of the prestressing force.
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2 . send
! ’ ew out of the extensive series oI the prestre

::;:::eu:::: :sled at the ‘Jaive_ui(y of IMs b::::::; I::

nd 1962 (85,128,148). The major duﬂetencg in the g
:hcat strength of the portions of beams with flexural crac ‘
the tension flange and those portions without smhu:c:: :::: le::-
nized for the first time in this procedure. A_clapulm:w“l w:t“z,
dure have been incorporated in the Canadian (}4), - eqm:
and British (162) building standards. The lollomm:lmphi"n' e
tion for computing V_, recently pt'oposed Py a‘a’;olnAC' bt
prestressed building members is also included in the

v.d

in which 2 V] s v sSV[. ' . .
HT:::::quam& is limited to members having an effective prcmcs':e
ing force at least equal to 0% of the tensile strength of the tensi

i cement. g 2X
ltl:::;:.h these quations were developed for small beam;. (;u:itu:
son (71) has shown that the ACI design procedure basAcAsu"O c:"
3.5 and 3.7 gave satisfactory tgsulﬂ for 45-(! span e
standard prestressed highway :ndg:(’t:e'uxz :::“’ nnw:‘ iy
of 45 in. The ratio of measured 1o a vt v PI

-ent years the ACI design procedure "

bylnse':::ll n‘:ucd European engincers (11,114) on thiee principal
grounds:

1. No valid reason has yet been pn;cmed \:.l:: &M"'ml: :«:t:a:l)
. inclined cracking shear, V. Bachmann . :
ls:t‘;\;ll::m ‘V should be related to the size of the somptessu:\‘
zone at lmlure'. This, in turn, may be affected 't:.: 'lll:e ::g;“ “
1 .ding at which inchined cracking develops, but t S
. p“;“‘?hleo ::! :’cqualioms for V,_ are excessively conservative (m
a ;l;cmbtl containing both prestressed and numul tension n(:;n;
forcement, an increasingly popular form of partial pt:sll‘;:;l::" m‘.
184). This latter ubsﬂvuum:‘ :;uMal‘s‘o t;c:ll; )T;kc“:nd g
e (31). Eq. 3.8, proposed by Mattoc
z;c:;c basic flexure-shear equation (Eq. l."l). .ocsdn. km:k\::yy 10
satisfying this complaint at the expense of increased com ’
3. The ACI procedure is unnecessarily complex.

In a major series of tests of large pfcsllefscd cun;e::em:e':zs
carried out in Sutigart (114), ihe shear c_amcd b'y t A“M
v, was only 10% 10 60% of V _ when the stirrups ylclckd. -~
lh‘c.sbcar. V. increased somcw:alv beltecn sm;:q:lyll‘e:d h:s e

; it gencrally did not reach V. eonhu. :
:l.::l‘::l:d.:h:: the loayul corresponding 10 yielding of the sln:mmwd
be taken as the failure load for design purposes. He also
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out the danger of web crushing failures.

Bachmann and Thurlimann (111), proposed the following design
equations for reinforced, partially prestressed, and prestressed con-
crete beams. The equations have been checked against tests and
form a part of the Swiss building regulations (11):

For regions with flexural cracks in the tension flange at design
capacity

Vo=V +V 4 v,

............................ (3.20)
n which V_ = vertical component of prestress
v A
—— =y, (I + !'—'——"—) but not more than 1.5 v, . . . . . . .. . 3.2y
b'd If..A,
O B T A N S U SR, LA 3.22)

in which f_A_ = prestressing force after all loses; and ¥ 1..A,
= total force in tensile reinforcement at ultimate = I"A . +1.A,.

For regions of beams without flexural cracks in the tension flange
at design capacity

V.oV + ¥V + ¥4 AR ORI L KT O T SR (.23)

in which V,, = shear transferred by the uncracked tension flange
=02f b d

The sum of V_ + V_ can be shown to closely approximate
the web-shear cracking equation in the ACI Code (Eq. 1.5).

In a recent series of tests of prestressed and partially prestressed
beams reported by Caflisch and Thiirlimann (33) the shear corre-
sponding to yield of the stirrups was closely predicted by Eq. 3.20.
The shear capaciiies ranged from 110% 10 168% cf this value.
It was also concluded for these tests that v, + V' were approxi-
mately equal to the inclined cracking load. Note, however, that
for nonprestressed beams with small steel ratios, Eqs. 3.21 and
3.22 are unconservative compared 10 Eqs. 3.9 and 3.12.

The incquality of tie inchned cracking load and the shear carried
by the concrete is also suggested by tests of normal weight and
lightweight concrete prestressed concrete T-beams with stirrups
tested by Krauss and Bachmann (106). Although the average
principal tensile stress at inclined cracking was 20% lower in the
lightweight concrete beams than in the normal concrete beams,
the average ratios of shear at yielding of the stirrups to that calculat-

ed with Eqs. 3.20 and 3.22 were 1.04 and 1.03, respectively, for
lighiweight and normal concrete.

Leonhardt (114) has recently used Fig. 3.15 to suggest that an
ncrease in V, should lead to a decrzase in the shear in the concrete,
V.. in beams with cracked tension flanges. The botiom portion
of the figure shows that flexurai cracking extends over a greater
length in the beam with draped cables than in the beam with straight
cables. In addition, Leonhardt notes that if prestressing ducts with
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rame aced in the web of a beam,
at lhanb./wueplaedml . .

= sho::ll'l :';‘::educcd wez thickness in calculating llhe dm

::.:shiu strength of the web. He proposes the use of a s

‘e

|

........... 3.4
R

e

- Wh'.‘;ti : ndg‘::sma:c: ‘;.:I':n (127) in a series of tests of pre-
' M“«:';:‘au;s undc'r simulated moving loads, cquc.hukd that the
o { crackm in these beams was similar to thai in
ey S ary loads and that the same basic equa-
beams tested under stationary
tions could be used to ana'yze both groups. Rt e M o
DePaiva, Neville, and Guger (53), 0 a series of tes AS
restressed concrete beams with varying level suppt:.d ,M o
:"al moderate relative movement of the suppot.ls A g
c‘anlly affect the behavior and strength ol_ .lh: t::a:\s u; o
inchined cracking loads were closely predicted by eq
. S::Q:ﬁs i'.".l:sl.l and Van Horn (77.78) performed a scries o
fatigue les'ls of prestressed concrete I-beams c:«:a':::n:“h ot
forcement. In thew tests, plesllessefl concul'c ‘m., ek
web remforcement 0 skvclqp their flexural 'c:pw'ﬂ b e
ke l““m‘l’: 6:::’“5 ;:lh:“;dsdmml:n data on the fatigue
: F r design ’ :
i‘:::c‘n:;‘l::“:;c:r of prestressed concrete I-beams have been report
ed by Price and Edwards (l!tt»)(.e I~
- HI':C:;-'Z ‘l;:h r(f;‘:‘s::‘l:::u Committee proposed an equabion
for the inclined cracking shear of the form:
v ‘,J ..............
O iy = -
MV
el crete beams
A statistical analysis of test data for naml Ec.';“(, .conuel
resulted n the values of a, and a, given m- \‘;a';‘s Ao
An attempt was made 1o evaluate these wt‘l‘s. - A
g ate concrele as a single group on the basis of e
o g kP tand Cement Association and Upwcrsuy dacre
b .lhc o'(M) The test data involved nine different lug:'wm
|~‘-ih“‘f""“¢.5 nd it- was concluded that a reasonably .con““w'-
awc"-.“;blt:c iwo constants would result in extreme con e
e Z of the aggiegates due o the fact that dcllcunl.n‘c:w' =
‘m);::‘c concrete with different tensile strengths. A':n "
::::mlc strength was included in |hc‘sbeaf cqua::t:k e
aggregate concretees n the 1963 ACI B‘-l::::l‘ugmw;wn nusrast
in his report on shear strength of struc

(74) stated.
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"It has been found that diagonal tension strength of the
lighiweight concrete is affected by the same variables

as affect the resistance of normal weight concrete. The
difference between the types of materials is one of mag-
nitude of diagonal tension resistance and not of funda-
mental difference in behavior, "

139

Fuither testing and studies of lightweight beams were carried
out at th: Texas Transportation Institute (90) leading 1o the design
rules in Section 11.3 of the 1971 ACI Code. Note that none of
the beams studied in Refs. 74 and 90 had web reinforcement.

In companion tests of lightweight and normal weight prestressed
concrete beams with stirrups discussed earlier in Section 3.4.6 (106)
the inclined cracking load of the lightweight beams appeared (o
be a function of the lower tensile strength in these beams. The
contribution of the concrete to the ultimate shear capacity appeared
10 be a function of its compression strength, however.

Recent studies of the shear failure phenomenon have suggested
several other reasons why the shear strength of highiweight concrete
members may differ from that of normal weight concrete:

L. It has been suggested (8) that the mode of bond failure may
involve shearing or crushing of the concrete under the lugs rather
than splitting as experienced with normal concretes.

2. The amount of shear transferred by interface
is probably less in lightweight concrete member
smoother crack surface.

3. Recent Soviet and Japanese tests have suggested that the
strength of lightweight concrete may be less than that for normal
weight concrete under biaxial tensile-compressive stress (197,143).

shear transfer
s due 0 ihe

348 Factors Affecting Inclined Crack Widths

The control of crack widths at working loads is
serviceability criteria for reintorced concrete structu
fecent design recommendations include proposals f
of the widths of tensile and flexura! cracks, only 1
contans provisions for shear cracks. It has been
that inchned crack widths can not be satisfactonly
this code Relatively little test data are available

fespect to spacing and widths of diagonal tension ¢
ments of the widths of shear cracks have been reported by Leon-
hardt and Walther (116)

+ Placas and Regan (153), Haddadin (72),
and others (95,125).

An uapublished statistica
widths in beams of 12

an important
res. Although
or the control
he Soviet Code
reported (153)
predicted using
at present with
racks. Measure-

I study of German data on inclined crack
in. to I8 in. in overall depth si ggested
that (V — V.. M/vd, I\ d, stirrup diameter, and stirrup angle
were significant variables in decreasmg order of significance (125).
A good correlation was found between crack width and stirrup
stram. For stirrup strain of 0.001, the maximum and average
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crack widths calculated from the regression cyuation were about
0.012 in. and 0.005 in. (0.3 mm and 0.125 mm. .espectively.

In a study cocducted at PCA (95) the widths of flexural and
diagonal cracks n guder webs were reported for |, Tee, and rectan-
gular gwders. It was concluded that longitudinal reinforcement
spaced over the depth of the web of a Tee girder (face steel) was
effective in controlling flexural cracking in the web but was less
effective in coatrolling diagonal cracking. For flexural cracking it
was found that for a given steel stress there was <n apparent correla-
tion between crack widith and the area of concrete surrounding
each bar regardless of the bas diameter. The only conclusion report-
ed concerning diagonal cracks was that for a given amount of web
reinforcement the width and spacing of diagonal cracks vccurring
in a girder web appeared 10 increase with increase in width of
the web. In these tests, inclined crack widths were reported for
three half size bridge girders with 75,000 pi (5300 kg/cm’) yield
strength main remforcement with a design ultimate capacity of 1L.5D
+ 251 in which D and L refer to service dead and live load,
respectively. Under a static load of 1(D + L)the maximum inclined
crack widths ranged from 0.007 in. to 0.009 in. (0.18 mm 10 02
mm) in the thiee beams. ~lter 1,000,000 loading cycles between
D and 1(D + L) the max;mum inclined crack widths were 0.008
in. 10 0.002 in. (0.2 mm te 0.3 mm).

1 conhardt and Walther (116) have made extensive crack »idih
measurements on many types of beams. One series compared crack
widths in otherwise similar beams with three different types of
web reinforcement. As shown in Fig. 3.16, the crack widths were
smallest in a beam with closely spaced inchined stirrups, followed
by a beam with vertical stirrups. The widest cracks occurred in
a beam with bent up bars.

Several authors have attempted to compute the width of inclined

: cracks. By integrating strains along a stirrup in the cracked web
» of & beam (20,125) the crack width, w, should be a function of:

w = fn [Iu ~ .‘m.] ln(::— l.) ................. (3.26)

in which [, = the distance between cracks along the stirrup, and
e, = [ /E, and ¢ _are the strains in the stirup and surrcunding
concrete, respectively. By substituting expressions for [ and I,
into Eq. 3.26, it is possible to derive an equation for the crack
width.

Based on similar reasoning the test data, Placas and Regan (153)
have proposed:

$ Sin o V-V,
el () ...................... o
10 )\ bod

Haddadin, Hong, and Mattock (72) found that the foregoing con-
cept did not adeguately explam the variation in crack widths, Lut
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ohserved M‘ for high values of the shear reinforcement 1atio
:.l,. the maimum c_ract width at working load stabilized at aboot'
006 in. 10.15 mm) if v_ is limited to 10 V[ as required by the

LOAD P kg 10?

SR 1 40 o
i lTilTl‘°‘

m

o
~

MAXIMUM CRACK WID™H

"} S S SN SIS we—— N
o 0 @ 60

LOAD P-1ons

FIG. 3.16.—Efect of Type of Web Reinforcoment on VWidth of inclined Crycks (112)

- I ETE
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(o) DISTRIBUTION OF FORCES IN CLASSICAL TRUSS ANALOGY

p_‘/lZL/t N BNAS|
74 P N AN

(b} MODIFIED TRUSS ANALOGIES

FIG. 3.17 —Truss Analogies

A:‘l (ude If it is assumed that the width of inclined cracks is
a‘ unction ol.lhe stress in the stirrups, which in turn is a function
of (v = v ), it may be possible to control crack widths at service
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loads by limiting the value of (v — v ) atl the ulu.muc load. m:
for sturups having a yield strength of 'w.mo psi (4,200 ku/\c/n.')
a load factor of 1.6 and an upper hmit on (v, - v)ol 8 .Ln
the stirrup stress at service load o + L). will be abuw’lz'; -
pst (2,200 kg/cm’) corresponding (0 a maximum crack widt
0013 in. (032 mm). _

.bg‘:pcmt and Hanson (17) have proposed 4 Jeup method o
limit the width of inclined cracks in beams with thin weps. This
design method assumes all the shear in a cracked web is ulgn
by vertical sturups and uses the Kaar and Mattock (95) equation
for flexural crack widith 10 determine Alhe allowable stress in the
stirrups for a given crack width at service loads. )

The widths of inchined cracks in large prestressed concrete beams
were reported by Hanson, Hulsbos, and Van Horn (77,78). The
widths of web-shear cracks were function of V — V_, p,, and
a/d. On the other hand, the width of flexure-shear c‘raclu secmo.td
insensitive 10 p,. In general, the cracks were very wide and much
more reinforcement than that required by the 1971 ACI Code would
be necessary to hold the crack widths to acceptable values.

3.5 Meihods of analysis of the Shear Strength of Beams

3.5.1 The Truss Analogy

of this century Ritter and Morsch introduced
lh::n'::: m::u the design of web vciu(occemcm.in remfroced
concrete beams (88). This analogy assumes that a remforced con-
crete beam with inclined cracks can be replaced by the hmgc;:
jointed truss shown in Fig. 3.17(a). In ?ls most common Iom? l-
crack angle, 8, is assumed 1o be 45°. Thiz model is exucmcly «.F.r—
simplified, ignoring the shearing forces, V... V. _nnd V‘_ n n:
25 and Eq 2.1, and a number of authors have mfd 1o l:u;m 3
it by slopng the compression chord us‘showu m Fig. 3.0 (MD of
by changing the slope of the compression dg.onds (llyZ_)A ote
important, perhaps, it does not attempt 1o satisly compauhelll‘y. {
Regardless of the shortcomings of the truss analogy, hfmcvc.;
it 1s an excellent conceptual tool in the study ul beams with \fe
reinforcement. It indicates the presence of tensile stresses m. “:::
rups and compression stresses in the concrete tyclwcc_n the inc
cracks. and correctly shows the effect of varation n the sm_ml:
angle on these stresses. It may be used to .skuve the basic cqu_ml:»f\
for the design of web remforcement. Finally, as sbown mn “;
Y 170 a) it clearly and correctly shows that the stresses in the longitu
dinal tensile remforcement m the shear span are larger lhn'u lbu:‘c
predicted from beam theory. Thus it show;-}lul the duyan:. ',M“.d
g the tensile force n the lon.iluduu! reinforcement 1S IL']::"‘
toward the supports compared to that given by beam theory
to pussible bond or anchorage problems.

152 Equilibrium Analyses

Short beams or beams with web remforcement may develop l‘
shear compression fatlure, as shown in Fig 3.3 b) Over Ihhs p::
thice decades a number of authors (21,25,70,168,192 202) have
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tempted to develop analyses for this type of fallure. These usually
mvolve summing moments about a point in the compression zone
above the end of the mclined crack. Generally the effect of the
shearing stresses in the strength of the compression zone (Section
2.1 1s convidered (25,70,168,192). Some analyses attempt 10 allow
for dowel uction (149) and others consider strain compatibility (192 -
153). Taylor has included the effect of loss of dowel action and
mterface shear transfer in an analysis (180).

In slender beams without stirrups, T-beams, and beams with com-
pression reinforcement, the final failure may result from a shearing
action in the compression flange. Placas (153) has presented an
analysis of this mode of failure based on equilibrium of vertical
forces on an inchned plane along an inclined crack. For many
years the Soviet building codes have required a check of equilibnium
of vertical forces and of moments in the design of conctete beams
(20,21,138)

3.5 -

Recently, several authors have presented statistical studies of
the factors affecting the shear failure capacity of reinforced con-
crete beams 1101,199). These studies suggest that the most signifi-
cant variables affecting diagonal tension failures were the same
as for inchned cracking (199). For shear compression failures the
most significant variables appeared to be the concrete strength,
the percentage of longitudinal reinforcement, the spacing, ungle
and ratio of the stirrups, and the a/d ratio. For beams with web
remforcement failing in shear-compression, the failure shear minus
the shear carried by the web reinforcement differed, in general,
from the shear corresponding to inclined cracking (101).

3.6 Approaches 10 Design of Beams for Shear Strength
Refs. 7 and 88 survey the historical development of methods of design-
g beams to resist shearing forces. This section will briefly review the
basic assumptions in three current design procedures. The following sec-

tion, 3.7, will list a number of requirements for a comprehensive design
procedure to handle shear in beams.

.61 Amenican Concrete Institute
In 1962, ACI-ASCE Committee 326, *Shear and Diagonal Ten-
sion,”" presented a procedure for the shear design of remforced
concrete members (7) which was based on four assumptions (126):

1. For a beam without web reinforcement, the shearing force,
V... which causes the first diagonal cracking can be taken as the
shear capacity of the beam. Eq. 3.6 for V_, was derived in Ref.
7.

2. For a beam with web remnfoicement, the concrete can be as-
sumed able to carry a constant amount of shear, V_, regardless
of the stage of loading or the state of cracking. Thus, any web
remforcement needs to be designed to carry only that shea: in
excess of the concrete contribution as given by kg 3.8

Vo=V, &V, ... ...... N R T 1)
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in which V_ = shear carried by web remforcement.

3 The constant shearing force in the concrete, ¥.. can I;e::&::
equal to that causing diagonal cracking, V. Thus Eq. p
comes:

V.: v“ + V.

4 The shear force, V,, resisted by the stirups is o-'a::ubud
assuming the inchined crack has a honizontal projection -

Bl A E A e sy e oM
Va—-(netcos@) .- r-cnrersres

s
Because an equation sinnlar to Eq 329 can also be ‘dc‘nv}e.:slr::‘
the truss analogy the design procedure involving l:qs o.“.‘u‘
3 29 will be referred to as the “modified truss analogy’” pr .

1 the same time, the same four assumpuon} were m
n ?kb:::m design relationships for prcsclrtsscidb i‘(:‘nt-l:li :‘um
different procedures were used to dchng the mdmc ;:s«.“ag '
(5). Although assumptions | and 4 are vmk_ly u;.c:lcm - M,“M
engineering approximations 1o the behavior o ”:Ns“ .
and third assumptions have been strongly quest 4.
J Concrete Committee i ‘
o tufl"‘l::’eli:xv‘;o(‘lill FIP Recommendations (tl)ptescmg o:l':ug';:;oc';
dure somewhat similar to that ol the ACI Code. . ,m e
exception of certain slabs or wide beams, ali wfcm gy
at least & minimum amount :'( we:“r:n:'l;‘::::: -

. :ogmizes three z :
mz:"/\'t:::;;:‘z a part of a structure having M"‘I‘Ob:
pm‘baboluy of flexural or shear cracking. In this dlcuu:: u: o:‘:.ud
necessary to check whether failure can occur due

3 sbc{-::.:n:::l::;:lmnw portions of members developing web-shear
cm;;ks and not having flexural cracks at ulmml‘c. ::e l:;:‘::::
of & beam, web reinforcement must be provided for e
between the principal tensile stiess at ultumate ..mo‘amc s
member and a reduced value of the tensile strengl st
Failure due to crushing of the web must also be pre thh.‘k‘mA
Zone C corresponds to those portions of hcauu um R
shear cracking can occur. The ljumumn shc.u ::e m'm' s
crushing of the web. Web rcml?lcemm is ;.:u .
3 18 and an equation similar to Eq 3.9. Theo‘s ..,..,.....;..u -
by the concrete is a function of the amount -
forcement and the square root of the concrete :;tc?:lmt.m g5
on the amount and distribution of the web rei 'o“-lk.,m'cd o
sion force at a point in the flange of a beam is ¢ e
the moment existing at a distance _llog\ 0.2d (:‘ch. s
section under consideration in the direction i W absolute

value of the moment mcreases.
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For axially loaded and prestressed beams the design procedure
nvolves checking zones B and C. In zone C the shear, V_, carried
by the concrete is increased as a function of the average presiress.

3.6.3 Soviet Building Regulations

The building codes of the Soviet Union use a completely different
design procedure 1o check the shear strength of a member (20,21,
138). Fust, a right cross section is designed for flexure and axial
loads and then an inclined section is checked for shear. The desiga
of the inclined section involves four steps. First, stirmups or bent
bars are chosen considering equilibrium of verucal forces using
Eq. 318, The shear carnied by the concrete s assumed to be a
function of the tensile strength of the concrete and the horizontal
projection of the nclined crack, ¢. The value of ¢ is taken as
that length giving the minimum value of V,_ from Eq. 3.18. The
anticipated width of the inchned cracks is checked for working
loads and the amount of stirrups is increased, if necessary, to limit
the crack width. Once the transverse remforcement has been cho-
sen, it is necessary 10 check whether moment equilibrium can e xist

on the inclined section at ultimate. This is done by summing mo-
ments about the centrond of the compression block over the inclined
crack. The depth of the compression zone is taken equal to that
for flexure. In a few cases this check may lead 0 a revision in
the longiiudinzl reinforcement. Finally, the maximum shear stress

on the web is limited to prevent crushing of the inclined concrete
struts in the web (20,21,138).

3.7 Summary of Shear Design Requirements for Beams
In this section of the basic requirements for the design of remforced
and prestressed concrete are reviewed in the light of the research data
presented carlier in this chapter. This analysis is not intended as a building
code or a recommended practice, but merely as a checklist for the future
formuiation of such documents. The design procedures described in the

previous section are attehpts to avoid most or all of ;he following modes
of failure

3.7.1 Sigmficant Modes of Shear Faiare

In the design of beams of normal proportions the modes of shear

farlure thai must be considered directly or indirectly in eny design
procedure are:

1. Beams without web reinforcement having a/d ratios greater
than 2 to 3 will fail upon or shortly after formation of an inclined
crack. The failure is generally sudden with little warning.

2. The web reinforcement may yield followed by breakdown of
aggicgate interlock and dowel action. In this case, the final failure
is generally due to crushing or shea ing of the compression zone.

1. iIn beams having very thin webs, the webs may crush due
o inchined compressive stresses prior (o yiclding of the stirrups.

4. The anchorages of the stirrups may fal prior o yield of the
stirrups leading 1o a frequently sudden failure.

5. Due 10 inclined cracking, the stresses in the tongitudimal ren-

S S
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) . As a result,
‘ement tend 1o be higher than those due to flexure -
:‘:::::.c faslures or other farlures of the tension chord may cx.:::
6. The shear transfer from the web 10 the flanges of T- :
I-beams may cause severe cracking which may lead to separation
of the web from the flanges. ‘ _
7 Excessive crack widiths may constitute fallure of the beam

for serviceability reasons.

These various failure modes are discussed more fully in the fol-
i . raphs.

:‘::mb:\cp:?a;:?r of Beams Without Web Re@(cnccmcnl 1
Beams without web remforcement h_avmg a/d > 2w g:
fail at or shortly after inclined cracking. For such mem 1‘;:
the nclined cracking load is the cntical desoqn paumelcr‘.h -
present ACH design equations for v overestimate the inc ':
cracking shear for beams having low sleg' percentages. For
this reason, study should be given to adopting desuqucqwuufns
similar 10 Eqs. 3.9 or 3.12 in place of v, = 2 V[ and Eq
' ‘;kcwsc the failure of beams without stirrups |s. sudden with
little warning, web remnforcement should be provided whcrgycr
possible. In the ACI Code this is accomphs-heu by tc.qmmgg
a minimum amount of web lemltwccmcug, in those cases in
which this 15 not feasible, it may be dcx_oub‘e to reduce the
member understrength factor, ¢, in recognition of the undcgp-
ble mode of fallure. This could also be accomphished by lunm::
the shear in an unreinforced web (0 one-hall 1o two-thir

of v_for a remforced wchs A I8
shear Falure Imuiated by Stirrup Yie _

o Sh:’:»t:u:l';"me most cm:umn design case for beams mvo‘vc‘s
failures initiated by stirrup yield. At failure, the sheas ‘,m“
in the beam s resisted by stirrups and by the cqmpnessum
zone, dowel action, and interface shear transfer. The lau:‘;
three components are frequently referred 1o as shear resist
™ oncrete.

bzl":;c“:::':m time the shear resisted by the surrups l’
ultimate, V. is calculated by Eq. 3.29 denved from the truss
analogy. Although this calculation tends to be ;‘oliuﬂva.lll;:
for low amounis of stirrups, the consetv;‘usm reduces as t
stirrup ratwo, p, = A _/b_s, increases. »l-ot design pulpoac:
it appears that Eq. 129 is the best available and this repor

- s continued us?. _
‘d'::::::;: ':.'annul be counted on to resist shear if lbcy' are
not crossed by the inchned crack. For this reason, and hc{c?usc
the ultimate dowelling shear 1s a function o‘f the stirrup swg

i 1s recommended that the stirrup spacing not exceed 7“-
the horizontal projection of the inchined crack, uhoul. 0: !
In addition, stirrups should be continued at least a dnslanc:‘.
d, past the pomnt where they theoretically are no longer requi
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to restrain inchned cracks starting at that point. Generally the
requirement for minimum web reinforcement satisfies this.

Small diameter, closely spaced stirrups are desirable to con-
trol cracking. Welded wire fabric anchored according to the
1971 ACI Code (23) and the Commentary on this code is desira-
bie in this respect.

Lapped U-shaped stirrups may sometimes be desirable and
can be used, provided the laps are equal to a Class C splice
(ACH 3I8-71) designed for the yield strength of the bars.

In the ACI Code the shear “‘carried by the concrete’ is
assumed equal 1o the inclined cracking shear, V., I view
of the controversy surrounding this assumption, a complete
reevaluation of V_is required. In the meantime, it would seem
reasonable to develop simpler expressions for V_, particularly
for prestressed concrete. Eqs. 3.9, 3.12, 3.19, and 3.21 seem
to be particularly good starting points in such a study.

(€) Shear Failure Initated by Web Crushing

(d)

(e)

In very thin webbed reinforced and prestressed concrete
beams, failure may be initisted by crushing of the web prior
to yielding of the stirups. To prevent such a failure, the diagon-
al compression stresses and thus the shearing stresses must
be limited. Thus, the maximum shearing  stress, v, =
V. /éb_d, computed allowing for ducts. etc., in the web,
should not exceed about 0.2 f n beams with vertical stirrups
and 0.25 f' in beams with 45° stirups (41) as discussed in
Section 3.4.1. Normally, such high shearing stresses will lead
to unshghtly diagonal cracks and should not be allowed except,
possibly, close 1o prestressing ducts. The ACH 318-71 linuts
the shear to v, ~ v = BV . For reinforced concrete this
hmitation is more conservative than 0.2 £ [ exceeds 2,500
psi. This may not be true for prestressed conciete or axially
loaded members.

Shear Failure Initiated by Failure of Stirrup Anchorages

In beams with a large amount of web reinforcement, cracks
will cross many stirrups close to their upper anchorage. To
behave as assumed in the design, it is imperative that these
stirups be well anchored. The stitrup anchorage requirements
n the ACI Code are adequate in this respect.

Shear Fatlure Initiated by Failure of Tension Chord

As shown by the truss analogy or other failure models (1 1),
the stress in the longitudinal tensile reinforcement at a given
Pomt in the shear span 15 a function of the moment at a sechion
located about d closer to the nearest section of maximum mo-
ment. The displacement of the actual tensile stress diagram
compared to the diagram given by beam theory is a function
of the web reinforcement ratio and the inchnation of the web
remforcement, being most severe for small ratios of vertical
sturups. The ACI rule requiring that bars be extended d plus
anchorage past the ““theoretical cut-off pomt’’ is adequate for
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beams having a moderate or high amount of web remforcement,
but may not be sufficient for very small values of the web
remforcement ratio, p .

in addition to ihe displacement of the tensile siress diagram,
the choice of cutolf points for tensile bars must consider the
possibility of increased shear cracking n the vicinity of the
cutoff. The 1971 ACI Code adequately treats this problem in
Secuion 12.1.6.

(f) Failure Initiated by Separation of Flanges and Web

A minimum amount of horizontal steel transverse to the
beam axis is required in both tension and compression flanges
1o ensure the shear flow necessary for beam acuon. The rela-
tionships proposed by Robinson (163), Leonhardt (114), Placas
(153), and Johnson (93), warrant further study in this regard.

(g) Serviceability Failure Due to Excess Inclined Crack Width

The widith of inclined cracks in reinforced and prestressed
concrete beams is a function of the stirrup stramn, among othes
things. Swudies presented in Section 3 4.8 suggest that limiting
the maxsmum stirrup stram at working loads o 0.001 or hmiting
(v, - vito8 V]’ should prevent unsightly inclined cracks
at working loads. For stirrups haviag a yield strength of 60,000
psi (4,200 kg/cm’) and for an extreme dead-to-live load ratio
of S, it can be shown that these two rules give similar resulis
at service loads

CHAPTER 4

4. Shear Strength of Special Members
"~ 4.1 latoduction

Chapter 11, Shear and Torsion, of the ACI Building Code (ACI 318-71)
(6) contans separate special provisions for deep beams, brackets and
corbels, beam-column connections, and shear walls. Quite often these
special members have the charactenstic of being relatively short and

- deep, having shear span 10 effective depth ratios, as measured by M/ vd,

ol less than about 2.5. Another common characteristic of many of these
special members is that, in addition to main flexural reinforcement, they
contain orthogonal reinforcement distributed throughout the member.
Consequently, the usual methods of calculating flexural and shear strength
may be conservative. More accurate methods are necessary if the aim
of design is 10 provide shear capacity at least equal to flexural capacity.

Shear design provisions for special members are separated from those
for ordinary beams in the ACI Code for two reasons. First, it is recognized
that the method of load apphcation, nature of loading, type of shear
reinforcement, and reinforcement details have a substantial influence on
the behavior of short, deep members. These factors are discussed
Section 4.2, It is worth noting specifically that the strength provisions
of the ACI Code are largely based on static conditions. These provisions
must be interpreted cautiously when they are extended to other load
conditions, particularly carthquake and blast loadings.
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Secondly, previous research on special members has been largely direct-
cd'l_o\vud development of design recommendations, without regard 1o
Mlclufhn of compatibility. Committee 426 belicves thai considerable
simplification in design can be achieved by rescarch aimed at bridging
the gaps between the des.gn recommendations for these special members.

ansinktuiuu of shear-friction is one common method of looking at
special members when the shear span to effective depth ratio is less
than about one-half. This method is discussed in Section 4.3. The follow-
ing Sections 4.4, through 4.9 present recent rescarch findings and discuss
design recommendations for specific special members.

4 2 Factors Affecting Behavior of Shori, Deep Members

4.2.1 Method of Load Application
Concentrated loads or reactions may be applied to beams on
the extreme compression or tension fibers, or through other structu-
ral members framing into ihe sides of the beam. While the former

MOMENT/SHEAR RATIO M/Vd+a/d
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FIG. 4.1.—Reserve Shear Capacity of Desp Beams (113)

s the case most frequently simulated in the laboratory, the latter
i1s more generally representative of actual structural systems. It
was pointed out in Section 3.4.3(b) that the method of loading
influences the behavior and shear strengin of remnforced and pre-
stressed concrete beams without shear reinforcement. These dif-
ferences are significant in short, deen members (200).

The mam effect of applying loads to a short, deep member without
shear reinforcement, through bearing points on the top and bottom
of the beam, fibers, is to increase the ullimate shear capacity above
the shear causing inclined cracking (50,54) as shown in Fig. 4.1
Th_t angle that the inclined cracking makes with the longitudinal
axis of the member will also increase, particularly at very low
M/ Vd vatios of 1.0 or less. On the other hand, if the apphied
loads are distributed along the sides of a member, the shear strength
and inchined cracking behavior will be about the same as in a similar
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member with an a/d ratio of 2.5 or more (1)
of Loadmg . ‘
e N‘l;:‘:m—columll connections and shear walls are deug::l lotu\:::
and carthquake loadings which may cause reversals of u..k o~
a wind loading, the main requirement Is that a mcmb:l h;“
is design ultimate strength. However, under an w;h‘:n:l h: mn:'.
it is essential that shear capacity be _wuau.wd 7 -
undergoes several cycles of te'::t:d n::::: :‘ ::'am' .mw
When a member s subjec e -
cracks develop across the cn:::: :.M.::.:ﬁ:gﬂ:::,mm.;
where reversals of ve appl ; -
;':;as!‘:russ-inchmdwmclm occurring before yielding of shze.;vx:e:“
forcement does not destroy the integrity of the uumb:rk(m.h_ e
uncertamty exists regarding the 0:“‘:;:1 ::c :::::y“ h:s cmt:“d
a ar strength. Most
:'::T.‘.:;n;:emm of the concrete to the shear capacity of the member
shear Remforcement
i T,:: ‘l"hcs'.:l/ vd ratio of a short, deep @cnbcr dccr:;a.scs“:;.::
about 2.5 to 0, shear reinforcement perpendicular to the rm;!o -
axis becomes less effective than that in an ordinary beau'; ( wn
At the same time, distnibuted leinhuccmgM parallel 10 l" .
dinal axis will increase «he shear capacity. As the a/Mra_ome;‘
proaches zero, this remnforcement may resist shear b).v|l :“C"“
of shear-friction (87,134). Diagonal lcmlocccmm‘ 1s al :::'c e
in resisting shear (104,136) even ‘M‘u "I‘I:;"A(_l Bulding
. pot recognize its value in special me :
dml:;xm:nlumx shear capacity of a member may be :ov‘“:::d b;
the crushing strength of the concrete m the web as “n:lua o
Section 3.4.1. It is generally accepted that the po;m m:m -
shear stress in members zi_th :dlc:::le‘ hs:':ul“r:l: :;;:' g
at least equal to 10V [ a : :
::c‘:ul:nglh ::m can be developed by adding shear remforcement
to a member '
v nt Details
. R;;'.;\lcmdt:\::lcupmcn( of inchined cmc‘tm. tends 1o cause ;.n ;n;l'e::
in the stress in flexural tension reinforcement at the :;M s
crack. The effect is greatest n members without s .
forcement, as the stress in the man remforcement M‘ o
of the inclined crack will be controlled b_y the moment ah :"““"
through the 1op of the crack. h is_ kasa in members wuum S
shear remforcement, since the position of the lcsu’luﬂ compi
thrust will be least affected by the inchned cracking e
In short, deep members, inclined cracking may exie s
length of the shear span. If the shear reoqucemcn!_lsm ko o
elffective, high tensile stresses will develop in the 'o“.‘"' g -+
forcement at sections where the resultant moment “..:d '.o weie)
cient, adequately anchored remnforcen cat must be pcovs“ms o
this tension. This problem will be p'atlwul?lly severe |:; 2 'b.cy =
or spandrels contaming an milection pont, especially
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subjected to reversals of loading. Adequate end anchorage of stur-
rups is also essential.
4.3 Shear Friction
The concepts of interface shear transfer were described in Section
2.2.2. For design the shear friction analogy given by Eq. 22 can be
apphied. It is important to note, however, that shear-friction gives uncon-
servative answers if significant moments exist across the section. Accord-
mg 1o the ACI Code, shear friction should only be applied when the
shear span to cffective depth ratio, a/d or M/ Vd, is less than one-half
or whea the deformations are parallel to the crack. For larger a/d ratios
this procedure tends to overestimate the shear resisted by the concrete.
Many practical design cases for deep beams, corbels, and shear walls
fall within this range, and the applicability of shear friction 1o these
cases is briefly considered in Sections 4.4, 4. 5, and 4.6, respectively.

Design recommendations based on Eq. 2.2 are presented in Section
1105 of the ACI Code and in Refs. 87 and 134. There are also cases
in the connection of precast concrete members in which the concepts
of shear friction are useful. Some of these are described in the PCI
Design Handbook (155). Care must be exercised in the use of this and
other design aids or procedures, however, that potential apphications of
shear friction satisfy the a/d restriction, and the shear friction rein-
forcement is adequately anchored.

There are many practical design problems that arise in the application
of shear friction. Besides the limitation that the moment on the shear
plane must be small, the influence of tension across the shear plane,
biaxial orthogonal shearing, and reversed cyclic loading is not well known.
The application of shear friction becomes quesuionable when the rein-
forcement is diagonal 10 the shear plane or when the reinforcement con-

sists of very large bars In some situations, reinforcement paraliel to
the shear plane may be desirable.
4.4 Deep Beams

4.4.1 Background

In carly technical literature, it was common 1o include all type .,
of short deep members in the general category of deep beams.
However, recognition that the type of loading and other factors
discussed in Section 4.2 have a substantial effect on the strength
of short deep members led to distinctions between decp beams,
brackets and corbels, and shearwalls.

In general, deep beams are regarded as members loaded on their
extreme fibers in compression. Examples of this type of member
are pile caps and transfer girders. Members loaded through floor

slabs or diaphragms are closer 1o the conditions that are idealized
for shearwalls.

4.4.2 Behavior of Deep Beams
Early analysis of remforced concrete deep beams was based on
the classical theory of elasticity, with the beam assumed 1o be
homogencous. Renforcing was placed in regions where tensile
stresses were above the estimated strength of the concrete. Some
of the carliest work in this area was performed by Dischinger,
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and distributed as a design aid by the Portland Cement Association
(154).

Leonhardt and Walther (118) considered two states—the un-
cracked and the cracked. They found that the cracking followed
the tensile stress trajectories; however, after cracking and stress
odistribution, the elastic approach did not adequately describe the
stress distributions of decp beams. Actual stresses exceeded theo-
retical stresses at sections near supports, and theoretical stresses
exceeded actual stresses at sections near the center of the span.

Crack patterns and failures of deep beams have been observed
under many differeat loading conditions—a single concentrated load
(118,198), concentrated loads at the one-third points of the span
(118,189, and uniform loads (47-49,_2,57,118,194). Some of these
tests included beams subjected to dynamically applied loads (48,59,
189).

In these investigations deep beams were observed 1o fail in either
shear or flexure. Although the inchned cracking load was relatively
independent of the a/d ratio, the ultimate strength mcreased as
a/ 4 decreased below about 3 as shown in Fig. 4.1. This was only
true if the loads and reactions were opposite faces of the beam
so that a compression thrust could develop between the load and
the support. Load applied on the tension flange through a shelf
resulted in lower strengths than did loads applied directly to the
compression flangs. Thus the ultimate shear stress, v, in a beam
without web reinfoccement is approximately equal to the inciined
cracking shear stress, v_, for members loaded at the tension flange
and will be greater than v, for directly loaded beams (50,118,199,
200).

Many of the shear failures observed in tests were precipitated
by anchorage and bearing problems, emphasizing the importance
of careful detailing of members carrying large loads. When anchor-
age and bearing problems are avoided, the shear failures generally
occur due to crushing of the concrete in the compressive region
above an inclined crack, termed '‘shear compression,”” or due to
propagation of an inclined crack, through the compressive region,
and also to and along the longitudinal reinforcement, termed *'diag-
onal tension.” Beams with low span-to-def th ratios and small
amounts of vertical web reinforcing exhibit brittle modes of failure.
Dynamic Joading also causes a more brittlc mode of failure than
does static loading.

Tests of small Jeep beams have shown that the number of cracks
in a given region decreases significantly as the specimen size de-
creases, indicating that small specimens may be stiffer than larger
specimens because of fewer cracks. Also, the small specimen is
then a distorted model of the larger specimen.

tn general, as the span-to-depth ratio, [/ d, of a beam decreases,
the angle of inclination of the shear cracks, 8 , becomes greater
than the value of 45° commonly assumed for ordinary rewnforced
cenciete beams. The relationship of this parameter to the span-to-
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FIG. 4.2 —Inclination of Shear Cracks in Deep Beams (50)
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FIG. 4.3 —Derivation of Equations for Web Reinforcer.ent in Deep Beams (50)
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ratio of a beam is shown in Fig. 4.2 (50). In Fig. 4,2,‘ the
::::d”lhnollhclmuwridmwlkvdmmmd
with ordinary beams.
clopment of Design Equations for Deep Beams
e D‘l:et..ben.vhh u‘mlm of less than 5 are classified in the
ACH Code (6) as decp beams if they are loaded on Ihe‘ top face
and supported on the bottom ‘ace. The CEB (42) defines ‘dccp
beams as members with span 10 depth satios of 2 or 2.5 for simple
and continuous beams.
Carried by Concrzte
” s“;::wms m ka ACI Code for shear capacity ol‘decp beams
follow the approach used for ordinary bgans Vflucll assumes
that the total shear capacity of a member is obtained by super-
position of capacity of the concrete plus the capacity of the
web reinforcement. The equations used in design are based
on work by Crist (47,50) and de Paiva (54):
Recogmiion of the reserve shear capacity of a deep beam
without web reinforcement led to development of the expres-
swon

v"d]st\/i'
M

M o
=[35-25-—"~|19V[ +2500p
" [ ( v_.n][

for shear carricd by the concrete. In this el_ptcssion the second
term in brackets gives the uchned cracking sbu:h\:luk l_he
first term represents the increase in the shear ov‘_et causing
cracking. The first term shall not exceed 2.5. Since dead load
sheurs and moments may be significant in a deep beam, Eq.
4.1 is evaluated at 2 section located at 0.15 1 from the face
of the support for noluimly loaded beams and 0.5a but net
more than d from the face of the support for beams subjected
te concentrated loads.

Zsuity (200) has derived Eq. 4.2 for deep beams loaded on
the top face and supported on the bottom face:

2.5
g, = § -

BB IM - e e e s e A T
a

‘ .

For mdirectly loaded decp beams he arching action is less
pronounced, and Zsutty has found good correlation with v,
as given by Eq. 3.9 .
“l:cl E) :ev:ws research on deep beams and corbels includ-
g 358 deep beam tests carried out in the Netherlands. The
researchers concluded that a deep beam without wgb ren-
forcement tends 10 act as a truss composed of the WM
remforcement and two diagonal concrete compression struts.
This truss can fail due to yielding of the longitudinal rem-
forcement of due to a crushing failure of one of the concrete
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struts. It was concluded that the concrete strength will not

govern the strength of a beam without web reinforcement pro-

vided that:
48b_df k. k
V - ’1' »

ab_df (""") “4.3
s ra e B o ot TRy TR G g e e *
5 (n)’ b d "\ d
I +1—
d

in which = the splitting tensile strength and k, and k, =
the bicadth and length of the loading plate.

When the strength was governed by yiclding of the flexural
reinforcement, the failure load of the beams and corbels was
adequately predicted by the calculation of the yield moment
according to conventional beam theory.

(b) Design of Shear Reinforcement

Deep beam test data indicate that horizontal web rein-
forcemeni contributes to shear capacity. To take this into ac-
count, an approach considering the force along a known in-
chined crack was developed (47,50) using the shear-friction anal-

ogy. Considering the forces acting along an inclined crack,
«s shown in Fig. 4.3(a).

0 which F,,, = the normal force on the inclined crack; tan
¢ = the apparent coefficient of friction; and § = the shear
force along the crack. The total transverse shear force acting
at midlength of the crack, assuming S is uniformly distributed
along the crack, is therefore:

The force V _is assumed to represent the transverse resistance
of the web reinforcing along the crack.

The normal forces on the inclined crack are assumed to
be developed by the tension in the web reinforcing, as indicated
n Fig. 4.3(b). The tension is developed in the reinforcing cross-
ing the inclined crack when slip occurs along the crack. When
shp occurs, the crack width is increased slightly because of
the roughness of the crack, thus creating tensile stress in the
reinforcing. Assuming that the stirrups are at the yield stress
at the ulimate load condition:

WSl i il B e Pl
From the geometry of the forces in the stirrups:
For=E(F,), = XF_sin(a, + 0)

Therefore: V. = X F_ sin( R R T e A 48)

which can be shown to lead to:
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Eq. 4.9 reprseats the transverse capacity of a set of paraliel
web reinforcing crossing an inchned crack. .

Considering an aibitrary number of parallel sets of web_nq—
forcing crossing an inclined crack, the transverse capacily is
given by:

[ A
v,sdmozl--—;‘i’! sin’ (o, + o)] .................. “4.10)
=1 .

in which i corresponds to cach set of parallel web rgiulotcinp
designated i = 1,2, ..., Aspecikcmolmt.eugsla
that of an orthogonal set of web reinforcing oriented coincident
with the loagitudinal axis of a beam. Then:

a, = a, = % (vertical web reinforcing) . . . ..o e e e “.l1a)
a, = a, = 0° (horizontal web reinforcing) . . . . . ..o “4.11b)

Substituting into Eq. 4.10, and assuming that all sets of web
re'nforcing have identical f

A
vV, =1 Jm«o[f—'cm’u - m’o] ................ (4.12)
. s

in which A_and s refer to vertical web reinforcing and A
and s, refer 1o horizontal web remnforcing. ‘

A refationstup of 8 as a function of |_/ dhas been determined
experimentally (47) as shown in Fig. 4.4. A lower boundary
of the test data is given by:

Using trigonometric wentities:

Al L\ AL ! I
V, = "JIJmO[’s' ﬁlZ‘ (l + d‘) + ;: -l—z— (ll - ';)] ...... . 4.14)

which is equal to F s, 11-24 in the ACI Code when tan ¢
is sct equal 1o one.

This denvation is based on the shear friction concept which
is not normally apphed to sections subjected 1o a s'gnihcgu.t
moment. Shear friction was applied because there is a signifi-
cant shearing action along the critical inchined crack. On the
other hand, this analysis assumes the sole furction of the wc_b
reinforcement is to create a compression force across the ship
plane so that shear friction can be mobilized. As [ /d ap-
proaches or exceeds 5, however, a sigmficant amount of shear

ST6
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is transmitted dircctly by tension i the stirrups as implied
by the truss analogy. A conventional truss analogy underesti-
mates the effect of horizontal web reinforcement in decp
beams.

Based on the 1962 Committee 326 report (7), the nominal
shear stress, v,, was limited to 8 V[ for I_/d less than 2
varying up t0 10 V'f for I_/d greater than 5. For beams with
{,/d = 2, the European Concrete Committee (CEB Ref. 42)
himits the shear to a value, which when converted to ACH
load factors and material understrength factors, is about:

Voo =007S b _h[ <sOO1S@b_If) .. ............... .15

This limitation was established to prevent diagonal crushing
of the beam web ncar the support. The CEB value is about
half that allowed by the 1971 ACI Code and is lower than
the value given by Eq. 4.3,

0r————p— S

cos l-]-"n- ‘-7‘-]

cos? B

FIG. 4.4.—Crack inclination Versus I, /4 (50)

Frequently the behavior and strength of a deep beam is
strongly affected by the details of the supports and rein-
forcement. This problem is discussed exiensively in Ref 113,
In addition, the European CEB has recently published detailed
reccommendations concerning the design, placement, and de-
tathing of reinforcement, etc., for simply supported and continu-
ous deep beams having span to depth ratios not greater than
2 and 2.5, respectively (42). Of particular interest are reinforc-
ing details for the support regions and locations at which loads
are applied below the 1op of a deep beam.

4.5 Brackets and Corbels

4.5.1 Review of Research
Brackets and corbels are siructural members that project from
the face of another structural member, usually a column as shown
in Fig. 4.5. They are used extensively in precast concrete constiuc-
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' ' . Corbels are nos-
tion, to support other primary structural clements ; :
mally designed for a shear, V, caused by dead and live ka@a.
In addition, a normal component, N, may be caused by restramt
of horizontal deformations due to creep, shrinkage, and lemperature

changes i the supported members. .
L The provisions for design of corbels in Section 11.14 of the ACI

i i h investigation
Building Code are based upon an exiensive researc
carried out by Kriz and Raths (109). They tested a total of 195

i ls
-

(a) VERTICAL LOADS

o
v v
N
!
J4
" A

{b) COMBINED VERTICAL AND HORIZONTAL
LOADS

v v
2l i3

{c) HORIZONTAL STIRRUP REINFORCEMENT

FIG. 45 —Specimens Tested by Kriz and Raths {109)

corbels, of which 124 were subjected to only vertical Iopd. and
71 to combined vertical and horizontal loads. Vanabies ncluded
in thew test program were as follows: size and shpe of corbel,
amount of mam tension remforcement and its dctmlm.t concrete
strength, amount of stirrups, ratic of shear span to effective depth,
and the ratio of the honzontal force to the vertical force.

ANl of Kriiz and Raths' specimens consisted of a length of 8
. by 12 m. column with two corbels arranged syn@clmally. as
shown in Fig. 4.5. With the exception of 10 specimens in an explor-
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atory series, the main tension reinforcement cor <. sted of straght
deformed bars anchored by bars of equal diamet 1 welded across
their ends. Figs. 4.5(a) and 4.5(b) present the different bearing
details used when only vertical loads or combined vertical and
horizontal loads were applied, respectively. Sixteen of the test spec-
imens contaned horizontal stirrup reinforcement, as shown in Fig.
4.50c). It is important (o note that none of the specimens included
nchined reinforcement
Kriz and Rath reported the following primary modes of failure:

1. Flexural tension failures occurred by crushing of the concrete
at the bottom of the sloping face of the corbel after extensive
yielding of the tension remforcement.

2. Flexural compression failures involved crushing of the con-
crete at the base of the corbel before the reinforcement has yielded.

3. Diagonal splitting failures inveolved a sudden sphitting along
a hine from the bearing plate to the base of the corbel followed
by crushing of the portion below this. Fig. 1.3(b) shows such a
farlure.

4. Shearing failures involved a series of short inclined cracks
along this weakened plane [Fig. 1.3(¢)].

5 I the reinforcement was not correctly detailed, the corbel
could fail by shearing off the portion outside the reinforcing bars.
The right-hand corbel in Fig. 1.3(b) shows distiess due to this
type of action.

6. If the corbel was o shallow under the load the diagonal
cracks sometimes intersected the sloping surface of the corbel.

From the analysis of their data and also data from tests on deep
beams ai the University of Hlinois (54,194) and the University of
Texas (62), Kriz and Raths suggested that the design shear capacity
of corbels be computed from the foilowing.

(1LOM0p)1/3 + 04N/ V)

v N
= —=GSVL @t -3
Vel '

mofmv ........ (4.16)
For the special case in which N = 0, Eq. 4.16 reduces to-
v g
E SRSV - 050000 “4.17)

dbd

A parametric plot of Eqs. 4.16 and 4.17 is presented in Fig. 4.6,
which incorporates limits placed on these equations in the analysis.
The figure may be entered on either the v, or p scales, foilowing
parallel 10 the heavy black line to appropriate values of I, a/d,
and N/ V.

It was concluded that closed horizontal stirrups having an area
at least cqual 10 1/2 of A, should be used in all corbels, and
that this stirrup remnforcement should be placed not farther than
2 in. from the outer edge of the corbel, and that the total depth
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FIG. 4 6 —Design Chart for Corbels {109)

v

v
- TENSION RESULTING
l ; .p“'ou SHEAR

e s
24

(o) RAUSCH DESIGN PROCEDURE

P 4
v
TENSION (REINFORCEMENT |
N : COMPRESSION  [CONCRETE)
o

FRANZ AND NIEDENHOFF MODEL
" {STATICALLY DEVERMINATE TRUSS)

B

\

AND BECKER MODEL
" ::‘;:?t‘(kuv INDETERMINATE TRUSS)

FIG. 4.7 —German Models for Design of Corbels and Brackets
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of the corbel under the outer edge of the bearing plate should
bcmlculbuo.e-wnhemddcpmouhecubclumlace
of the column.

The Kriz and Raths tests are restudied in Ref. 43, When failyre
was initiated by yielding of the tension reinforcement, the failure
load could be estimated by consicering the specimen shown in
Fig. 4.5(b) and summing moments about the center of the compres-
sion block at the bottom of the cracks. This led to Eq. 418 10
predict the shear at yielding of the reinforcement

vV, = T, B I e e e (4.18)
: dN a N

e+ — — 4.
v . A

No special shear reinforcement was found necessary provided
the shear force 10 be transmitied was less than the value given
by Eq. 4.3 for values of:

P bl
~ 015 \/--~ ............................. “.19)
d k&

For shorter shear spans there was a reduction in shear strength
unless borizontal stirrups were provided.

The three different truss models shown in Fig. 4.7 have been
proposed in Germany for the design of corbels. Rausch (159,160)
has proposed that all the shear be transferred by 45° reinforcement
and that reinforcement be provided at the top for the tension calcu-
lated from the cantilever design. Franz and Niedenhoff (67) replaced
the corbel with a statically determinate truss as shown in Fig. 4. 7(b).
For some circumstances they require transverse reinforcement to
prevent slipping along the compression strut. This model was also
used in Rel. 43. More recemtly, Mehmel and Becker (135) proposed
the ase of the indeterminate truss shown i Fig. 4.7(¢) for design.
The division of the applied shear between the two systems is a
functidn of the a/d ratio and the depth of the edge of the corbel
10 its depth, d, at the column face.

In 1967, Mchmel and Freitag (136) reported an investigation
comparing the strength of corbels designed by the methods of
Rausch, Franz, and Niendcahoff, and Mehmel and Becker. It is
noteworthy that all of the corbels had a satisfactory ultimate
stiength. Highest ioad capacity was attained with corbels designed
m accord with Rausch's method, contaming heavy diagonal bars
and stirrups. Mehmel's met) od gave designs with the most favorable
ratio of weight of reinfor ment 10 failure load, with corbels de-
signed by the Franz Niedcahoff procedure second.

Somervilie (171,172) has recently proposed a design analysis
based on the Franz and Niedenhoff model shown in Fig. 4.7(b).
The depth of the corbel, d, is based on allowable shear obtained
from an equation similar to Eq. 4.2. The compiession force acts
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on an mchaed strmt whu:huaumdlolmin“etagw
stress of 0.5 [ . Once the depth of the compression strut is known,
the force to be resisted by tension reinforcement is calculated b.y
summing moments about the inizisection ol the strut u‘ ihe face
of ithe column. The stress in the tension (em‘ cement is co.npuwd' .
from the disiribution of strains on the vertical plane Jt the face
of the column. _ i

Feiguson (63 has reported lests of simulated bnd.e_ bgm caps.
Within the range, 0.5 < a/d < 1.2 for f. = 4,500 psi, Ferguson
recommended

dy
320 + 140 — Jpsi
a

In these tests the overhangs, containing teasion bass which were

iﬁ. c.o‘—mammmtm-u“mw

anchored by extending the bars beyond the loading pont, behaved
satisfactonly W .
4.5.2 Development of ACHC sign b quat .

Although a corbel resembles one end of an inverted deep beam,
the ACI Code (6) differcntiates between the two types ol‘ members
and includes special provisions for brackets and corbels in Section
11.14. The main reasons for this distinction are that cott;:ls '::

> ' nellec
nerally trapezowdal wm shape and vertical strrups are
u‘: such members. In addition, the size of a corbel normally makes
it difficult to anchor the remforcement ellecuvdy._ ;

The special provision for brackets and corbels i Secton ll.l:
applics only 1o members having a shear-span-to-depth ratw, GL.
of unity or less. Projecting members are no longer corbels w b:
the a/d ratio is greater thau one, and these members must

§T6
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designed using the shear provisions for ordinary concrete beams
or deep beams. In pracuce, the reinforcement in a member of
this type would be quite different, depending on whether the a/d
ratio was shghily less than or greaier than une.

The ACT Code rquations (11-77 and 11-29) for the capacity of
corbels are aa atterpt 1o simpinfy Eqs. 4.16 and 4 17 while ; ‘taining
the same basic paraniic ..

When ihe a/d ratio is less than 1/, 19e corbel may be designed
wn accordance with the shear-friction provisions in Section 11.15
of the Code. For corbels subjected to vertical load only, both the
horizontal stirrups and main reinforcement are considered effective
as shear friction reinforcement. If the corbel is subjected 1o horizon-
tal and vertical loads, just the main top reinforcement can be count-
ed on as shear reinforcement. Although this phenomenon has not
been adequately explained, it may be related 1o the effect of the
horizontal force on the M/ Vd or effective a/d ratio of the coibel
(see Eq. 4.18). Fig. 4 8 shows that the shear-friction concept safely
predicts the strength of the corbels tested by Kriz and Raths (109).
This plot includes all the Kriz and Raths tests that satisfy the
requirements of Section 11.14 of the ACI Code and have a/d <
0.5. Similar plots are given in Ref, 171,

4.6 Shear Walls

Shear walls are walls designed to resist the effects of lateral forces
acting on buildings. These lateral forces are primarily due to wind or
carthquake. The performance requirements for shear walls under wind
loads are different than that for carthquakes. Walls designed for wind
forces have to meet both strength and stiffness requirements. Walls de-
signed for ecarthquakes must also satisfy requirements of ductility and
encrgy absorption, damping charactenistics and damage control, during
several cycles of inelastic deformation.

The behavior of shear walls is complicated by the influence of boundary
clements and multiple openings. Fig. 4 % a) and 4.9(b) presents some
typical examples. Lateral loads are usually introduced into shear walls
through floor slabs framing into cither one side or both sides of the
wall. As a result, the lateral loads tend to be distributed across the width
of the wall. Transverse walls or columns are often located at the extieme
edges of the walls. They act with the wall, and usually contain most
of the flexural reinforcement resisting the moment due to the lateral
forces.

When a wall comtains large openings, it can be considered 1o be made
up of a system of prers and spandrels. Each individual pier or spandrel
is, in effect, a shear wall element, with a shear span approximately equal
to onc-hall of s height or length, respectively. In addition 1o shear,
piers will also generally have tension or compression caused by gravity
and overturning forces as well as shrinkage, creep, and differential settle-
ment

Some distinctions need (o be made between tall and short walls. Refer-
ence should be made to the Committee 442 report (9) for a discussion
of the behavior and anaiysis of tall walls. It 1s noteworthy that many
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1all walls have rather low M/ Vd ratios of perhaps 3 10 4. In general,
lkmwdaw-lhdmd'lall/v&uﬁudbu
than 2, or for walls with a flanged cross section.

4.6.1 Expenimental Investigations

Ovi"-ly.lkhntdhdmhﬁqmmd-s&cmy
in-tilled frame. It was belicved that its lateral resistance was the
sum of that of the frame plus that of the masonry in-fill acting
independentiy. Tests on one-story shear walls (17), one-story frames
(18), and full scale ihiee story frames (145) changed this “‘sum
of the parts”™ concept. In other words, an interaction between the
parts was recognized, making the behavior of an in-filled frame
closer 1o that of a single structural unit. More secent investigations
on single-story (196) and live-story frames (66) have further n-
creased our knowledge of the mechanisms of falure of brick in-
filled frames. Observations of the performance of this type of struc-
(uie in carthquakes has verified the interaction of wall and frame.

Investigators in Japan (139,147,185,187) have been concerned pri-
marily with the strength of low rise concrete shear walls surrounded
by a reinforced concrete or steel frame and subjected to load rever-
sabs. Japanese shear wall des'gn provisions in the Architectural
Institute of Japan Standurds are described in Ref. 186 and will
be outlined in Section 463

in the United States, the Uniform Building Code (89) specifies
requiements for structures under lateral forces. In the case of
sheuwals.lkpmvumuehudulhemdﬂhﬂd
the Seismology Commitiee of the Structural Engincers Association
of Califoinia. In the UBC, the shear strength of shear walls is
based on experimental results of shear tests on directly loaded
deep beams with and without web reinforcement (54,170).

While the UBC provisions represented an advancement in design,
additional work . including that by Crist (50), Leonhardt and Walther
(118), Cardenas and Magura (36), and Cardenas, et al. (35) has
led 10 separate provisions for deep beams and shear walls ' Chapter
11 of ACY 318-71 (6). These provisions recognize that there are
important differences between deep beams and shear walls. Furst,
deep beams are usually loaded thriough extreme fibers in compres-
ston Under these conditions, shear carried by the concrete m a
membes without web reinforcement is greater than the shear causing
diagonal tension cracking. Shear walls, however, are more hike deep
members indirectly loaded through lateral stubs or diaphragms [Fig.
4%a)]. This type of member, of it does not contain web rein-
forcement, may fail at a shear equal to or only shghly greater
than the shear causing diagonal cracking (200). Secondly, deep
beams are not usually subjecied to axial loads, whereas the consid
eration of axial compression or teasion is important in shear walls.

Research on spandrel beams, connecting elements of shear walls
with openings. hus been carried out by Paulay (151,154). Based
on his work, Paulay suggests that the total shear force in the span-
drel beam in a wall subjected to load reversals should be taken
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| beam contam-
| -ement. Paulay also tested a spandre
?;ﬁ:r:u reinforcement, and reports good strength and
ductlity for this case.

4.6.2 Flexural Strength

Rescarch findings sticss the importance o‘ tc:‘opmn.ug ::
ural behavior and strengh of walls. In the sz .;Mu
ings, it s essential that the my‘uyl:.la v-’w mamtaned
, - nto inclastic 2
s sl or -l frames bchav bl e s
cal cantilever beams subjected 1o combined uo.nl :::q el
and thewr flexural strength can be closely mae: o
e wons apphcable to remforced con;nle bnu{oh-‘ S
im.m.::ll'u also behave hke vertical cantilever beams unt ..;,,
"To: nchined cracking. Thew behavior sub‘cqutuﬂ‘yv “d:p:k ,“
:l:: amount and arvangement of mgu IC::)':::::“ . :.::
- at, tests (35,151) mdicate 1 spands
::::‘:::;‘::‘ l:;sl ‘:0% of the flexural ‘slumh dczc;:md using &
sumptions for ordinary beams given in the ACI 'k, At
Perforated shear walls may be controlled by l_bc x S
of the spandic) beams or the sccondary stresses m spau:'c e
he mings. As n the case of beams, !h_c_plescuc:k“ ey
.nay“r:mc the wall section 10 be more critical for
than flexural strength.

: - floor slaby
. 5"l‘::. general, lateral forces are apphicd to walls through

' Consequently
which distribute the shear along the side of the ‘u:'u e on
heir shear capacity cannot be enpecnd_ to bcnf ciprey
|:( .funccmmled loads on the extreme fibers, as is ¢ o
:lcc; beams. On the other hand, lhe.llom th::kn:.ynp‘:‘ e
as an external stirrup, and thereby increase

. e omn
w.:'.hc special provisions for design of walls " the A(.'l L“t:::
er inclined cracking to occur at the scc:u:l M, > IWM-
when a critical condition is reached at ent pouu. drdiatcdma
Fig 4.10. At point A, web shear crackng coa‘ ooz S0
unh:: the prmcipal tensile stress in the uacrule_: w':m”*"‘ ’
w wals 4V [ At pont B, a flexure shear “uv’;? e
:'ilialc wlm; the flexural tensile stress equals :K“, “ s
sidered to be fully formed and tlhﬂdou cr{m“ !
under mvestigation when an additional shear et yre g
is apphed. Here, h = the thickness of th s
the distance from the extreme cw’““mioas ey
of the tension remforcement. Thesc. umwcu"
opment of Egs. ll-llandll-llmlye ' e
The design provisions require a m. uowﬂ” e grinior
forcement  Consequently the design m ;::N::‘ prsed 4
at least equal to that causing cracking p e ucu:"""'.“
the mintmum shear remforcement dﬂcunz G e, @
“truss analogy.”” By providing additonai

ST

‘-‘ '-“-

‘; a v.' zv‘d

?

- . bd 1§ v+ 0,5['(p. = 0.002)}

REINFORCED CONCRETE MEMBERS

ultimate shear of 10 hd V|| may be allowed on the wall

A detailed development of the ACH Code design provisions for
shear walls has been presented elsewhere (35) This reference -
cludes a comparison of the design provision with available test
results, showing that the provisions lead 1o a conservative prediction
of shear strength for static loading conditions.

Fratessa and Zsutty (68) have studied the problems associated
with design of skear walls for seismic loading conditions. Primarily
because of cychic loading under inelastic conditions, they have rec-
ommended a different approach 1o shear wall design than that con-
tained in the ACI Code. In their report on shear walls to the Struc-
tural Engineers Association of the Northern Calformia Seismology
Subcommitice, they stress the need for consideration of energy
absorption and damping, as well as strength, in the design of walls,
They recommend that the shear stress carried by the concrete be
limited 10 2 V[ and that the ultimate shear stress be himited 10
8 V[ When shear reinforcement perpendicular to the flexural rein-
forcement is required, an equai amount of reinforcement shall be
provided normal to the shear reinforcement In any case, a mimimum
of 0.25% reinforcement shall be provided in each direction. Similar
tequiements have been incorporated in the 1971 revision to the
SEAOC requivs sonts (167).

Sthear walls designed by the Architectural Institute of Japan Stan-
dards (I186) generally consist of a boundary frame with a panel
wall which is frequently cast in place after the frame members
are buwilt. The wall is designed for a ductile failure in shear as
an in-filled wall with Jeformation of the panel resisted by panel
remforcement and the boundary frame. The boundary frame is

designed for a ductile flexural failure. The cracking shear for such
a wall is given as:

1167

................................. 4.21)
n which v. = 108 psi + 0015 £ for 3000 psi = £ = 5,000 psi.
The ulumate horizontal shear capacity of such a wall is given by:

m which V_ = shear ¢

wall = p f bl_and V.
ry frame

apacity of the remforcement in the cracked
= shear capacity of 4 column in the bounda-

.......... . 4.2))

nwhich b, d. f,, 200, 1., 10 e dimensions and shear ¢ -
forcement of 1he boundary column.

For duculity, V, must be less than V, and the irst shear cracks
Must occur in the wall panel and not the boundary frame. To ensure
that the lawter occurs, the Al) Standards specify limitations on
the dimensions such that the maximum norminal shear stress in
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the wall pancl cxceeds twice the nxmm-dskum‘:::
in the columns or beams. Sacelcﬂsoluchw-ls{h_tn -
that most such walls fail due losheucmlsthuuweu”
wdmldeundwmmwy lr*u -
the ends of its columns or beams, extra shear reinforceme
re@udhmm;dﬁcwybm.

4.6 4 Recommended Research .
Considerable research is needed 1o ncrease our knowledge of

the behavior of shear walls and shear wall structures. Investigations
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of low-rise walls, wall pancls, piers, and spandrels should pwv:
improved design procedures that can include encigy nbgu'ptm o
damping Strength degradation and the okcrgase n suf ues;.“‘ -
1o reversals of loading and inclastic kfunu.m need to be ¢ 4
ered. In seismic design, a practical analysis procedure musi

ich ce iate horizomtal force factors
developed which can relate the appropriate o .
10 the amount of inclastic deformation that takes place ia a given

structurai system.
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Experimental work evaluating minimum detailing requirements
for strrup anchorage and construction joint performance is needed.
The clfect of diagonal reinforcement should be studied. Effects
of axial loads on piers need special study . Consideration of bounda-
1y members is needed.

4.7 Beams with Openings

Some of the various sizes and shapes of openings that might be placed
0 a typical T-shaped concrete beam are shown in Fig. 4.11. These open-
ings may be located in regions of positive or negative moment, which
will determine whether the struts above and below the openings are in
lension or compression. When two openings are placed close to each
other, the element between the openings is referred to as a post.

A free-body-diagram of a part of a beam that includes a section through
an opening of depth H is shown in Fig. 4.12(a). It is evident that the
opening does not greatly affect the resultant compressive force, C, and
tensile force, T. However, the external shear, V. + V., must be carried
by a substannally reduced section, indicating that the shear capacity
of the struts wiil be a controlling factor in design.

Sumilarly, when two openings are placed close together, as illustrated
by the free-body-diagram in Fig. 4.12(b), it is evident that a shear, V,
acts on the post between the openings. This shear is equal to the difference
between cither the resultant compressive or tensile forces acting on the
struts of the adjacent holes.

In most cases, the struts are short deep members with low a/d ratios.
4.7.1 Theoretical Approaches

The forces acting on the struts of an opening are indeterminate
to the thud degree. A direct soiution for these forces is diffacule,
and the reliability of the results is uncertain because of the need
to account for flexural, shear, and axial deformations before and
after cracking of the concrete.

Lorentsen (123) reduced the analysis 1o a single degiee of indeter-
minancy by using the model shown in Fig. 4.13. He considered
that the tension strut was divided into short sections by flexural
cracks, and was therefore not able 10 transmit shear. To verify
the model, tests weie carried out on four T-shaped beams having
a compression flange width of 39.4 in. (1 m) and an overall depth
of 23.6 . (60 cm). The thickness of the compression flange was
3.9 in. (10 cm) and the thickness of the stem was 11.8 in. (s
cm). Lither one or two concentrated loads were apphed, at the
third powns of the 19.7-ft (6.5-m) simply supported span. Each
beam contaned a rectangular hole having a length of 71 in. (180
cm) and a depth of 12.4 in. (31.5 cm) located at midspan.

The behavior of Lorentsen's test beams was in good agreement
with his predictions, although he did observe that the teasion strut
carried substantial shear. He concluded that holes in beams should
be kept away from inflection points if at all possible, and that
additional stirrups should be placed near the sides of holes.

Nasser, et al. (140) presented assumptions that simplified the
analysis of beams with holes, as follows:
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1. The top and bottom struts behave similarty to the chords of
a Vierendeel panel.

2. The struts, when they are not subject to transverse loads,
have contrafle xure poings at their midiength.

3. The struts, whoa they have adequate stirrups, carry the exier-
nal shear 12 proportion to their cross-sectional arcas.

4. There 1s a diagonai force concentrajon at the corner induced
by the chord shear, and its value is twice n.e simple shear force.

A sciies of 9. (22.9 cm) wide by 18 in. (45.5 cm) deep beams,
designed in accordance with these assumptions, were made and
tested by Nasser, et al The beams were pierced by rectangular
holes, usually 8 in (20.3 cm) deep and 30 in. (76 cm) long. They
were simply supporied on a span of 12 ft. (3.65 m) and were subject-
ed 1o a one- or two-point concentrated loading. Although the majori-
ty of thew specimens failed in Dexure, it was concluded that the
proposed assumptions were valid for rectangular beams.

4.7.2 Tests on Joists

An extensive investigation of the effect of openings in the webs
of continuous joists has been carried out at the laboratories of
the Portland Cement Association (75,76). The investigation included
both unreinforced opemings and opeaings with reinforcement added
to the siruts and along the sudes of the openings.

The test specimens had cross-sectional dimensions of a standard
16-1n. (40.5-cm) deep joists with a 3-in. (7.6 cm) thick flange. They
were bkt with a special stub simulating 3 continuous support.
The loading approxmmaied the shear and moment that would occur
between inflection powm . of a continuous joist framing into a
supporting beam

The test results indicaied that a specimen with an sareinforced
opening close to the stub had a substantially gre=éc. strength than
a specimen with an opening more than twicr e dey b of the web
from the stub. Moving a square opeming n an unrcinforced web
from maddepth toward the tension fiber. dia not significantly affeci
the strength of the specimen: however, cracking at the hole did
occur at a lower load. Size of opening did affect strength, but
an unreinforced web contamning a square opening of one-quarter
the web depth, or a circular opening of three-eighths the web depth,
did not reduce the strength of the specimen.

Tests were abo carried out on specimens with stirrup rein-
forcement along the vertical sides of the opening. It was evident
from the sesults that very large openings can be accommodated
m the webs of joists without reducing thes strength, provided that
strup reinforcement with a yield capacity nearly equal 1o the shear
at the hole 15 pravided at s vertical edges. It was also evident
that closely spaced multiple holes can be placed in a joist as long
as cach hole has side iemforcement. Specimens with multiple circu-
lar and oval holes failed in the struts when the width of the post
was equal 1o or greater than thiee-cighths the depth of the web.
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The addition of stirrups in the tensile strut was beneficial; however,
the addition of longitudinal bars adjacent to the tension side of
the hole decreased the strength,

Strain measurements confirmed that a point of axial compression
occursed near the midiength of the compressive strut at the opening.
The magnitude of the axial compression force could be calculated
from the external bending moment. Until cracking, the distribution
of shear between the regions above and be'ow the opening was
approximately in proportion to the cross-sectional area of the struts.
After cracking, the compressive strut tended to carry all of the
shear.

A conservative prediction of the strength of the specimens with
square opemings in unrcinforced webs was obtained by calculating
the load causing tensile cracking at the corner of the opening. A
goud prediction of the strength of the specimens with reinforced
square openings that failed i the compressive strut was obtained
by calculauing the load causing either a diagonal tension failure
or a crushing failure due to combined compression and shear (75).
Tests on Prestressed Beams

A senies of 20-in. (50.5-cm) deep, simply supported prestressed
concrete T-beams with web openings was tested at the University
of Alberta (157). They were subjected to a symmetrical 2 point
loading applied on a span of 20 ft (6.1 m). Failure of the beams
with holes cceurred after development of inclined cracking in the
tensile struts and the formation of Vierendeel type mechanisms.

In addition to the laboratory tests at the University of Alberta,
a special ficld tesi was carried out on a full-sized 120-ft (36.5 m}
long prestressed beam (157). The beam failed under a loading which
produced a moment at the center line of the beam equivalent to
a 1.5 dead load plus 1.8 five load condition. The failure was believed
to have occurred due to shear compression in the flange at the
high moment side of the opening closest ‘o the simply supported
end of the beam.

More recent tests (165) at the University of Alberta were conduci-
ed 1o determine the effect of both vertical and longitudinal rein-
forcement in T-beams with multiple 8-in by 16-in. (20.3-cm by
41.6-cm) rectangular openings separated by 8-in. (20.3-cm) wide
posts. The 20-in. (50.5-cm) deep, 24-f1 (7.3 m) long specimens were
tested with a 20-ft (6.1-m) span length. It was found that increasing
the vertical reimforcement in the posts increased the shear capacity
of the specimens. However, increasing the amouni of longitudinal
remforcement in the struts above and below the openings had little
eifect on the shear capacity. It was also found that placing inclined
shear reinforcement in the lower struts had the effect of increasing
Capacity and localizing the failure in the posts.

Tesis ca Wall Beams with Doorway Sized Openings

Tests of two reinforced concrete beams with very large web
openngs have also been carried out at the laboratories of the Port-
land Cement Association (37). These test beams were half scale

e —— e - -
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models of prototype wall beams having a total depth of 8 ft. (2.45
m) and web thickness of 6 in. Openings equivalent 10 a central
corridor and a doorway were provided in these beams.

It was concluded that the design of these test specimens could
be carried out in ac wdance with the provisions of the 1963 ACI
Building Code. The assumptions that all of the shear al an opening
is carried by the linte! and that zero bending moment exists at
hntel midspan resulicd in conservative predictions of load capacity.
It was observed, however, that initial diagonal cracking n the sold
web portions of the test beams occurred at about 50% of the load
expecled using provisions in the 1963 ACI Building Code. This
carly diagonal cracking did not result in a reduction of shear
strength; however, additional stirrup reinforcement was required
10 control cracking.

4.8 Beam Column Junctions

V. olA, ,+ AN, -V, o - crmncscnsrer s

A connection must be as strong or stronges than the members frammng
into it. While the proper proportioning of joints is essential for adequate
ductility under seismic loading, shear reinforcement m the joint may
also be necessary for wind, dead, and live load conditions.

There are three major considerations for the design of beam-column
junctions (92): (1) Provision of shear reinforcement sufficient to resist
any internal shear in excess of that carried by the concrete; (2) provision
of hoop reinforcement 1o ensure transmission of the column load through
the jownt under ultimate load conditions, and (3) adequate anchorage for
the flexural reinforcement in the beams framing into the joint.

This discussion is concerned only with determination of the necessary
amount of shear reinforcement. However, stirrups used as shear rem-
forcement are also cffective for confinement of the column reinforcement.

N. Hanson and others (45.80,81,188) have reported tests on beam-
column joints subjected to a senies of reversed static loads to simulate
seismic load conditions. Varables included the size and reinforcement
of the column, amount of stirrup reinforcement through the joint, grade
of reinforcement, and the number of beams framing into the joint. Each

test included at least nine cycles of load applied at the ends of the
beams, with five or more of the cycles requiring exiensive wnclastic behav-
ior.

The forces acting on a beam-column junction are shown in Fig. 4.
If an ultimate design condition is being investigated, the net shear on
the jomt 1s.

B 2]

Based on the sequirements of the ACI Code (6) (ACI 318-71) the maximum
shear contribution of the concrete is computed according 10 the provisioss
of Section 11.4.3.

Whea V_/éb_d exceeds that which can be carried by the concrete,
the required amount of stirrup remforcement perpendicular to the axs
of the column is computed from Eq. 11-13 of the ACI Code.

N. Hanson, ¢t al. (87) found that when an area of reinforcement equal
10 80% of that required by the ACI Code was used, the joint had adequate

a4

————

§T6

REINFORCED CONCRETE MEMBERS 173

uuaqh and ductility for reveised loading conditions. For a joint without
any stirrup rc_mlotm. the effective collapse load was 60% higher
gbon that implicd by code provisions. The difference between the strengths
w by the code and the measured stiengths decreased as the column
b.“ increased. When the join' was restrained on two sides by beam
wu'h.‘depolu cqual.lo‘ the depth of the loaded beams, the strength an:
ductility clwacmmxf !ot “ joint without stirrup reinforcement were
better u-_an those of & joint without restraining beams but with ade
:?.:e t;::c.xcc-eu.. It was also found that there was little dme::c':
s vior of junctions made with Grade 40 or Grade 60 rein-
The beam deflections in the tests re i

1o a ductility ratio of about 5. In similar PO:::" :v::\vluu"b:mem
ranos (l6l) the shear contribution of the concrete a"eacd.: dm:mc:
Mt g:ycl-c loading and eventually all the stirrup ties across such a
joint yielded even when the shear reinforcement was in excess of that

- § coumn

FG. 4.14 —Forces Acting on Beam-Col )

::'uc;led n lbc_ lqem’ - In these tests a diagonal compression **strut”
- l::.e“ ;:tml'hew:m. .‘l‘be failure load was enhanced if the outer end
wel I
oshoam anchored by ties and supplementary cross-ties
The Soviet design procedure (191) f j
or such joints conside '
;!‘ld:,lus “'r,:" to be 40% of the diagonal of the joint and “':u::“'m
atlure will occur when the aver p ] ] |
'“\;:e: am% = oo “'cma:c compression stress in this strut
tle it is clear from these results that stirry i
i, : ‘ p renforcement is neces-
c":va:‘hs:me Jomts 1o provide adequate shear strength and ductility
o tion o( these results to different joint details should be nnk'
nmh(;a:nm. tm cfmehuou between these results and shear-transfer
S ':mkl‘ posscbk Shear transfer concepts imply that the distribu-
emces d:po::nov‘c ::o:(o;:.cmr;l is important. Remnforcement distributed
column for bends 0] i -

- 7 ng would be partiauy eff.

OF transferring shearing forces across the shear plane. n; ‘syu::l :: ll.;:
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inch rack could effectively
’ ‘hored on the far side of !I\e mclmed crack ¢ s
:::l‘:h:: :::‘ shear strength by providing an additional aormal compres
stress on the shear plane.
(o("‘::o:m may fail in shear during cutmat:s‘dmu: l:.l:eklzdut':l l:::
1
— hrl - :‘:':T:;a:):::)?:;z,s:rmlue This type ol'la.nlm: :;:u:
'c:‘a‘:u::.:: l::a:olumns and few, if any, spiral cov-mas bave fa
]
_— f failure appear possible. In colemns subjected loaw'um::;
oot ?o cause flexural cracking at the cnds_. shear fa u:;cs s
- C'W“lhmb‘ those in axially loaded beams [Fig. I.S(.a)l.F O(M
- “; ;c:lcwc the ACI Cede Section 11.4.3 seems mkqual:‘. V(:; o
e m "I ns subjected to high axial lvads with small M/ SN
}locky i m:: hesized that shear failures may eccur prior -w;h -
’ h“, heﬂ'F yp‘:‘sunl. Such failures would occur due 1o uuh :‘: i
u“lm"| .'.I ;m axial stress less than the concrete strengl o
- CON»" C‘C' .lhc shearing stress on the comprussion stress at a:‘h .
- C"C'ﬂ_ £ 2.1). Yamada and Furui (195) have allcmglcd 10 e:m‘.'
.- Sct'w;‘ln;lu;e using the Mohr ruplure theory and dultglams s -
:'NF":P"'-; Such diagrams show a reduction “u'n l::: h:h:: .s:t::‘g'l““‘
. . : i s. 15 v
mcmb“? _l"“k' e‘":“:nca:lyw:’:.:u:l:cxushing laiiute.s " unt"l:,tl:t!l:
il H:'dﬂ:tﬂ uqscnl there is insufficient information ava;l;c A(j|
i ,.ecompmendalums concerning this type of halmt. e
'("'3:;: ‘lkc:s.‘"lllb and 11-7 are believed to be safe for such falure
« o
“A_ values less than 0.80, b.ov'evu. e
N;l/ell;uv'::ly few shear tests o‘l ;em:o:'c:::so::::::dcmn‘m.:sl:e m:olw‘
P N sts of kne a
. |:'lc’:'c‘:'seiiy1: ::I::s:)cs (12,137) are compared 10 lhch A:: c(;:i:.
- ..hc sm'm Ref. 7. Section 1 4.5 of this report deals w:c :w'“ "
;?u:::‘::‘ loads on the shear strength of beams and can
- N NON-SCISMIC arcas. |
mc\:::?l: ‘:;:‘:::'::: I.;'S) investigated the influence q( sl;a: .::ac:;::: A
axial load level, and web remforcement on the l’:clumots sty 2
The ductility decreased significantly as the axial load \va‘wcd m bt
ither the shear span ratio or web tgiulmcemenl wm 'ouu;"d porwr
:vuh short sk=zr spans a few inclined cm;k's for e ‘;e“““ o
by an explosive shear failure along a diagonal pla e Wity 4
A’, mentioned previously, the :_uchou anal-y‘ud !“g O
Mohr rupture criterion with consﬂcnbk suucssh.‘k B s phin
aced at d or d/2 had very Ettle ductiity w e
"CS‘:/P‘ had considerable ductility. The shc_aun‘ sltcn.A“ Ay
." | with ties can be safely predicied using the l9:ll e
c.°|:‘:'::vicw of Japanese column tests Huosawa a:‘d '(‘:'ol: ; e
that the effect of axal louls'could be afco?n:c g o
0.1(N/A )] as the shear carried by the concre e d poafpp
hat 50% .lo 75% as much web remforcement as 1 qnd e r
:cun in the brackets in Eq. 4.23 would ensure a duc

PSR PE PR ——
——— ———— - —
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or more while 100% 10 150% as much w
of 3 or more. The ACI Code requirements
1o the values given for a ductilsty ratio of 2.

The 1971 SEAOC Seismic Recommendations (204) require that the
ultimate shear resistance be based on the core arca of the column. The
shear carnied by the concrete is takén frorm e ACI Code except that
v 15 taken as zero when N_/A, is less than 0.12f' because of the

crossing inclined cracks that occur when such member is subjected to
reversed loadings.

As mentioned in Section 341, a series of tests
beams with a circular cross section
columns (60). The results
fos rectangular sections ¢
diameter is used in the
for the product, bd.

4.10 Recommended Research

During the past § yr the understanding of the behavior of
m shear has improved to the extent that a faurl
of beam behavior can be presented. This i
types of members described in rhis chapter.
a concentrated effort is needed 10 develop
of decp beams, corbels,
designer in considering
for the future unificat

175
ould ensure a ductility ratio

approxmmately correspond

were performed on
and reinforcement similar 1o spiral
suggest that the usual ACH design equations
ould be applied to circular sections if the external
place of the effective depth and the gross arca

beams faihing
y reahistic description
not yet true for the special
During the next few years
realistic behavioral modeis
shear walls, etc. These will be of value 10 the
unusual design problems and will form a basis
wn and simplificat:on of design rules.
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Arrenonx il.—Norvanon

The foliowing symbols are used in this pager:

A, = area of longitudinal tension reinforcement;

area of prestressing reinforcement,

A_ = arca of shear remforcement within distance s, or area of
shear reinforcement perpendicular 1o main tension rein-
forcement within distance s for deep beams;

A, = arca o shear reinforcement parallel to main tension remn-
forcement within distance s, ;
a = sheas span, distance between concentrated load and face of

support;
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right cable coordinate;

reciprocal eigenvalue,

slope, !
corrective forces at right vable position;
positive correction value;

phase angle associated with €y

phase angle associated with generalized forcing function;

phase angle associated with ¢4

phase angle associated with initial displacement of &yi

convergence termination value;
elgenvialue

rotated cable coordinate, damping coefficlent = to real part of a;

rotated cable coordinale,
complex normal coordinate;
duminy variable of integration;
Hanear transformation;
elgenvector,

lower halt of &;

circular frequency;

column vector;

= TOow malrix;

matrix;

aull matrix,

« time devivatived /di;

second derivative with respect to timed*/de*; and
complex conjugate.
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EXPERIMENTAL STUDIES OF MEMBRANE SHEAR TRANSFER®

By Richard N. White,! M. ASCE and Myle J. Holley, Jr.,* F, ASCE

INTRODUCTION

The problem in membray . ar transfer in seismically loaded reinfcrced
concrete nuclear containment vessels prompted the experimental study re-
ported herein on the effectiveness of shear transfer across cracks in concrete
by a surface roughness interlock mechanism. Alt the st was ¢
within rather severe time and budget constraints, sufficient data was obtained
to formulate prelimina uidelines for containment structures. It is
emphasized that the goal of the study was to shed light on one aspect of con-
crete strength that is relevant to one mode by which membrane shear may be
transferred in a cracked reinforced concrete structure. The experimental re-
sults are most applicable to the contzinment design problem, but they also
provide an improved understanding of a phenomenon that is of general interest
to structural engineers. A long term research program is underway to further
clarify this important problem.

The typical containment vessel for a nuclear power reactor is comprised,
in part, of one or more concentric, axisymmetric shells, as shown in Ref, 4,
The membrane stress state is conveniently described in terms of circum-
ferential tension 7y, meridianal tension Ty, and shear S, as shown In Fig. 1,
If the vessel is of reinforced concrete (L.e., not prestressed) it must be 2s-
sumed that cracks will occur, and the reinforcing bars (pattern and guantities)
must be proportioned to provide internal equilibrium across any such cracks.,
Because the crack may have occurred under an earlier loading condition, it

Note. —Discussion open until Janeary 1, 1973, To extend the closing date one month,
awritten request must Le filed with the Executive Director, ASCE. This paper Is part of
the copyrighted Journal of the Structural Division, Proceedings of the American Soclety

of Civil Engineers, Vol, 98, No. ST8, August, 1972, Manuscript was submitted for revicw
for ruulblo publication on December 6, 1971,

Presented at the April 19-23, 1971, ASCE Annual Meeting on Structural Engineering,
held ut Baltimore, Md, (Preprint 1395),

‘Assoc, Prof, of Structural Engrg., Cornell Univ,, Ithaca, N,Y,
*Prol. of Civ. Engrg., MIT, Cambridge, Mass,
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cannot be assumed that cracks necessarily define planes of principal tension.
Thus, considey that cracks may be of any orientation and, accordingly, internal
equilibrium both normal 1o and along the crack must be satisfied.

Shear resistance along a crack (i.e., resistanceto slip) can be developed by
components of the axial forces inbars whichare inclined to the crack, by shear
in bars crossing the crack (i.e., dowel action), and by surface roughness inter-
lock. While dowel action probably provides a major contribution to the total
resistance, the basis for accounting for such action in design has not yet been
established. To provide such a basis will require many tests of large scale
specimens with many bar arrangements, and subjected to a variety of biaxial
load combinations. However, it has been possible to demonstrate that the
surface roughness irterlock mode can provide very large shear resistance
along a crack, and that, at the very modest shear stress levels relevant to
containment vessel design, the associated slip magnitudes are acceptably

=—Shell axls

FIG. 1.~ SHELL MEMBHRANE STRESSES

small. Accordingly, dowel action can be disrcegarded, and shear resistance
can be pcovided by surface roughness interlock and by components of bar axial
forces when such bars are inclined to .ae crack plane.

Part 1 of this paper describes a program of tests which were conducted to
establish conservative design stress levels for shear along a crack in a con-
tainment vessel. These tests differed from earlier investigations in that the
possibility of aninitial crack width was specifically accounted for, dowel action
was excluded, and shear along the crack was cycled through many complete
reversals. The latter provision reflects the fact that membrane shear stress in
a comtainment vessel results from earthquake accelerations.

Part 1 contains recommendations for proportioning bars to resist mem-
brane stresses in containment vessles. Both the two-directional arrangement
and multidirectional arrangements are censidered. In the former, rellance on
surface roughness interlock 1s inescapable In the latter (three-directional
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and four-direction ' arrangements), it 18 noi essential to take advantage of

surface roughness .aterlock, but it is sound practice and may be economically
desirable to do so. 4 r

PART I-TEST PROGRAM

Summary of Test Progvam.~The present study was confined to a single
mode of shear transfer—that of surface roughness interlock, neglecting dowel

ol g

¥ 5
o
| L] ° n
24° Resiroint beams
bolted to concrete
.-1’_ .
| Restraint
. rods bolted
to restraint
beams

§

- — — -dL . ——

FIG. 2.~ TEST SPECIMEN CONFIGURATION

forces and the other modes described previously. While some aspects of this
phenomenon had been studied earlier (Refs, 2,3,6), the latter work was done
on small specimens [3-1/2 in.by 3-1/2in. (8.9 cm by 8.9 cm) in cross section
by Fenwick, and on 7-in. (17.8 cm)and 8-in. (22.9 cm) thick concrete slabs by
Nowlen, Colley and Humphrey). It was believed that extrapoiation of results
o:‘ small l;l;clm;enl to concrete dimensions on the order of several feet was
not warra in light of meager understanding of the surface roughnes -
lock maode of shear transfer. - " -
Sixteen large precracked concrete blocks were 8o loaded as to transmit
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shear across the crack strictly by surface roughness interlock. Each block was
subjected 1o reversing shear stresses in the range of 120 psi to 160 psi (84
N/cm® to 110 N/em®) for a number of cycles (55 maximum) and subsequently
to @ much bigher [300 psi (207 N/cm?®) minimum | terminal shear stress, The
primary response characteristics measured were: slip along the crack, change
in crack width during loading, and magnitude of tensile clamping force in the
external bars which held the precracked block together. The complete program
is reported in Ref. 7,

The 1.5-ft by 2.0-ft by 3.0-ft (0.457-m by 0.6i-m by 0.915-m) specimens
(Fig. 2) were cracked to form two unconnected blocks, and then separated to
a preset crack width. Further separation of the two halves of the specimen
was restricted by four external rods fastened to the blocks. The amount of
shear carried by the external rods was a fraction of 1 %, thereby ensuring that
the shear was transmilted across the crack solely by the mechanical interlock
of the cracked surfaces.

A total of 16 specimens, identical in size and overall geometrical configura-
tion, was tested. The cross-sectional area effective in resisting shear was
2680 in.* (1,810 cw*) for specimens 1 through 6 and 240 in.? (1,550 cm?) for
specimens v through 16. Nominal strength of the concrete was 3,000 psi (2,970
N/cm®). The primary variables employed in the study were; (1) Size and
gradation of aggregate; (2) size of clamping rods; (3) magnitude of applied

cyclic shear stress; (4) numbers of cycles of shear load; and (5) width of
preset crack. The quantities measured were: (1) Slip of one block relative to

the other; (2) change of crack width; and (3) magnitude of tensile force de-
veloped in the four clamping rods. A complete summary of specimen data and
test results is available from the first writer.

Spectmen Configuration, Precracking, and Loading . ~The specimen geom-
etry shown in Fig. 2 was selected on the basis of having a representative size
as compared to elements of concrete in the actual structure, The height of
36 in. (0915 m) is believed to » present, very conservatively, the clamping
flexibility associated with the  ertical reinforcing bars in typical secondary
containment vessels,

Two different types of crack Initiating grooves were used in the tests. The
first was unsatisfactory because it produced a curved fatlure surface. The
second groove design utilized a 2-in. (5.08-cm) deep combination V groove
and sheet metal strip on the narrow faces of the specimen and three 2-in.
(5.08-cm) wide sheet metal strips rumning through the specimen along the plane
of the crack (see Fig. 3 for a typical failure surface).

The only steel items cast in the block were details needed for fastening the
loading and restraining equipment in position. There were po sieel elements
cast in the vicinity of the shgaring surface.

Heavy steel cross beams were bolted to the top and bottom surfaces of the
Specimen prior 1o cracking. The four-clamping rods were then attached to the
beams with nuts. A test specimen complete with beams and clamping rods, and
placed in the prestressed concrete test frame, is shown in Fig. 4.

The specimen was cracked by pushing a pair of cracking beams into the
open V grooves on the narrow faces of the specimen. The cracking beam had
a 1/2-in. (1.27-¢m) round bar welded to its leading edge. The cracking beams
were retracted immediately alter cracking had occurred, and the width of the
Crack was set by adjusting the clamping rod nuts,

Shearing load was applied to the specimen by hydraulic rams acting against
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heavy loading angles fasiened Lo the upper nalf of the specimen; the reacting
load was carried by the testing frame.

Following the cyclic loading, each specimen was loaded to a maximum (not
ultimate) value of load. The maximum load level applied to any specimen was
limited by bearing stresses under the loading angle and by the desire to keep
the stresses in the clamping rods below the proportjonal limit.

|
as
400
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[}
!' 200
100} e i Crock Width
g 0 1 1
002 004 obs 008 010
=100 Ave crack widih, in.
-2“) -
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300 72
& §
’ g 2007} “g‘
® 100 25&16. 24
S C'ﬂl ] a
0 0
-100} Total clamping 'om. Mu
-200*

FIG. 5.-BEHAVIOR OF SPECIMEN 8 (1 pal = 0.6895 N/ca®; 1 fn, = 25.4 mm; 1 & =
4448 N)

Concrele.—Two concrete mixes were designed for use inthe test program;
one with a coarse aggregate fraction in the size range of 1/2 in. (1.27 ¢m) to
No. 4 (No. 7 aggregate according to ASTM C 33), and the second with a coarse
aggregate fraction ranging from 1-1/2 in. (3.8! ¢m) to No. 4 (ASTM size No,
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467). Both mixes used Type Il high early »trength Portiand cement and were
provided by a local ready mix supplier. The compressive strength of the mixes _
used for the last 10 unmru‘o-{lronﬂ'lwpllo!uom(lub

N/cm? to 2,260 N/cm?),

Sand was a locally available commercial product taken from glacial de-

posits. It consisted mainly of quartz; larger particles included some shale,
sandstone, and limestone. The sand gradation conformed to the requirements
of ASTM C 33 and had a fineness modulus of 3.18,

_ (o) SPEC. 6 (b) SPEC. 8
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FIG. 6.—EFFECT OF LOAD CYCLING ON SLIP AND CRACK WIDTH, SPECIMENS
6,8, 10,11 (1 tn, = 25.4 mm)

The coarse aggregate came from the same deposit as the sand. While the
materials used in this program were not analyzed, previous analysis of a
similar deposit indicated that the aggregate was made up of approximately
40 % sandstone, 30 § limestone, 20 % shale, and 10 % miscellaneous. A 5-

cycle magnesiuin sulphate soundness test (ASTM C 88-69) ylelded a loss of .

3.6%. A Los Angeles abrasion test conducted on the A grading portion in
accordance with ASTM C 131 gave a 21.8 § wear (500 revolutions).
Test Results . —Only selected specimens will be reviewed herein; the inter-
ested reaaer should request a complete summary from the first writer.
There were five pairs of essentially identical specimens tested: Specimens
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(5,6), (7,8), (9,10), (11,12), and (15,16). Single tests of interest include Speci-
mens 3 and 14. Several of the early specimens tested are to be regarded as
preliminary tests during which the procedures and iechniques were perfected,
In addition, Specimen 13 cracked at one exterior corner either prior to or
during the first load cycle, and the test was discontinued tmmediately because
proper crack width control became impossible.
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Cycle |

0

Sheor stress, ps

002 f ooa 006 Qo8 Qio
100 Ave crock widih, in

- 200 120

400 ’“;
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Shear force, &
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~
8

-100 Total clomping force, hips

200

FIG, 7.-BEHAVIOR OF SPECIMEN 11 (1 psl = 0.6895 N/em®, 1 in, = 264 mum; | k =
1448 N)

Test resuiis (o1 Soectmens 8, L1, and 14 will be given below, TLrev basic
'7pes of data ptots are vluded for each of these specimens: average slip
Vo oCsus shear load; average c..uck wi' h versus shear load; and clamy; 114
forces versua shear loads Tlese vlots show tie behavior for the first com-
plete load cycle and for the final loading to a maximum value of shear load.
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The effects of cycling are best iliust -ated by plo‘ting elip and crack width as
a function of cycle number; (his type of piot is given for Specimens 6, 8, 10,
11, 14 and 16,

Specimen 8.— Parameter values for this specimea included No., Taggregate,
1-in. (2.54-cm)diameter clamping rods, crack detail type No. 2, a preset crack
width of 0.030 in. (0.762 mm), and 25 cycles of + 120 psi (83 N/cm?) cyclic
shear siress. Test results are shown In Figs. 5 and 6(5).

The crack surface for Specimen 8, made with the joint detail No, 2 was quite
flat (Fig. 3). First cycle slips of + 0.024 in, - 06.028 in. (+ 0.61 mm, - 0.71
mm) increased to + 0.051 in., ~ 0.055 in. (+ 1.50 min, - 1.40 mm) after 25
cycles at 120 psi (83 N/cm?) shear. The slip increased at a decreasing rate
as shown in Fig. 6(b).

The preset crack width of 0.030 in. (0.762 mm) increased by about 0.005 in.
(0.127 mm, on the first cycle of loading. The maxinum increase of about 0.008
in. (0.228 mm) was at the 25th cycle. The character of the change in crack
width (Fig. 5) during the first load cycle was similar to that of the change in
clamping force during the same loading (Fig. 5). The total clamping force
existing al a shear stress of 160 psi (110 N/cm®) was about 45 % of the applied
shear load,

Specimen [l.—~Parameter values for this specimen included No. 467 aggre-
gate, 1.375-in. (3.50-cm) diam clamping rods, crack detail type No. 2, a
preset crack width of 0.030 in. (0.762 mm), and 25 cycles at + 164 psi (113
N/cm?) shear. Test results are given in Figs. 6(d) and 7.

This specimen was the first tested with the larger clamping rods. The in-
creased stiffness resulting from the larger rods is revealed in the lower values
of slip; cycled at 164 psi (113 N/cm?), the first cycle slips of + 0.018 in., -
0.0201n.(+ 0.46 mm, - 0.5i mm)increasedto + 0.032 in,, - 0,036 in. (+ 0.81
mm, - 0.91 mm).

The crack width increase at peak cyclic load varied only slightly from 0.005
in. (0.127 mm) during the cycling. The maximum value of slip reached during
the loading to maximum was about 30 § of the slip reached on Specimens 9
and 10, which were identical in all respects except for size of clamping rods.
Total clamping force was about 25 § of the total applied shear when the speci-
men was at 160 psi (110 N/em®) shear.

Specimen 14.—Specimen 14 was similar to Specimen 11 with the exception
of size of preset crack width and number of loading cycles. Results are given
in Figs. 8 and 8(a). The first 25 cycles of load were appliec with the crack set
at 0.020 in. (0.508 mm), the smallest crack opening used on any specimen.
Slips of [+ 0.014 in., - 0.014 in.) (+ 0.36 mm, - 0.36 mm) increased to
[+ 0.022 ., - 0.024 in.] (+ 0.56 mm. - 0.61 mm). The crack wasthen set at
0.030-1n. (0.762-mm) opening, and an additional 25cycles of load applied. The
first extra cycle increased the slips to [+ 0.029 in., - 0.032 in.] (+ 0.74 mm,
- 0.81 mm), while the 25th increased them to + 0.040:n., - 0.044 tn. (+ 1.01
mm, - 1.12 mm). Finally, the crack was set at 0.015 in. (0.381 mm) on one
of the 24-in. (0.610-m, dimensions of the test specimen and 0.030 in. (0.762
mm) on the other, and 5 additional cycles of load were applied. The latter
loading was done to establish the feasibility of loading a specimen with variable
crack width through the 18-in, (0.458-m) thickness of the specimen.

The cycling effects are summarized in Fig. 9(a). The symmetry of the
magnitnde of positive and negative slips throughout this complex load history
should be noted.
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The degree of damage to the cracked surfaces after 50 load cycles was

examined by loosening the clamping rods and allowing the blocks to reach an

equilibrium position, with only the dead weight of the upper block attempt

to close the crack. The crack closed to 0,026 in. (0.66 mm), which was legg

than the crack width at which it was being cycled. The crack was then closed

2
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FIG. 8.—~BEHAVIONR OF SPECIMEN 14 (1 pst = 0 6896 N/em®; 1 ln. = 25.4 mm; 1 &k =
4448 N)

up 10 0.015 in. (0.381 mm) on one side of the block by tightening the auts on the
clamping rods; this was accomplished with no difficulty with a hand wrench,
The Increase in crack width during peak cyclic loads was about 0.005 in.
(0.127 mm) for both cases of preset crack widths of 0.020 in. (0.508 mm) ana
0.030 in. (0.762 mm). The specimen was subjected to its maximum load cycle
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ck set at 0.015 in.;0.030 in. (0.38]1 min/0.762 mm). The specimen
::‘: ‘v:.ryc r:tm and had a maximura average slip of only 0.074 in. (0.188 mm)
[0.053 Ia. (0.134 mm) on the 0.015-in. (0.31-mm) side and 0.084 in. (0.238
mm) o the 0.030-1n. (0.762--mm) side | at a shear stress of 427 psi. The total
clamping force was also much lower than in preceding tests, being le'u than
nalf the applied shear load at its maximum value of 427 psi (205 N/cm?).

. 14
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FIG. 9, —EFFECT OF LOAD CYCLING ON SLIP AND CRACK WIDTH, SPECIMENS
14 AND 16 (1 tn, = 26.4 mm)

Analysis of Behavior; Parameter Evaluation.—Several behavioral aspects
were common to all tests and will be given prior to evaluation of the various
parameter effects, These aspects include:

1. Slip in the shear plane, and the width of the crack at the plane, both in-
creased under cyclic shear loading (see Figs. 6 and 8).
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2. Specimens were loaded to a terminal shear stress in the range of 300
psi to 450 psi (207 N/cm? to 310N/cm?) after the cycling; however, these high
stress levels did not represent true ultimate strengths of the specimen in
shear. All specimens undoubiedly possessed a higher shear capacity than that
measured,

3. The forces iu tne clamping bars remained low during cycliug; the total
‘annile force was in the ~ange ~{ 0% to 50 % of the appliad shear load at
shean g stresses of 160 psi 110 N/en. ) [or specimens with 1.375-in, 4.5 -
em) alam bars | For tho. - specimens which had bigh slips [greater than about
36 in. (0.95 em)! turing the final peax load cycle, the total clamping force
was nearly 2quzl to the applied shear load.

4. The sigoificant damage to the integrity of the shearing surfaces oc-
curred during the final load application and not during the cyclic loading. This
conclusion was reached by comparison of surfaces which had experienced
similar magnitudes of slip during cycling, but had markediy different slips

TABLE 1. —SUMMARY OF SELECTED DATA

Cycle | Cyele 10 Cycle 25 | Peak abear,
*::':":"' Posttive | Negative | Poattive | Negative | Posttive | Negative | ™ ’::d' '::‘:.::“.'
loading, | losding, | loating, | loading, | loading, | loading, 6 Gaski
1o tnches | in tuches | tn inches | 1o tnches | 1n inches | tn tnchen | **4
(L3 @ * ] ) s mn ®) &)
) 0.024 0.028 0040 0.044 0.061 0,088 108 0,354
10 0.024 0,028 0.032 0.038 0.0%8 0.040 454 0,368
1" 0.018 0.020 0.028 0,030 0.032 0,036 “e o
14 0o 0.Gie 0uls 0.0 0.022 0.024 w 0.0t
18 0.010 ooz 0.014 l 0.016 0.018 0.018 "z o.016"
Hatlo
: -
8/10 1.0n L.28 1.3
10/11 129 116 1.18
"4 1.36 14y 1.48
1418 128 1.30 1.28

S With crack set ot 0.015/0.030 in. prior to pesk shosr.
With crack set ot 0013 in.
Lin ~ 5.4 mm | pel « 06095 N/cm®
2 »

during the final load application. Those specimens which had larger slips
durving the final load had a substantial amount of ground material in the joint,
while the othe: s had very little material inthe joint and no noticeable surface
damage.

5. With two exceptions (Specimeas 3 and 4), the increase in crack width
after 25 cycles was less than or equal to 0.010 in. (0.254 mm).

6. The magnitude of slip did not return to zero during the unloading of a
specimen. Typical behavior is shown in Fig. 5; as the load was reduced to
about half its peak cyclic value, the slip remained unchanged. As the load was
further reduced, the slip decreased but did not vanish. Only upon loading from
the opposite direction did not blocks pass through the neutral position (zero
slip). Unloading from the negative cyclic loading produced the same type of
behavior. The effect of varying the main parameters can be best summarized
by comparing the magnitudes of shear surface slip measured in certaln speci-
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mens. Slip values for both positi e and negative loading, for cycles 1, 10, and
25, are summarized in Table 1.

7. Slip decreases with increasing aggregate size. As shown in row 6 of
Table 1, slip of the small aggregate specimen (No. 8) was 8 § of 36 % larger
than slip of the large aggregate specimen (No. 10), The large aggregate be-
comes relatively more beneficial in resisting slip as the number «f load cycles
increases. Slip at peak shear (Col. 9 of Table i) was also higher for the ospeci-
mon with the small aggregate.,

@z ¢ - .
008 - »~
c 3
e /"
Y2004 | % o-measwed shp
o net ship (cycing effects
deducted)
* «-odjusted net siip (see text)
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€
o
o 120 |
~N
8
$ 80}
“w
8
:, 40 - 030in presel crock widih
2 ~® 467 oggregate
(&
. o 1 | L 4

0 00l 002 003 004
Ship ofter 25 cycles of load, in

FIG, 10.—(«) SLIP VERSUS INITIAL CRACK WIDTH; () 26 CYCLE SLIP AS FUNC-
TION OF APPLIED SHEAR STRESS (1 pa1 = 0.6895 N/co?®; 1 fn. = 25.4 mm)

8. Slip decreases wilh Increasing size of clamping rods. A direct com-
parison of the effect of axial stiffness of the clamping rods on slip and shear
stiffness 18 not possible because all specimens made with the larger rods
(1.375-in. (3.50-cm) diam, p = 2.5 %) were cycled at a higher stress level
than were the specimens made with smaller rods (1.0-in. (2.54-cm) diam,
p = 1.2 %). However, the beneficial effects of higher clamping stiffness can be
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shown by comparing Specimen 11, cycledat + 164 psi (113 N/cm®), with Speci-
men 10, cycled at + 121 psi (84 N/cm*) (Row 7 of Table 1). Both specimens
were made with the large aggregate. Specimen 10 had slip values ranging
from 15 % to 20 % higher than slips in Specimen 11, In addition, Specimen 11
was considerably stiffer whea subjected to the maximum shear loading (see
Col. 9 of Table 1). No direct comparison of Specimens 10 and 11 can be made
at a stress of 120 psi (83 N/cm?) on the first load cycle; the small rod specl-
men slipped 0.024 in. (0.61 mm) while the large rod specimen slipped only
0.014 in. (0.36 mm).

9. Slhip decreases with decreasing initial crack width. Specimens 11 and
14 had tnitial crack widths of 0.030 in. and 0.020 in. (0.762 mm and 0.508 mm),
respectively, while both had large clamping rods, large aggregate, and were
cycled at + 164 psi (113 K/cm®). The ratios of slips of Specimen 11 to Speci-
men 14 are given in Row 8 of Table 1, and range from 1.35 to 1.49. The effect
ol larger initial crack widths, up to a maximum of 0.070 in. (1.78 mm), was
examined on Specimen 16 which was cycled at + 164 psi (113 N/cw?). Resuits
are summarized in Fig. 10(¢) in terms of the average maximum slip which
would result from successive single cycles of + 164 psi (113 N/cw®) shear
slress with crack widths set at 0,020 in. (7.508 mm), 0.030 in. (0.762 mm),

, 0.070 in. (1.78 mm) on the same specimen. It should be emphasized that
this curve is valid only for the specimen with large aggregate and large
clamping rods cycled at + 164 psi (113 N/em?). For this situation, the de-
pendence of maximum average slip on increasing crack width is nearly linear
for crack widths in the range of 0.030 in. to 6.070 in. (0.762 mm to 1.76 mm).

10. A specimen with vartable crack widthacross its thickness exhibits less
slip than a similar specimen with a uniform crack width equal to the average
of the variable crack width; furthermore, it does not degrade any more rapidily
than the uniform crack width specimen. The results from Specimens 14 and
15 form a basis for this conclusion. Both had large aggregate, large clamping
rods, and were cycled at + 165 psi (114 N/cm?). Specimen 15 had an initial
crack width of 0.0101a. (0.254 mm) on one side and 0.030 in. (0.762 mm) on the
other, while Specimen 14 had a uniform crack width of 0.020 in. (0.508 mm).
As shown in line & of Table 1, the uniform crack width specimen had slips
about 30 % higher than Specimen 15,

11, The amount of slip to be expected after 25 cycles of shear loading on
specimens with large aggregate, and with a preset crack width of 0.030 in.
(0.762 mm) 18 shown in Fig. 10(5). This plot was constructed from data on
Specimens 10 and 11, It is seenthat the accumulated maximum slip is a linear
function of applied shear stress for both percentages of clamping rod.

12. The character of the load versus slip response for later cycles of
loading was measured on a number of test specimens, normally at the 10th and
20th cycles. The characteristic shape of the first load-slip cycle response was
maintained during subsequent cycles; specimens consistently exhibited anun-
loading stiffness higher than the loading stiffness.

PART 1-=RECOMMENDATIONS FOR DESIGN
Fig. 11 presents recommended design values of shear strength along a

crack, in the surface roughness interlock mode, as a function of the reinforcing
ratio of bars normal to the crack plane, or the equivalent (reduced) ratio for
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bars Inclined to the crack piane. Recommended values aregiven as a function
of steel ratio, which is a measure of the clamping stiffness, because the tests
demonstrated that the siress corresponding to ¢ given slip displacement in-
creased with increasing clamping stiffness, Embedded bars in a containment
shell will have a substantially shorter effective length per crack than the
external bars used in the test program. They will, therefore, provide greater
clamping stitfness and will assure even better performance than was observed
in the tests.
W&Mﬂwh’tﬁ PrEsEnted on Fig: 11 are very
‘v com -""'M inthe {o;thcoming reyis

-
o
$ 60} ————
: For p>.025, limit shear
o - stress to 160 psi pending
g i accumulation of data which
H | may justify higher values
o} :
3 l
.
q0F |
|
& o L j 1 1
0 0l 02 03

Clamping steel ratio, p

FIG, 11, -~ RECOMMENDED UNIT SHEAR STRESS LIMITS FOR SURFACE ROUGHNESS
INTERLOCK MODE (1 psl = 0.68956 N/cm?)

MM concrete used in the test specimens was typical of

containment structures and not of unusually high strength, Thus the values
given on Figure 11 should be conservative for most containment vessel con-
cretes. For mixes which depart significantly from the test specimen mixes,
described in Part I, it would be prudent to conduct similar tests to establish
appropriate shear strength values.

Two-Directional Bar Arrangements —Because the circumferential and
meridianal stress components, 7y, and 7'y (Fig. 1), typically are dominant in
the membrane stress state, and because bars are more economically placed
in these directions, it is recommended that the two-dire tional arrangement
shown in Fig. 12(¢) be used whenever the membrane shear stress, S, corres-
ponds to a unit shear stress not exceeding the values presented on Fig. i1, In
these cases it s further recommended that the circumferential and meridianal
bars be proportioned for membrane forces Ty + L.5Sand Ty + 4.25, respec-
tively. Because many different combinations of 7y, Ty and § must be con-
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STEEL COLUMN BUCKLING UNDER THERMAL GRADIENTS

By Charles G. Culver,' M. ASCE

INTRODUCTION

The influence of elevated temperature on the strength of structural members
is an Important design problem. Although considerable work has been done in
this area for aircraflt structures (2), similar information is not available for
steel members used in bulldings. The recent use of exposed steel members in
butldings (11), for example, has pointed out the need for more information on
the load carrying capacity of columns subjected for fires. In order to develop
Such information, an analytical research study was undertaken to deter mine
the strength of steel members at elevated temperatures (5). A comprehensive
review of previous work Ia this area is presented elsewhere (12).

The problem considered herein 15 the determination oi the buckling loade
for wide flange steel columns subjected to elevated temperatures.

PROBLEM STATEMENT

Elevated temperatures affect the behavior of steel columns in several ways.
First, the material properties such as yield strength, modulus of elasticity
and the coefficient of thermal expansion vary with temperature. The functional
expressions relating these quantities to temperature which have been deter-
mined experimentally and used herein are presented elsewhere (3). Second,
thermal stresses rmay be induced due to restraint of the expansion accompany-
ing an increase intemperature. These stressesact in addition to those produced
by the :pplied load and obviously affect the total load carrying capacity of the
member. Thirdly, the thermal expansion produces deformations which may
interact with the applied load to produce additional stresses. This occurs in
columns subject to thermal gradients over the cross section which tend to

Note.—Discussion open until Junuary 1, 1973, To extend the closing date one month,
& writlen request must be filed with the Executive Director, ASCE, This paper ls part
of the copyrighted Journal of the Structural Division, Proceedings of the American So-
cloty of Civil Engincers, Vol. 98, No. STS, August, 1972, Manuscript was submitted for
review for possible publication on December 6, 1971,

YAssoc. Prof., Dept. of Civ. Engrg., Carnegle-Mellon Univ,, Pittsburgh, Pa.
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sidered, corresponding to different factored load combinations, the bar
Quantities actually may be defined by stress states in which S = 0,

It can easily be shown that by providing a bar clamping capacity 1.55 on
circumferential and meridianal planes, the minimum clamping capacity on any
other plane will be at least 1.0 times the shear to be transmitted along that
plane. As the tests reported in Part | indicated that required clamping forces
are much less than 1.0 times shear force, this recommendation will assure
membrane shear equilibrium through mobilization of the surface roughness
interlock mode.

/ -
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(a) 2-Uircotional Bar Arrangement
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FIG. 12.—~BAR ARRANGEMENTS FOR SHELL MEMBRANE STRESS STATES: (@)
TWO-DIRECTIONAL BAR ARRANGEMENT, (5) THHEE-DIRECTIONAL BAR AR-
RANGEMENTS, (¢) FOUR-DIRECTIONAL BAR ARRANGEMENTS

It should be emphasized that the use of a two-directional bar arrangement,
proportioned in accordance with the foregoing recommendations, 18 in no way
analogous to the design of an R/C beam without shear reinforcement, It is,
rather, analogous to the design of such a beam with transverse stirrups, and
with such stirrups proportionedtoresist 1.5times the transverse shear force.
Clearly, of the containment shell membrane shear problem is viewed from the
viewpoint of diagonal tension cracking, the recommendation i8 extremely
conservalive,
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Three-Bay and Four-Bar Arrvangements . —Either by choice or because the
unit shear stress corresponding to membrane shear, S, exceeds the limiting
values presented on Fig. 11, one of the multidirectional bar arrangements
shown in Fig. 12(h) and (¢) may be used. It is, of course, possible to propor-
tion the bars in any of these arrangements so that the membrane stress stale,
Ty, Ty, S, 19 held in equilibrium by bar axial forces alone. However, it i»
equally sound to take advantage of the capacity for shear transfer in the sur-
face roughness interlock mode. Denoting this capacity by S, = shellthickness
multiplied by limiting unit shear stress from Fig. 11 in those cases for which
§ > §,, one may proportion the bars 0 provide equilibrium for a modified
membrane stress state, Ty + L.5S,, Ty + L5655, and § - §,. Because Ty,
Ty, and S typically take their maximum values under different factored load
combinations, it may be found that use of the modified membrane stress state
ieads to substantially reduced ciagonal bar quantities without significantly in-
creasing the required meridianal or circumferential bar quantities. That is,
the latter may be defined by factored load combinations for which § = 0 and
the unmodified membrane stress state controls. Accordingly, it is strongly
recommended that the modified membrane stress state be used for propor-
tioning (or verifying) bars to resist membrane stress states in which S # 0.
This recommendation is justified by: (1) The highly counservative limits of
recommended unit shear stress presented on Fig. 11, and the fact that these
stresses are developed at extremely small slip displacements; (2) by the test
evidence that resistance in the surface roughness mode is ductile (see Fig.
§, 7, 8); and (3) by the fact that if the shear problem is viewed in the context
of diagonal cracking it will be found that the resulting bar quantities are very
conservative,

CONCLUSIONS

Transfer of cyclic shear stress on the order of 150 psl across cracks in
reinforced concrete 18 possible, with only minor slippage, by the surface
roughness interlock mode of shear transfer, The interlock mode 18 mobilized
by restraint forces in the reinforcing located normal to the crack; the re-
straint forces range from 30 % to 50 % of the total applied shearing force.

ACKNOWLEDGMENTS

The test program reported in Part | was supported through the sponsor “hip
of the Stone and Webster Eagineering Corporation andthree of its clients: the
Virginia Electric and Power Co., the Dugquesne Light Co., and the Long Island
Lighting Company. The experimental program was conducted inthe Structural
Testing Laboratory of Cornell University.

The cooperation and ready assistance of Willlam Klehn and Charles Miczek
of Stone and Webster, acting for the group of sponsors, facilitated greatly the
successful completion of the testing program. Peter Gergely and George Winter
of Cornell University participated in an advisory capacity. Finally, three
suppliers made important contributions: the Stressteel Corporation, Wilkes-
Barre, Pa., and the Cayuga Cement Company and the University Sand and
Gravel Co., both of Ithaca, N.Y.



Shear Transfer in

Reinforced Concrete

Cf By |. A. HOFBECK. I. O. IBRAHIM and

ecial
1 the

snp

iuide

iding
S4.88

nbra

iena

N s

urel

ALAN H. MATTOCK

1968

‘ ACI JOURNAL / FEBRUARY 1969
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Presents a study of shear transfer in reinforced
concrete, that is, the transfer of shear across
lane, such as at the interface between a precast
and a cast-in-place slab. Thirty-eight push-
off specimens rere tested, some with, soine without
a pre-existing crack along the shear plane. The
shear-friction theory was found to give a conserva-
tive estimate of the shear transfer strength of
initially cracked concrete. A method is presented
for the calculation of shear transfer strength in
initially uncracked concrete, based on the Zia
envelope to Mohr circies representing failure con-
ditions for concrete.

Keywords: composite construction (concrete to
concrete); connections; precast concrete: re.n-
forced concrete: research; shear str ngth; slippage.

B SITUATIONS EXIST WHERE shear failure is con-
strained to occur along a plane, such as at the in-
terface between a precast beam and a cast-in-place
deck slab, or at certain locations in precast con-
crete connections. The transfer of shear across
such a plane is called “shear transfer,” to dis-
tinguish this type of shearing action from that
which usually occurs in a reinforced concrete
beam.

Instances where shear transfer across a definite
plane must be considered in the desirn of precast
concreie conrections have been discussed by
Birkeland and Birkeland' and by Mast.> Mast has
further pointed out the need to consider the case
where a crack may exist along the shear plane
before shear is appiied. Such cracks can occur for
a variety of reasons u related to shear, such as
tension forces caused by re;trained shrinkage or
temperature deformations. accidental dropping of
a member, etc.

EXPERIMENTAL STUDY

This paper reports a study of the shear transfer
strength of reinforced concrete, both with and
without a crack existing along the shear plane
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prior to the application of shear. The objectives
of the study were as follows:

1. To determine the influence of a pre-existing
crack in the shear plane on the shear transfer
strength.

2. To determine the influence of strength. size
and arrangement of reinforcement on the shear
transfer strength.

3. To determine the influence of concrete
strength on shear transfer strength.

4 To examine the possible contribution to shear
transfer strength of “dowel action” of reinforcing
bars crossing the shear plane.

5. To examine the applicability of the “shear
friction” theory™* to the calculation of shear
transfer strength when a crack pre-exis's in the
shear plane.

$V Mo 3 Stiruos
% /l
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Fig. | —Details of push-off specimen

transfer

6. To attemot to reiate the shear
strength measured in push-off tests to tue com-
pressive and tensile strengths of concrete and
steel.

The test specimens

A typical specimen is shown iun Fig. L When
loaded axially as indicated by the arrows V in
Fig 1, shear without moment is produced on the
shear plane indicated. If adequate longitudinal and
end reinforcement is provided, failuré of this type
of specimen occurs along the shear plane. Rein-
forcement across the shear plane is in the form of
closed stirrups, anchored by wrapping round the
longitudinal reinforcement. The actual shear rein-
forcement provided in each specimen is given
in Table 1, together with the concrete strength.

Each specimen was cast horizontally in one
piece, oriented as indiczied by the section in Fig.
1. The concrete was made from Type III portland
cement and 7s in. (22 mm) maximum size river
gravel aggregate. The specimens and companion
compression cylinders were cured in the forms
under polyethylene sheet for 48 hr. At this time
the specimens and cylinders were taken from the
forms and were stored in air alongside one an-
other until the time of test, usually at § days.

The specimens of Series § differed from the re-
mainder of the specimens in that soit rubber
sleeves 2 in. (50 mm) long and 4 in. (3.2 mm)
thick were secured around the legs of the stirrups
where they crossed the shear piane. The rubber
sleeves were provided so as to eliminate as much
as possibie, any dowel action between the leys
of the stirrups and the surrounding concrete :n
the shear plane.
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cracke@ Llunp the snear paanc uefore tesung.
The crack zlong the sncar planc was formed
2z follows. The specimen waus piaced horizentaliy
wn a hydraulic testing machine. oriented as indi-
cated by the section in Fig. 1. Line loads were
appiied 1o opposite faces of the specimen at the
location of the shear plane. The loads were in-

creased until a crack formed 1n the shear plane.

The shear test was performed in the same
testing machine. The specimen was placed in a
vertical position and was loaded concentrically
as indicated in Fig. 1. The load was increased
by increments until failure occurred. After cach
increase in load. the slip along the shear plane
was measured. For this purpose a 0.001 in. (0.0254
mm per division) dial gage was mounted on a
pracket attached to the specimen on one side of
the shear plane, with its tip resting on a hori-

% zontal steel plate secured ‘to the specimen on the
opposite side of the shear plane.

TEST RESULTS

Behavior under load

Typical load-slip curves for specimens with and
without cracks before testing are shown in Fig. 2.
There was measurable slip from the beginning
of the shear test in the case of the initiallv cracked
specimens. However, no movement could be de-
tected .7 ‘he initiallv uncracked specimens until
diagonal tension cracks became visible at shear
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stresses of from about 500 to 700 psi (nom. 35 to 30
kgf/em*). These diagonal tension cracks crossed
the shear plane at an angle of from 40 to 50 deg.
They were each about two inches (nom. 3 cm) in
length, and were spaced one to two inches (nom.
235 to 5 cm) apart along the length of the shear
plane. After formation of these cracks there was
relative longitudinal movement of the two halves
of the initially uncracked specimens, but this was
not slip in the true sense of the word. The move-
ment was rather due to rotation of the short con-
crete struts formed tv the diagonal tension cracks.
when the stirrup re:nforcement stretched.
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Fig. 2=Typical load-slip curves
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Similar diagonal tension cracks occurred in
initially cracked specimens that contained a high
percentage of stirrup reinforcement. These diag-
onal tension cracks ran across the pre-existing

- crack in the shear plane.

Final failure was accompanied by compression
spalling in the region of the diagonal tension
cracks adjacent to the shear plane, and by the
formation of additional cracks joining the diagonal
‘tension cracks together.
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Fig. J—Variation of shear strength with reinforcement
parameter pf,, with and without a crack along the shear

Ultimate strength

The ultimate shear strengths attained in all the
tests are summarized in Table 2. For convenience
they are expressed as average shear stresses v,
obtained by dividing the ultimate shear force V,
by the area of the shear plane, bd (where d is the
length of the shear plane and b its width).

DISCUSSION OF TEST RESULTS

Effect of cracking

The data indicate that if a crack exists in the
shear plane before the application of shear, then
the slip at all stages of loading will be greater
than would have occurred if the crack had not
been present. The existence of a crack in the
shear plane also reduces the uitimate shear
strength, as may be seen in Fig. 3. For values of
the web reinforcement parameter pf, between
about 200 (nom. 14 and 70 kgf/cm®) and 1000 psi,
the difference between the ultimate shear stress
in an initially cracked specimen and that achieved
in a companion uncracked specimen is almost con-
stant and equal to about 250 psi (nom. 173
kgt/cm®). For lower values of pf, the difference
increases. For values of pf, above 1000 psi (70
kgf/cm?), the strength of the initially uncracked
specimens increases at a very slow rate with in-
crease in pf,, while the strength of the initially
cracked specimens continue to increase at the
same rate as for lower values of pf,. As a result
of this, the strengths of the cracked and uncracked
specimens are approximately equal for a of, of

plane 1340 psi (94 kgf/cm*).
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cwistence of a crack along the shear planc.
Effect of stirrup bar size and spacing
1 the area of the shear plane is constant, the
-einforcement ratio p can be changed by chang-
ing the obar size and/or the bar spacing. In Fig. 4,

i« 4000 os (280gh W =
', ® S0 ewi (32 gt/em’)

-

- i Al Sowcumens [mtatly i

(32 men) Croched on Shaor Pane -

| | 1 i l
, 0 200 &0 00 800 000 (200 400
200 '40) 60! 80! 1:00)

pf, ., o8 (kgf/om®)

Fig. 4—Effect of stirrup bar size and spacing on ‘he
shear strength of initially cracked specimens

the results of Tests Series 2 and 3 are compared
to determine whether the way in which the
reinforcement ratio is changed has any effect on
the relationship between ultimate shear strength
and the reinforcement parameter pf,. In Series
2. p was changed by varying the stirrup spacing,
the bar size being constant, (=3) (9.5 mm dia.).
In Series 3, p was changed by varying the bar
size between 4 in. (3.2 mm) diameter and =5
(15.9 mm), while maintaining a constant spacing
of 5 in. (12.7 em). It appears that the way In
which p is changed does not affect the relationship
between shear strength and the parameter pf..
Effect of stirrup reinforcement yield point

In the tests so far discussed, and in other avail-
able test data,** the stirrup reinforcement was all
. of intermediate grade with a vield point of ak~ut
'~ 30 ksi (nom. 35 kzf/mm?*). It was thought desir-
r/ able to check whether the full y'eld strength of

Tyvpe A432 reinforcing bars can be developed

when they are used as shear transfer reinforce-
ment

L AC! JOURNAL / FEBRUARY 1969

b ¥4 55 JavIins o« Yielg . [ 9

kgf'mm-). The concrete strengin was 000 ps
{280 kgf/cm®) in both cascs. and both series of
specimens were deliberaiciy cruckec alonz the
shear plane beiore test. With the exception of
the most heavily remniorced specimen. the strength
of the specimens reinforced with the A432 bar
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Fig. S——Effect of stirrup reinforcement yieid point on
the shear strength of initially cracked specimens

stirrups was greater than that of the specimens
reinforced with intermediate grade stirrups, for
any particular value cf reinforcement parameter
pf,, This appears to indicate that at ultimate
strength the A432 stirrups developed a stress
greater than their vield point, i.e., strain harden-
ing occurred. This is quite possible, as the yieid
plateau of the A432 reinforcement is considerabiy
shorter than that of the intermediate grade rein-
forcement. The test results indicate that it may
safely be assumed in design that A432 reinforcing
bars will develop their specified yield sirength
when used as shear transfer reinforcement.

Effect of concrete strength

The effect of variation in concrete strength on
the shear strength of initially cracked specimens
is illustrated in Fig. 6. The specitnens of Series
2 and 5 were identical in all respects except con-
crete strength, Series 2 having 4000 psi (280
kgf/em?) concrete and Series 5 having 2500 psi
(175 kgf/cm®) concrete. Tor values of pf, below
about 600 psi (nom. 42 kgf/cm®) the concrete
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strength dues not appear to affect the shear trans-
fer strength. For higher values of pf, the shear
strength is lower for the lower strength concrete.

Referring to Fig. 3 it can be seen that there is
a change in the behavior of the uncracked speci-
mens of 4000 psi (280 kgf/cm-) concrete strength
at about a pf, of 950 psi (nom. 67 kgf/em?). There-
afte- the shear strength increases at a slower rate,
and must also provide a ceiling to the strength
of 'ne cracked specimens. That is, if cracked and
un« ~acked specimens had been tested with pf,

S S - 1, 2500 0w

179 ugt/cm’)
2 - -
00 1% 0w (35agtimm" -

ali Soscimens (nihaily

2 Crocaed on Shear Pane =
zoorf —
| i
¢ ; . ! L

) 20 40 500 8001 ©O00 (1200 00

20 a0} 501 '80) 1]

pf, . om (kgf/em®)

Fig. b—Effect of concrete strength on the shear strength

of initially crackea specimens

*cr *3 ssawe?

a. T-=23ss.5le -2iarignsnio Jerween v, and 3 ‘ar
Titiq) v IracKes iSecimens 3f var gus ssncrete (rrecgIng

greater than 140C psi (98 kgf/cm-) they would
probably have had the same strength. No un-
cracked specimens were tested with 2500 psi (175
kgf/cm®) concrete strength, but it is possible to
calculate the point of change in behavior of the
uncracked specimens reasonably closely. (This is
discussed later). For a 2500 psi (175 kgf/em*)
concrete, this point would te at a pf, of about 400
psi (nom. 28 kgf/cm®) and v, w~uld be about 730
psi (nom. 53 kgf/cm). A line through this point
and approximately parallel to the line through
the 4000 psi (280 kgf/em®) data for uncracked
specimens, for values of pf, over 1000 psi (70
kgf/cm?), would pass through the experimental
data for the 2500 psi (175 kgf/cm®) concrete when
pf, exceeds 600 psi (42 kgf/em?). /
The concrete strength therefore appears to set
an upper limit value of pf,, below which the re-
lationship between v, and pf, established for 4000
psi (280 kgf/cm?) concrete would hold for any
strength of concrete equal to or greater than that
being consider¢i, and above which the shear
strength increases at a lesser rate. The shear
strength versus pf, relationships for cracked speci-
mens of various concrete strengths might there-
fore be expected to be as sketched in Fig. 7.

Dowel action of stirrup reinforcement

(a) Initially uncracked specimens—The rubber
sleeves provided in Specimens 5.1 and 6.2 elimi-
nated any dowel action between the stirrup legs
and the surrounding concrete for slips of less
than about ‘& in. (nom. 3 mm). The slips at any
given load were no greater in the spec:mens with
rubber sleeves than in companion specimens with-
out. The strength of Specimen 6.1 is equal to the
average strength of Specimeo~s L1A and L1B. The
strength of Specimen 6.2 is only 10 percent less
than the strength of Companion Specimen L.3B.
These results indicate that dowel action does not
contribute significantly to the shear transfer
strength of initially uncracked specimens

(b) [mitwally cracked ;pectmens—The slip it
ultimate strength in Specimens 6.3 and 6.+ witd
rubber sleeves reached ).153 n. (3.3 mm). about
six times the slip in the companion specimens
without the rubber sleeves. The sirengths of
Specimens 6.3 and 5.4 were less by 14 and I3 per-
cent, respectively than the strength of imutially
cracked specimens of the same »f, value, without
rubber sieeves (using the mean experimental .ne
for Serie= ). These resuits indicate that thef®
s 4 ~or. derable contribution ‘o shear transi®
streacth Ay dowe!l wotten 1 .mitially  oracses
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gracks crossing the shear plane at cluse intervals,
Jlovemen: of the two haives of the specimen rela-
:ive 10 one another occurs by rotauon of the con-
crete struts formed between the diagonal tension
[ cracks. When this type of motion occurs. points
i on the opposite faces of the cracks move relative to
: one another in directions approximately parallel
to the orientation of the stirrups. I. wouid be
difficult therefore for any appreciable dowe! ac-
:ion to develop under these conditions. The rein-
forcement is put into t2nsion as a truss-like action
develops, rather than being subject to shearing
action at the sheur plane.

In the initially cracked specimens the stirrup
legs cross the crack in the shear plane at right
angles. They are therefore subject to a shearing
action by the concretz on opposite sides of this
crack. In this case therefore, dowel action can
develop between the reinforcement and the con-
crete.

The shear-friction theory

The shear-friction theory has been discussed in
detail by Birkeland and Birkeland,' and by Mast.-
A crack is assumed to have occurred along the
shear plane, and reinforcement having a total
area A, and a yield point f, is assumed to cross
the crack at right angles. The faces of the crack
will be rough and irregular, so that when slip
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Fig. 8—Comparison of shear stren~*h calculated using
"shear friction’ equation, with measured strength of
initially cracked specimens having f’ =~ 4020 psi
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COMPressive Sress Would provide resisiance 1o s
along the crack by virtuc of friction betwaen th
rough and irregular fuces of the crack. It @ us-
sumed that t»~ separation is sufficient to siress
the reinforcement to its yield point, so that i
tane is the coefficient of friction betwen the
faces of the crack, the shearing resistance along
the crack will be given by:

V. = Af,tane (1)

Alternatively, :f we divide throughout by the
area of the shear plane. the relationship can be
expressed in terms of stress:

v, = pf,tane N ¢

Mast proposes that for a crack in monolithic
concrete, or at a rough bonded interface between
precast and cast-in-place concrete, taneé should be
taken as 1.4, for values of pf, not greater than
0.15f". He further limits the applicability of Eq.
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Fig. 9—Construction of relationship between shear
strength v, and reinforcement parameter pf,, in ar initi-
ally uncracked push-off specimen
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(2) to cases where intermediate grade reinforce-
ment is used.

[n Fig. 8, shear strength calculated using Eq. (2)
is compared with the actual shear strength of all
the initially cracked specimens with concrete
strength of 4000 psi (280 kgf/cm®). Within the
range of values of pf, set by Mast, the shear-
friction equation yields a conservative estimate of
the shear transfer strength of these initially
cracked specimens. [n view of the earlier discus-
sion of the effect of concrete strength on shear
transfer strength, it appears that Eq. (2) would
start to become unconservative for concrete
strengths of 4000 psi (280 kgf/cm®) or over when
of, exceeds 600 psi (42 kgf/cm®). The upper limit
to pf, should therefore be 0.15f.” but not more than
600 psi (42 kgf/em”).

The distribution of the experimental results for
the initially cracked specimens indicates that for
values of in excess of about 200 psi (nom. 14

is a combination of

kgf/cm®) the shear strength

cohesion an ction effects, with an u limit
to shear strength of about J.gz,:. :EEQ s!o% og tEe
straight throug e data in this range is

about 0.8. s the same as the coefficient of

friction between formed concrete surfaces mea-

sured by Gaston and Krz.® The shear-friction
theory ignores the cohesion effect and compen-
sates by using an apparent angle of internal fric-
tion which is much greater than the actual angle
of internal friction. That the friction angle used is
only “apparent,” and is applicable only to low
stress levels is noted by Mast.*
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The shear-iriction theory is a simple and vaiu-
able tool in the design of connection details in
precast and composite ccistruction. The results of

Ld

thi tests indicate that, using tan

the si - reasonablv ¢ va.

tive for values of Eff less than 0.13f" or 600 psj
( gf/cm-), (whichever is the less), using rein-

forcement with a specified yield point of 60 ksi
(42 kgf/mn. ; or less. This limits the ultimate
shear stress to 840 psi (59 kgf/cm®). The test
results show that with heavy reinforcement, shear
stresses considerably in excess of this can be
developed in cracked specimens. To take advan-
tage of this in design, it would be necessary to

Use a lower value of tane and a different upper
. =ultablie Vv

ues wouid O

" Several examples of the use of the shear-friction
theory in design are set out in References 1 and 2.

Shear strength of initially uncracked specimens

Consider a push-off specimen width w, thick-
ness b, and with a shear plane of length d (Fig. 9).
The stresses acting on a small element of concrete
lying in the shear plane will be as shown at (b)
in Fig. 9. Shear stresses v on all faces, normal
stress a, due to the restraint provided by the stir-
rup reinforcement, and normal stresses =, due !0

Z3lcuated Seanc Ao
Using ‘.« "SOCom
1930 ngt rem®)

1200 -
aCi
! CC v
EI0 ymt it
wb—- C— .
i e | T3yr * Fog
L - -
o — ———— -~
“"r— Prpmar — p{ ? i ol
"aadl
| TECOom 3T gt emis
pos 1) r -
iyt remd) b 3ic.nted Smanantmg
Py A - OO
~ PR N
£2%0 o /
I gt y
a0 /
Wy - / ’ ol
- I - f
g e

.......

- .
1 —CMSAron Sr "ast "2yt

Al it TBIATIArTTISS 0P Ivag

-




ck-

zle

6 = DJ'
a, = V/bw

The problem is to determine the combinations
of tnese stresses which will result in failure of
the concrete on the shear plane. To do this, use is
rade of a slightly modified version of the failure
envelope proposed by Zia.” This failure envelope is
snown at (c¢) in Fig. 9 and consists of two parts:
(1) a line inclined at 27 deg to the normal stress
axis and tangent to the Mohr circle representing
failure in umaxial compression: (2) a line drawn
from the point of intersection of the first line with
the shear stress axis, and tangent to the Mohr
circle representing failure in uniaxi2l tension. Im’
constructing the failure envelope for a particular
strength of conc-2te, the uniaxial compression
strength j. was taken as 085f’ and the tenmsile

strength was taken as 6\ 7, psi (1.6\7, kgf/cm?).

Since for a particular pattern of push-off speci-
men t/g, is constant, points on the Mohr circles
at failure corresponding to v and a, will all lie on
the straight line OA inclined at angle 4 to the
normal stress axis, where 4 is tan~'(v/a,). The
term (v/a,) is fixed by the proportions of the test
specimen and is equal to w/d. A series of circles
are drawn. each tangent to the failure envelope.
Where Line OA cuts a circle establishes the point
v, o, for the stress conditions at failure repre-
sented by that circle. A line is drawn through
point v. a, and through the center of that circle.
Where this line cuts the circle diametrically oppo-
site from point v, o, fixes the po/nt v, a,, that is,
v., pf.. By repeating this process for the several
circles. a succession of points v,, pf, can be ob-
tained. A line through these points is the v,, pf,
relationship obtained in the push-off test

The v,. pf, relationship was derived as described
above for the Series 1 specimens of 4000 psi (280
kgf/em*) concrete. This relationship is compared
with the test data in Fig. 10 and is seen to be in
good agreement for values of pf, up to about 300
psi (nom. 62 kgf/cm*?). The break in the relation-
ship at about this point corresponds to the point
at which the Mohr circies cease to be tangent to
the more steeply sloping line, and become tangent
to the line inclined at 37 deg. The implication
of this is that the failure changes from a com-
bination cleavage-sliding failure to a shear failure.
Although the second part of the derived relation-
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To check wnetner tins methiod of geniving ihw
v, pf, relationship is appiicable to composite pusn-
off specimens. tu concrete of other strengZine. wnd
to push-off specimens of differen. size and pro-
portions, it was used to obtain the relauionsnips
for push-off specimens tested by Anderson.' In
Fig 11(a) the derived relationship is compared
with the experimental data for rough bonded
composite push-off specimens in which boih the
precast and the cast-in-place concrete had a
strength of 7500 ps: (530 kgf/em*). In Fig. 11(b)
the derived relationship is compared with the ex-
perimental data for rough bonded composite push-
off specimens in which the precast concrete had
a strength of 7500 psi (330 kgf/cm®). and the
cast-in-place concrete had a strength of 3000 psi
{210 kgf/cm®). In this case the derived relation-
ship was based on the average of the two concrete
strengths. In both cases the agreement between
th derived relationship and the experimental data
is close.

It appears therefore that although this method
of deriving the v,, pjf, relationship is based on
averaged stresses and a simplified failure en-
velope, it can be used with reasonable confidence
for monolithic or rough bonded composite con-
struction and for a wide range of concrete
strengths and push-off specimen sizes.

CONCLUSIONS

1. A pre-existing crack along the shear plane
will both reduce the ultimate shear transfer
strength and increase the slip at all levels of load.
For 4000 psi (280 kgf/cm®) normal weight con-
crete and values of pf, between 200 and 1000 psi
(14 and 70 kgf/cm®) the reduction in shear
strength is a constant 250 psi (17.5 kgf/em?).

2. The shear transfer strength is a function of
the reinforcement parameter pf,, When interme-
diate or A432 grade reinforcement is used, changes
in strength, size and spacing of reinforcement af-
fect the shear strength only insofar as they
change the value of the reinforcement param-
eter pf,.

3. In initially cracked concrete, the concrete
strength sets an upper limit value for pf,, below
which the relationship between v, and pf, is the
same for concretes of strength equal to or greater
than that of the concrete being considered, and
above which the shear transfer strength increases
at a much reduced rate.
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4. Dowel action of reinforcing bars crossing the
shear plane is insignificant in initially uncracked
concrete, but is substantial in concrete with a
pre existing crack along the shear plane.

3. The shear-friction theory gives a reasonably
conservative estimate of shear transfer strength
in normal weight concrete with a pre-existing
crack along the shear plane and reinforced with
intermediate or A432 grade reinforcement if ..ne
is assumed equal to 1.40, providing pj, is less
than 0.15f.” or 600 psi (42 kgf/cm®) (whichever is
the less).

6. The Zia failure envelope may be used to
derive the relationship between shear transfer
strength and reinforcement parameter pf, for un-
cracked concrete, either monolithic. or at a rough
bonded interface between precast and cast-in-
place concrete.
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Sinopsis—Résume—Zusammenfassung

Transmision del Cortante en Concreto Rdo_rudo

Se presenta un estudio de la transferencia del
cortante en concreto reforzado. esto es, la transferencia
del cortante a través de un plano tal como el de la
superficie de contacto entre una viga precolada y una
viga colada en el lugar. Se ensayaron 38 especimenes
de extraccion, algunos con, otros sin una grieta
prexistente a lo largo del plano de cortante. Se encontro
que la teoria cortante-friccion da una estumacion
conservadora de la resistencia transmitida por cortante
en concreto con agrietamiento inicial. Se presenta un
metodo para calcular la transferencia por cortante en
concreto sin agrietamiento inicial, basado en la
relacion entre la envolvente de Zia y los circulos de
Mohr representando condiciones de faila para el
concreto.

Transfert de Cisaillement dans un Béton Arme

Cet article présente une étuce de transfert de
cisaillement dans un béton arme c'est a dire le transfert
de cisaillement a travers un plan. telle que la face
interne entre une poutre precoulée et une daile coulee
en place. Trente huit spécimen de poussée ont éte
essayes, quelques uns avec, d'autres sans craquelures
pre-existante le long du plan de cisaiilement. La
théorie de cisaiilement friction s est montree apporiant
une estimation conservatrice du transfert de
resistance au cisaillement de beton initialement
craquelé.

Une meéthode est presentée pour e calcul de
transfert de resistance au cisaiilement dans des hetcns
non craquelés; eile est basée sur !'enveloppe Zia des
cercles de Monr representant les conditions de rupture
pour du béton.

Schububertragung in Stahibetonteilen

Eine Studie iber die Schububertragung n
Stahlbetonteilen wird diskutiert. Darunter st die
Ubertragung von Schubkriiten uber eine Fliche ¢
z.B. 1m Schnitt zwischen einem vorgeferiigten 3aiken
und einer nachtraglicn darauthetonierien Platte
verstanden. Acntunddretssig ‘Wegdruckpronen s urden
untersucnt. von denen einige her Versucnsbegina Risie
in der Schubfliche enthieiten. Es wurde festges‘eilt.
dass die Scaub-Reibungstheorie auf der sicneren Sei®
iegenden Werte fiir die Scnunubertragungsiesugke:!
von Proven ergab, veiche oer Versuchsheginn yorisset
varen. E.ne Methode fir die Berecnnung ‘ier
Schububertragunygsfesugkeit von ursprungich
ungerissenen Proben wird gegeben. welche .uf a:e
Zia Einnuilence zu Monrschen Kre:sen uls
Brucnhediazung e 3eton autbaut.
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ITEM III (from June 14 meeting with NRC)

Qualification of Leak Rate Test Channels in the Containment Liner for SAR
Loadings

The applicant will determine the capability of the channels to withstand
combined pressure and temperature loads.

RESPONSE:
A. The accompaning sketches show the various leak chase members that were

analyzed for the emergency, test, normal, and severe operational con-
ditions listed in Table 3.8-1 of the FSAR.
L

B. Analysis shows the stress levels for all load combination equations are

within the acceptance criteria as defined in the FSAR Section 3.8,
thereby maiataining the leak tight pressure boundary.
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LEAK CHASE C&TAILS
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