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Peter B. Bloch, Esquire Dr. Oscar H. Paris
Administrative Judge Administrative Judge
Atomic Safety and Licensing Atomic Safety and Licensing

Board Panel Board Panel
U.S. Nuclear Regulatory U.S. Nuclear Regulatory

Commission > Commission
Washington, D.C. 20555 Washington, D.C. 20555

Mr. Frederick J. Shon
Administrative Judge
Atomic Safety and Licensing

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

Gentlemen:

I am enclosing two documents that provide information
concerning the structural integrity of the concrete in the Big
Rock spent fuel pool at elevated temperatures (Subcontention
(5) of intervenors' contentions 8 and IIIE-2). These documents
are:

1. June 8, 1983 letter from
Consumers Power Company to
Mr. Crutchfield of the NRC;
and

2. -June 10,'1983 letter from
Consumers Power Company to
Mr. Crutchfield.

The foregoing documents provide additional
information in response to questions posed by the NRC Staff
during their review of Amendment 2 of Consumers Power Company's
Consolidated Application in this,' case. I am also enclosing a
copy of pertinent work papers that can be identified by the
title on the front page, namely, " Crack Spacing of Two Way
Slab".

Sincerely,

/ b'
'

gjosep Gallo
cc: Service list
JG/ gym

8006220102 830620
gDRADOCK 05000155 I
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June 8, 1983

Dennis M Crutchfield, Chief
Operating Reactors Branch No 5
Nuclear Reactor Regulation
US Nuclear Regulatory Commission
Washington, DC 20555

DOCKET 50-155 - LICENSE DPR-6 - BIG ROCK POINT PLANT -
RESPONSE TO NRC STAFF CONCERNS - AMENDMENT 2 TO SPENT
FUEL RACK ADDITION " CONSOLIDATED APPLICATION"

Consumers Power Company letter dated January 10, 1983 enclosed our analysis of
the structural integrity of the spent fuel pool at elevated temperatures, and
identified it as Amendment 2 to the " Consolidated Application." NRC review
and response to our submittal yielded a Safety Evaluation Report (SER)

~

transmitted by letter dated May 16, 1983 . The SER concluded that ". . . the
licensee must provide the requested additional information to the staff and
receive staff approval before plant start-up." This submittal is intended to
provide that information.

The May 16, 1983 SER identified in general terms the five unresolved items
that remain open. NRC letter dated May 24, J983 provided a summary of a May
9, 1983 meeting and further clarified the five remaining unresolved items as
follows: 1. Shear key capacity and factor of safety; 2. Effects of cracking

,

| on development length; 3. Orthotropic plate assumptions; 4. Shear capacity of
'

the pool slab in the vicinity of the east support wall; and 5. Deflections of
the west and south walls in the vicinity of the expansi.on joints. An
additional item was transmitted via telephone conference call and was
subsequently discussed during a meeting in Bethesda on June 2, 1983. This
item concerned orthotropic plate assumptions and we were requested to consider
the effects of time on the stress loadings.

In order to expedite Staff review, we have attached responses to the above
five items. These responses (excepting renumbering of items to correlate with
the NRC May 9,1983 sunnary of issues letter) have been reproduced as
originally forwarded. In addition, the following discussion of the issues as
presented during the June 2, 1983 meeting is provided:

|
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D M Crutchfield, Chief 2
Big Rock Point Plant
Consolidated Application
June 8, 1983

1. Shear Key Capacity and Factor of Safety -

The capscity of the shear key and bearing support wall were evaluated with
respect to the imposed deadweight and deadweight-plus-thermal loading
conditions. It was concluded that the s. hear key has sufficient capacity
to support deadweight pool loads when the capacity of the key is deter-
mined from very conservative shear allowables. The key can also support
the deadweight plus-thermal pool loads (except perhaps at the very
northern edge of the key). It was noted that the bearing wall in the
vicinity of the northern edge of the shear key is actually in a parallel
load path with respect to the shear key and the very stiff bearing wall
-will preclude any local failure of the shear key. It was also noted that
the bearing wall is of sufficient capacity to support the entire weight of
the fuel pool. It was determined that the shear key / bearing wall support
system was of sufficent capacity to support the imposed loads due to
either loading condition.

2. Effects of Cracking on Development Length -

Considering the most unfavorable concrete cracking pattern and a *

conservative post cracking bond strength, the margin of safety associated
with the development length of embedment steel was evaluated at various
critical locations. It was determined that there was sufficient margin of
safety at all but one of those locations. Consideration of the loading

! environment in the neighborhood of the location of concern, the

! conservative nature of the evaluation assumptions and the small size of
I the deviation from allowables resulted in the conclusion that the
'

condition was structurally insignificant.

3. Orthotropic Plate Assumptions -
t

An apparent inconsistency exists in the ANSYS computer code with respect
to the material property development for orthotropic plates. The
empirical relationship of material properties employed in ANSYS was
compared with a theoretical relationship in order to deter: sine the effect
the ANSYS relationship might have on the fuel pool concrete cracking
patterns. It was concluded that where the ANSYS material input approxima-
tions differ from theoretical values, the bending moments calculated by
the ANSYS approximation for cracked elements were overestimated. While
such an overestimation can alter the theoretical crack pattern throughout
the pool structure, it was determined that overestimation of bending
moments introduced overall conservatism into the analysis.

[ 4. Shear Capacity of the Pool Slab in the Vicinity of the East Support Wall

This concern was over the potential for the development of diagonal
cracking at the pool floor / east support wall juncture. An evaluation of
the stress pattern in the areas of potential concern resulted in the
judgment that the stress field was dominated by compression induced by

|
deadweight pool loads. Application of Mohr's circle resulted in the

!
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D M Crutchfield, Chief 3
Big Rock Point Plant
Consolidated Application
June 8, 1983

conclusion that the tensile stresses required to induce diagonal cracking
could not be developed and thus no support / pool floor juncture failure,

would occur.
,

5. Deflections of the West and South Walls in the Vicinity of the Expansion
of Joints -

Pool deflections induced by thermal expansion were extracted from computer
code output and reported. The deflections were very small. The small
deflections ensure that pool expansion will not take up the expansion gap

-and introduce additional undesirable stiffness (hence more cracking) into
the fuel pool structure and support system.

6. Transient Time

A significant amount of discussion focused on the issue of employing
stepwise increments of temperature gradient as a function of the peak
gradient rather than as a function of the time of the transient in the
sequential analysis of concrete cracking. It was noted that the
temperature gradient steps were employed for convenience as a reasonable
approximation of the cracking phenomenon and it was judged that this
approach had little if any effect on the final conclusions of the
analysis.

-Consumers Power Company committed during the June 2, 1983 meeting to provide
documentation of the basis for resolution of concerns identified by items 3
and 6 above. This information will be supplied directly.,

Thomas C Bordine/wgf (Signed)

|

| Thomas C Bordine
| Staff Licensing Engineer

CC Administrator, Region III, USNRC
NRC Resident Inspector-Big Rock Point

Attachment

oc0683-0205a142
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Consumers Power Company
Big Rock Point Plant

Docket 50-155

1. SHEAR KEY DESCRIPTION
June 8, 1983

|
,

1- 16 pages

|
|

|
,

l

i

!

l ic0683-0205bl42



r
. .

-
.

Sketch No Cal Me

#NN OPERATING SERVICES DEPARTMENT Project No

f % COR88El813 Originator ET444*t /-
5- y Subioets ARC DIScRSSton /79f # S*' Retiewed by AB0 tU: _=1

WJ SMFAR c6f C4fAC/7Y hpprote)///P5| by
Date6/ Page./ of /--

. . . _ . . - . . . -. . . . - . .. . . . - _ . . .

1. fHdAA FfY 1&SCF/PPos/ - . . . . . . _ . . . . . .

.

. . . .

AAM V/rW' Died. C- //3 . ..

ElCVA 11oA/ s/thW . C - // 7. _ - _ ... _ . -

i

| b/M[US/CA/ .* $ X4W $ ' AT/HJ . C64/7Witosst $N r4f 44. f/ pts GF Per?
#

/+m+ 4 45* Mitsc, #4 .rns #lV. c'erare .

/tM464E fo CssrFM'M THf f>'!ftfseg of r#6 Sfd4A:. ety
.- . - - - #N THE of * Pfff//A/, SW7.. N4f 36 desy7co CosME7/cN.Lj

- - - . . . . . .- - . . . . . . - . .. . . . . . .

Ef/NK . 5.. W f $ // " 4#4 W f.f! S7Ff4. . .- ..,

.. .. . _ ..-. - . , . .

DEf/4M CrNcc/7: 7#6 csosiruc7/oA/ dim t+1A. itsMEs . s's . r s et y'

|
. /94 /, PF/#f to rp f d effcse'r GF 72'F ACZ 3//-63

ASJVME ACI .5/E 94 /VMS t// E.O. /H 744 7

90 g y Fee. cra E. Ar < Sc4M.s te/c' w&&

RE/kfr/ cts /Ekr. SC 74F Nf42 KEY / / 7 /.S JCufVfD

194 7 fMF RfMFCAWHf4 7 /3 79C SVP/wHAdF C14 fro c

#MX .

MFGo-
Ns+1 Dwd. C-//4 ,*:Vsess StuffAL. p JHret rffS

_

. . couptio4 rst reseroe ett//77 situerexr -ro 7sr

Sit u n m o t w c, s rc u r re/p r s HAn - Asswst 7 ct4ren

.86AflNf SetRfACES . , /7 /./ dsrc/xtb S17 X*F

fHrse gry esey toyses7:.s ytepc44 4 osD .

..

Z. LC4D/N4 dea /Dif/oA/

, _ . . . . . . . _. ...

. - . . . . . f/' 71/4rft.y', lof 4PE CsAlc rrb r a wirw 2 ls4D/#6
- CtND/ frons .DE4b ledb ( b./.) A *b 77/r.cW'l,

*

L64.s ( 7L) 7sf topar ens reo" qs /.mr

194/////p , typ'CW /S f.XC'd6PfG~D Y stT7/tc86b.

. - ..

_

l . . _ . , _ _ _ . . . . . _ _ _ _ _ - . . . _ - . _



F
-

.

Sketch No CalMe

T N . CORSumW5. OPERATING SERVICES DEPARTMENT Project No

M
Originator C'/fMM,

e( j Subj=t' Reviewed by R 80 T -- Company ,b%r# Approved hvf
Date E/MlU Page3.of 64

. . . . . . . _ .. _ . _ _ . _ . _

3. . S#' EAK k6' 7 CAPAC/7f* (ffE Af7AC//MfMT .Z)
.

- fffSfuf CdDE 4/. tow r . 4 C/r4x St%rts ..

-- - .. .

&=$ . . -. . &% . }|-3

h </a b f 4Q . (cf(M $d.N
. .

i /M, At7stf4164)/ . ..

* ||~S b
. - . . . - . . ''VE ~ (/* f ~/ 24*$$ $5ff .

- . - - . - -. - .. .. - . . . - . . . . . . . . - - -

. - ft< 74f J'#f48 #5 Y , . Ef //. . S 8Ee2*M6.5

kE = of.35* -- - .. ..-

|* |S h/4ffK 1/MM f4* - //* S. TH E45. //* 3 4 //. 4-

AfE ftl.CD44'~f"A~ac A b/A CiChA/ 73rAOtw F4/L t/AF pf/DE /A/
13E4NC. 17 S4mto BC Mrra refr ~rhr coMPWTED THf4R STAffC /s 044/4
ht45'uRS OF TME b!A deAML. TEMS/3N 8.5 "f|*'E 77!/E G7CrGS

b/3 itssasfew /.s Tata GM A%eNW. THE CMMZENT C /D E'

QSff A Nop/NA L. 54EM fiffft' 08 7/wE6 BY .bW/D/Alti
YNE SSE4A fpACS 87 TNG fffff7/Vs' A4t*4 N.

7#f it/8 Of D/440 MAL- 10t/ Stoa) FA/4//M AffDE /$ Jt/S7F/Eb

/4/ 4/4// 7 dr 75 C/An~P/M cN7'44 (dicax C/rfo M WEFBREA/CES
f W 2.. EU '0/01 6 f/Ar'K/ M Enff , ff6 8 6 4 9 '/o f # F C # M M E 7 5

. fd'/tfD Of PC/Rf 5'HCAA- * (S//5AR - ff/CPGA/ F4twff .) 404 s
.lYwD16.b. /T /$ . $8SEHf.D THA 7 ,. fdt & NdNel/fM/C. W /*'/s?444)/
QNCRActsa C0NcRETE *Sitt:;K St/8JfcrSD fo $~4rsg./N4 fcgcv
N#tcW Ts N p s, to 'SH14A. ' /r /N //4tF, 'fM&<F /S A/0 N ot C N 5'J Y'

t/k f/4 p/44p444 fryp/ps/ 4'g4cgg Arp fptpfsp , 4 Arpfg

CtKL&' 7)'?f EWLonr/oN PMfD/Crs ~7/A 7 9x ,A. fprcsern/

w/ rfou r Aky ryeAR pcwropegacer > prMM4t erscr/+s occi/rf: A7
_

- _ . - . - - - - . - - - -



r

.

Sketch No CalNo

# % OPERATING SERVICES DEPARTMENT Project No
- CORSumtil Originator # M'>. '/r /

j POW Subject'
e. _.%.:p;

company Reviewed by R89 E -2

Approve byk3 Pagefof 6
.

Date # I5 /

. k A/////W A f.' RL7'/Aff- ff CB54R Sf' fCS. OP Af0fdf/A/h154fR

0 f . *fEST PECH& 7 0F ONf SucH S~ Ec/MS/ / G/VSP
ruez rs res-r ser urz,v cro rr -fs -rse kuus ( 7 dsp?,
JSF PPF. $- )

706fff0KF /7" /S CCNC/DTR$b CJNSS<R V4 7/pg 7o' //SE i

746- N4LCCV/46 sfCCSPTANCF- CR/ TEN /4
,

2$Vfa' ( E9 //-s )M <
u

&

< 2.Wf & DL**b M'01 d bi //- 6 ).

: a evener uma c.weirr csa sr7xemr x)
| /ifffHCfHC22* , ??/CEE 4EG W444S S*Hffdf 7/'//S 7)/g itsv.s7'
, fedL W4/4 DN /TS $~dW7N 9e . A/ 47// E'N D S . (SEE C -//30

ANb C- /07 A$aoh d, O anM ). 7# E CwPG4/fd Wi^/
of raise wsas . boa.s or teso irrect re ' Esse r 'xxsaits/s.
TC2 1//5 R/RPdff CF fM/C EV44 &/47704/ fHf Y044CCuryg,

C0//ScfVdf/VJ AfETHou N/t t. af fxfCO.

sply AfEAS .D/ECC TL.y BELow 74E PC' ol. w/tt 45~

CCNS/oERED fffGCf/Ve /N t.sdD b/Ss'/f4 Po/ /.
(##fff f//6fG 4RE D00A GPEA//t/q , 7M' E APEA /S~

i

/6/J045D , f. LedD D/S 72/ BV7/dN dF' FECrs A/dE Zd;40dE*D
CSEE SVpfdar w4 st. - on N e g r/t ripe ) . Howerve ; fHs/s-

XEG/D/77 JS A ffM/7 /./ ffcOSN/EED 4 rac wGM An or frG &lt. Mg
kret~ea morav ;u.

~ ING d d 1 E f d 2. BE4B;"/44 47F ffE 20At Sf.AB d't/ /#* f

Al st/4LL /.c /> cons //24rp. BUT 7#'r 37/rfEo/44 EFFsd73
/f eftPCwD/CHLAfL Y /47's Rc2c/'|f'/#$ (d/424.S (*4:'>dr/*/ sf// C)
#4.S Secy / Costed.

' 7/fr AWAL. Yr/s asrsoD PER A C/ 3ft9 8 0
Secr/es /9. 2 ''fvP/edCA L Des /GA) errPoo ' ca.c

(dSGO. THE C0Al s*EKV4 7/SM 4/r7// PE6Af?D 70 CHo/CG OP
khfio AUD GFFEC 7/V& />EEr4 S40HLO Prot //pe- 4

LMER 80WND YA L t/d.

. - _ . _ _ . ._ - . - _ _ - .



r-
*

.

Sketch lie Cal les

OPERATING SERVICES DEPARTMENT Project lie/
hPC6HSM8f3 Originator CW&st

( )j Subjecti . . _ . . . . _ _ . _ Reviewed by RM, / 0.' _

~ ~
Approved byj

Date$/f#b Page.2_of.(z._

.. . . - . SWCE ffE . WALLS M47 AlfEAbf. /pivf BE6W ... C4MKf/A4-

D64b $ uts '/.odb, 7#6 .Apftssp . 77/sr/fAs- s. o s a
W/tt Nof 36 EV44 V4rt.D . 37 7#'6 A/Aggsrs rF SAftf'7,

/xstr'AD, /7 Nitt. 15 csxPMsp 7s rys & qr n etrs A c
An /NCRf//fNf4 4.-. fr' Ac7aw. . /7' rHoc/4a ag- Alsr&D

.

Ffra 744 7 Cwfewsiss' 1- /M7stasit 5'rfst'///RG*r.

ARB Off5A/ fril6b AK ffAJfAK $746W 7'#4// f/'Pfc75b

t.ob b w cr ,, 6 r. f .. / A ffRA 4 $fiffN#S.s . MD Sg/s40w6.
- . . - - -- . ._. . . . . . _ . . . . .

8? SC/MafARY Af/D cdHCit/S/fMS - . . . . . _ _ . _ - . . .. .. - - .

_ - _ . _ . - . __ . - . - . . . . . - . . _ . . . . . . ...

"
* *h*

f465. wiry prerpnow of tre Asst 7tes . woe.s (ou rst .
4o/7// sibe, 14 6 f// rag. try //4s Aorgegra- C4pjetry- nos
SerH 74 6 Ac4D toad CMG $ Pf4D 3 TUrtM44 Lo4 D C436.
FRff/tff/fofE , TUS BEAfMS 4G444S SqfferrMt; fHf f/st. C7ANCrMEE
CAN StPfer7' tnt 49RJr 40ADM4 CdAter7MA/ , fVKAf MNH/#c)
4 t/ fry constrr47?rE- Cs7/N477CA/ of /7s CJtA' rtfr.
'f#f Af4/t&fetM /NcffMT+74 4 /MD N/E fo f/fRJf/4

CH ei794 /S 739o.
. . . . . . - . . _ . . . . . ..

/7 /J tuarity 7o' Ae/> THA-7,Mrotx4 rys Sassa, t'r7 C/fAcir/ eu?xety,
M A cst u //k g o4'cf setti certi ffrf # Asp 7sp isso ,, Mr newD

,

LDAp is aviy' /2.S') op' rks- borM Mi4 (.te m s n' w a )
C4P4cir/. 6 theft fMf Dr4b . 4A/O TPrtMet 4oso ces5, fr32 2'-

AEG- iff.S Alff DrWNW4fD lseD .

'*

'

. _ _ . . _ . . . _ . ._ .

* * * * ' -.

C}Atskr# fan, J 4/v6A/ THf 480V6 Jalf/FK4fou, /7 C/W GF
Conctapro -fHsf f n S//64 fr kff/Oc:49M4 Iv4s& . rappos7
/s Apequi m . . - _ _ . .. .-_.

_

==

.---y- -. -w. .a-w. ---...,-r-w-e s- w .----------w-.--------.v~-----r.--+-'-r' 'T - ~ ' - " - '""'' --'~--



r
.

-
.

Sketch Ne Cal lie

AI OPERATING SERVICES DEPARTMENT' Project No

7N Originator 9W# e'"'

24
Subject s . .

. . _ . . . _ _ _ _ . _ . . . .. .. Reviewed byK 4 ? -
~' '- '~'

Date 4 / OPage.f.of 4

-- - - . . . . . . . . - . . . - . - . . . . ..

. .. __ ... StimmARy 0F Lons $ Arngas
. ,

* 225 22(a- - 227 m 229 23o 231 232 z35 L
m o

4 zoo Ago 7ezoo S.g4co ggsoo yg;w a4no,groo,wp ||e,000 rgioo 9

j W$ 1.07 2.94 1/Y I.87 t. gs A94 z25 2.87 A6o
,

M*L 4
- 11,100 -((000 -4f6oo - 10010 o -fi]oo -6f/M - -t/2100 3zfoo I7sooomp

1t*Ab 4

Q |$$i00 - T,YOO -3{900 -32300 3 } 1, 90 0 fo o' ^|t) W00 T/foo 33 | coo,

& &(B.), I.2V s 3.0 s.sr 9.91 c.11 are 29

' !9 , (520,8), y,p - -- -
- - -

k /-87o - f,f. % ~7. 3 % "
'

'

h
iy,6, 442 < AI. A . >

fe w
/4 2 % yt

.wra a (es), - r-a or carr e ma orwir, en e-> < q*) o+ao my rm
., to/D

2. (FS.)g [S, W TMM CAs@ct77 Cr*ffuTED 97 ft /h6 -t'/I* 2.7f[-

' ~

1 * bsanwc em m osu so7 eraro as n-w4 ae..-

E uswricicar xg$m.c ' (Kf 4 /o) or
^

snicYciev.

x minen merion of eenin nu ahcirias wara.o
s w.eas Ssann ks?' . LoAo c4 errs <s catelcir)'. Ar rsn n<oi s.

6 'ks
~

an></ex rw wor vo m sow non nzs m arwc-

can uro m orwm mu.



r-
.

.

Sketch No CalNo

f OPERATING SERVICES DEPARTMENT Preject No

~ h '. C0fl80 5 0f5 Originator---. C4&w
-

PO

$ gr # C0m ny Reviewed by_q o " -
'

Date T / /t Pagshf.la_

|

$ WMAEWES . '

/. Heraccx ,7 A, /BRAHtM. I. 0., Mb Mk77ecx A. M.,
" JHsie Ten tsee. in scia =oeces coucoere ", ACI Jouns .,

'Vd' (C, bo. 2, Kef. /969 y NP-/ze .
(
,

2. Mstrocx A. //. so Nncias k x., " roue reagre

/A/ /s/*FMcGo coweggre - Met;ur fasueert ", 7s e w M . O ;c
FtEStrrsseb Coverste /*crirare , fo/ /7, A&. Z,
mag . * A /W . / $7z , j y). ff- 7.S~.[

I
!

_

m

h

| \
|

s

A \ - N

|
'

s

$
, 1

,

!
- . s

,

N
|g .

,
.

- *h
~

m a

A

'
I

kt
s '

s3 t
. i.

i ^

s
-

,

i- w

*
+,

'

z
L ':m ,1

- - . . . ,.
:, ..

, - , . _ _ - _ . _ ., _ _ _

-
. .

L. .

'



. - - _. .. - -

.

x- y i 4 . > s .'
- '^ i "

~ ', , . . . '
. . ,

wJ ;, N-r... .g ,, .i meu-... ,8*t * j
I

A p( ., e- /
,e dg g **

/ v'n: ..
- *r 2. . . .: - !

mee 5a -
*

r. ds/2 E.W. |\ .'> -

L. , .
y^ , fo:'g /

. . .

4 .> . s .,,
-

' 709-, ,. p y g a ' ?ktoum T'~ ~ .W'
t,

' ~
'

I4.; , . , ,. o. f= - <4WM cr!N .% .: .
_ _Ie

' . _ . . ,

-og;, . p'.. .

- -- 4.:g q.
.. -

a . =- *. . . .

C E 2 l;*..__ _ _ ._._. 2 :rcu; . .._ ' _ le: g.' 4.c 9c . -
.. _

.I _.C
i .

...
I I

,.
.

l 15 3 cot," liv
-

A .\ .:
-

M; ,, E.f .-. .- .. .

(O I i

ymm my <.--- : x=:- - -'

SO4h /YM k , d,, /)j ;|
_,. , ._ ,

o
f ,, " :,t !

_ _ , . .

,
=,wo w 2 z.s- >> :.? | (A .L _J * n .. | "

_._

*)
,

M|
.

!(J.
li e., . .' .V'K

, ..

'. . d i'Ep.. E' 7 'b,,,.<t . " .
-

.. ;.
, ., ,j

.

.s . .o
. . . .

,. .

. %. . . y.m w.. ,u. :_ . _ _. _ _ _ ., ,.

t .. .
.

. . .

t7''...,.. . . . . . . ,n.. n ag . g, - c .- - .- - . g ;^ ; = = . .
. .

..

-o.3 ~.,=)/8 = sgN 3' i .
.

%) Io, *.- ,- - ,
' _ _ ,o or2.:e.: -_g_- -

-

..R .. ..I*n}p
,, g , .. .

U ;U Q! u( ;ung ;; a

- - A{t . f.' ,
, m- ._,m 93sim.tr _, [ ~6 % " ' ', --

p ge, ,
_

, ,,..
. , , _ ,.. . . . . --a. - -

..

., ,; - J, yI
.

n .
.

g. w. 1 .

; ,.,i. rf
-

.. .. . .; ,
. .

si.
e sierve .,.

. - ;.,.. ..

j' . . . .b . ' ''

. --]-- i i.. w. . . 'g .

, 1):r ,,) st s.w. 307-
'

._ ~ l "*1 * Y
-'e- ' ..c i'V l. g_s.'- q

j ; j . ;a 1.,
. , 8 x.'

l , .- 1
' .-- - : I ,

1:- ,,,, ,.
. ..

. . .-

FIGURE 1 Node Points. Tributary Length
& Effective Bearing Wall Area



. . _ . . __ . -_. _ _ __ _ _ . _ _ - _. _. __ __

-
.

n p|

8
um

> .
z .m I.

i < 8 .rit
.is @ *

,

_, u, | .. i.-
,
z 5> U
;|; e tu ;,

-

. a
-

.g taJ --

d o* es
< e

i u a2 e

l ! 04*
( a _

Q.l

|

|
-

. . , ; ,s.t. .. m , i Ii.,. ! 3 _. Ji .

* u v -.s i

.r; , .e.-v: "li;te. J;c r ,. 3se ;7;" ~j e-r . - , . .<4
j l I i .'tre.8 w,,N.i@'Itig.- --

, Jn ai .c:e'; L *:qi, ,. i ., ../v .a.g .ty-
.t[.

* . . . - < .e. c .-.6 ,,, i.r.,..izptt 44b o y.jI.,.
- s

y-e ., . . . . , . . . . . ma. m .
.

. * . .a: , ;. : . ;. mann,e ae.we.
_ ,g. c . .. .

... % _____

..Q .gd :E y h,,. . .31_.y_ .nE. .
.z.,

. _ . . ..._ . ____ __ . . . .

-. -..;:'igL*

. _ ..
.

. , . ,

,}
. ,

..

.

i .i .
q.:,.c:._ _

,

_j,-tc _.-.sN,dy .

_

-. . . ... ,. . . . . .

.m- , -
_.

_ _ , .
s - ,, s.

.

|| c ':3,.
~-

- 6F Z
- " - *yg ,

ei ,,m

@:|. Iik
r. , , , ,=T ,N ga .s

., si s s-,- c

r.. h,fd
-.,

..'.W'W '-
.

.

'a=;i
,} a

.' .t ;: | k g\ o> , .

a| | 1 W i2 = 5 s-d t t g . ' . . . - -

t. ? m t... . _J}
. - -' -

= d.s. 3
n ,

r w w c ,e. . .. i.g -

;5., - =c .:d
-

_-}-
.

: - -- a,u m, --- m. .c. :,: s g, ., ,. p. .,4.. < -:. .,-
.

. M ._ . :.. ~-- ~-~ .
,--v _..g..

..

- -, -

> ., -bw s 1 a;, . . , , , . , . , , , ,
v,,1 . . . . , .3,
. . - .' e:-

. it .

...: :.
-

c--
C e a-

s.b.y:W..
I.- .::, '-

. , ... . .

g V
.:.: 0. ; . e- .'.

. . . . . . ,

.- - . ~ . , ,
. . . . ..

- :,- v'.

:. : . .
. , .

-.l. .s, ; y
'**.d.. ,g. **;.tW >.*

: .

\
-

.. .e
-

... .1r , . my- . . . . . . u- .. . . .
... i-

i .. ^~
i- ml M

' *

. . Si . )*
* um

. .|-<j,s M ( :-
, M - - :. . .m

:-2 ),.

'' +-

34 #13 % I C, ; i, .s----- ,.--i j@hm
..-

* ~ -

i

,

- - - - - - - - - - - - - - - - , - -- -- - - . - - , - - - - - ,



_ _ , _ . _ . . _ - _-___ __. _

1

8 0 9,e - .
. % '

i.. 8t[ g | g
,

-

g
-

n._-t

y , Q, % '.. Q.g\..
g,

. ' '-
i - s

* ''8 . , .
,

i W,i -', ,.. 1 . JN. . || P P
: - - -,

- s, . s, .

'. . . _ _.

! N. - 8 R <,,
| s

|,i ? I/ 2. $b I E B"

x az =x.\
*- * .

. - y __, .. :
4.. s 5.!

. .

m| jGh .

'

Ij1\. ._s
g.

\;'. j
Y..

' ' -

l' .*: 1m- ';-
.. . 1 . %. .T. '::. .go

* r. ' 4a. id \
', o. . '' 1 -" N*

f
- ve>.

p 1 u .,,,
,

. - ,
. . ,

> ss / 4
. g.4. ar- .g.=

ja f .

'

. . - . . ~ " ! e.

7., a.g,.
y| 4| ) y

s.

;; { d'
. - . _ .

\
.'. _s. o G 4, j '',, 8 4

,Q;., y.

: -;. kyi.z .,- ,.u ,

9. .;r,.~( y. ,1,jn,
5.. .w .y

w# 3, , 5-

3,a
t ,.

() 4
,

4

|,, g y . .

q ;g , .3a ;, gg
. 9

-5- s. ..

4 . :.: v f
- .w g _- . - , v s

a. . | 54 ['..w
,

IU T-Pa.:.!V J "*35'.N - | M .*:'ifjX . T,.'}

1?.LW~s" " .t' r C5 9 't 'M 1r 7. [A
_- i :

f R_ ^ - 7 0 . . . r .

u *
.

-

Q f'''c
- -

* .

,.. ,
\ . .i m gu e,

--- [. '.T
.t- c 1 .'-

,

.*7 . i f; \\.
.

pi: ' ':,+.asiGws:rx. 9. \
' " ;. - , . .. .

> ... -- |E h. . . ' ..}
: m

. : 4 b,,,,, ,,f Mins '4 w-, x
-

a. a,;e
q
:

. . t .3 -
. ,- . .

.~.a._~...5, :<q. *.e . 4, ' - . rsw a r<sia
. ,

,r= p -- t.r.nw ~ v ,N *_*f 3' i -Tf ,. jn).
*t----.% L --44 arsw a.1 -

, ,-\q [
.

|;,,e;4
-- -- -

| .y Q ipy;i t 79', a
-

i

% 2,- ,eJ i :ms
s,,, # n u__n e w.,,- ,

,

,,

\ (j- I. h. d-
--

* -*
#-=h-.

i . <f ig ,

n , . - - . .>, - . .. . .R . . - ~, . . !, '~, -
,

a .,;..zj ' f. v yf i ' (t ,;"?"%'g.Yf.
.,. ~

. '

.
.

s )} gte
,

? R.,..iI
.

- L ~=. -

.I
,s.-

|
*

|
, . . - .v , . . - s~ 8,.~Y..

:;.- , , .

Y: g h :'/ '' *
.

.. ..
.~,

'

|t'm' c M|/ Qg :/* 'W
Ei>

'-
,

1.1 ,

:'W **Ma ,.I'
.

.
, .

_ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . . - - . _ _ - __ -- _- _ - -. . _ -



f. -

-

, . . * ---
-

..... : . - .-

|il
. I d ' ' ' , N ,.' dD

|| : * 4 . i st -- .hj, ,, ,

: .: ds..r. 4. .:.0: I i t1h * N. , .,
-

. .

g . ,, .
- -- . :-. ,

: e a r = ,.? | : ,\ -fg*|-
-

. .- .

a
- g y _. p , , ,4, i p.r .-

. . . .__

,
a- 1..

,g ig. w .t- 'a |r -

l$fE v~,/ ' .d {

1, .a .-
-

,-
t -

r-)si@?.[ ,1.'i
'

li
'

-

ur L~9% ?- m. % '.i
. <h6 N.ogtyg' i

.

$
= s i

i -4

k '. .t k
g i. ' s- ' "- w I

&y|lk" .N.
.I,1'N N-6I

_,
~

; ~T I. rF. . ,% _ . %
"

.s)
.i a p:..: . -

i
_

\
v.

.;, . - .

,o i . . . , , 4.. ry.

/3 ;;7 r m - ~

<i-- y ]\ ... .

I *
g.- gIa

. .., .

I s - ---

g
| ' . . ' . )gg|| 'g '

* * 4-^

- 4- g,- -y.. Y'agg| '' "\
, ,

, ' . -

\ g (.,!|
.u .

'.f I [# - 3 I
'

g , ,

,

El,115 _ T h 'rM {l.l., i .@
' : :

,., 4_. ,1e
.

. p_ . a , .,.,y .

! -- N.
. .

..7 ,u .me- - ; y ,. j.... . . ! - | !

g ~... . .
,,

._ ..

...c .wx s-
..

. . .. .
. . .

'

..

S
^'

.
. .y ?..

= *- - .

. T f >'' p:,. t |
- @< == -

rn 8\/ / -

.
.

N.?t .i j .
:-

.s

4/.e. 3 * < -- . .

/ Ws Jg
-

T (/ . .g' y ./. = .? .:
i

..

49 y ti 8 m a* .u J%..

/ s /i ,o tw e a =- --

m y Qf
. ,

mn.v .I ..

As > t- f ,5/ =
_ g y

i
$. j u x to

. _ _ .
---

e > .p;, | i.a '

T 'g' .

g
,as ma ..

F *_ _ . < e;i, , , ,

5 *,a|h *(
2g <\- ,r #

*

gg
'

.

qq yI
'

''3 gr .e:<
*'

g| E*g%- -)
,- '

.

i !M. a. 4 p ii L-
M % JX gy

~ -- s, =

,' i i a : E 2~' "' M_t I 7 m -

. -g: .er
j{. } r 'j .. ' 7 *} g

. = . .
3~

i :,
..

' :- a. gy. ,e ., .: y.

E O
'

ser % ; N ,. / 4
'

, _ , _ . , ,
'

L g*
.

.-. s ,. . , , , - -
g

-

-@ 4 -O I~'"
-

.

_ .. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ - _-



r

.

8 |S |
9 .

p- ._....___.___y._ ._..

4I Ita 1

1 I8A I
% I

- 4 y I*P
,

i
.v , >

.. .

e 7/ 'W .I &4 M,g . , ' . ' gg
*

}3= _
-

w
-

.

g.; q. y :.1 p; - p4.

L. N. ~ ;.1 o {-w
'.: X~- ;.. /_ :!- N *

~
,

t', ** f*
3, . -

k |. ~
= y , f . .a . . . . - o

'
.. Y *. _ . ._ ,h '. .);c' Q |}
s r. q

g ___y,__.

p. s 94e- . . r, -.

- q 4)E. _ ._.. g g,4' -

h #1
% w \ q

3 is,.

g 3,_.- :'

.! g
.I

,,
- ..

,I. Dg
'* ? >l ( 's -

<< a s ~~
_

.; !.;i , .o
~

a . ..

*!
!!

'

t i di-

'9/ .V
*

__..__.....
,

i : .-

('. ,e; ,-

.

. = . . ,

I,g.
.

k it ? 1's
.

'

r.4 *

1 it .;
-

.-4 ',,, 4
.~ . . y

1 c h . .~_-i$ S
~ ~: '

.
t s %

4v a
% . r ,. g o :

$g y ~I D*n 8 > ,

%.? , . og, A

* *
s, '

@ - .g
~..

g 2, ' < 2.-u m *- -

..._.

5 -w _ yr~,n - .-e.
,

- :.
.

, , .'

.; 'r
' {

i -- *
. . , ., -

~

.] ! k; -6... S*. ,\ p ' -O @ [ k=!
es a 7

.
I
b

7._ . <
..wi a .- w g, gggg ,__

. _. - m- __ __,g . - . .__ q
. , ,2

-., .. .

,,_''.e ,N ' ' (' ; 0.-4 ] i M o
3--

-

- . .';,
., 'i__ Q g g ao

-

s O
.

%
-,, ,

k. D
ig . . . ..i4_;. . . . ., ...p

.

. ._

9 k, 2 5 b
=g ___

:1*4- , : .,*Y -i

+f[?
.Iw

t

!
>. .

O'
.

',, -

8

! |h<i
hi 'j

.
'

|
-

..

I r, ! ... _i
l

t.c
--

k%
.%.

g
% ..

i 3 | |
4 4,- d

-. . . - _ - - -



'. 1
-

Sketch No CalNo

[D OPERATING SERVICES DEPARTMENT Project No
COR80Rl8l8 Originator /Nmr

W'y, h.

Subject grfscpu r, %
Reviewed by f%hoy

'- R'g ; i

S w s,e esppetir c4LcasAftou APPt0'ed bl -
Date /4/72 Page./_of_E

,

sus' <W *12 rte w eaw

ATTAC//AfEW7' .Z 5{'s b i a &[7 k**.*u.
y>

S*
.C/ EAR' CAPAC/W #F k'Ef .s .

_

'; 32%.:24 _.

ft'r AC/ 899-So ,a -

.,
"

.\ ' , , ' -' '4 g 9,.

N ' Eh bwd- [fd //-3 ) k . .

.Y., .''.
. ,

cpa

1 -{,
gx

= G vr +zrnp x- n d (rvi-a >
-

>
,

b I'' [ U h # 7t/2"
||?|

k
'

(i.where k/s<. '' VI " 3.32 " *
!

k 5| [ . ' ' .'.*s.t -

ses vias. .- .

4 =c 4th. / " 4 r. n s ,y r
'

- . ' , , ,r .-g ,
c

= 4 8 dd ,8P /^#= ,- .

h.d 94./'x / "/w . .

* 4007E3
MM/rD 4W h
ASM,447 ~

h41Frt'fe FAW!,

$&.//*$ 86&*MC4 O*'d C.-ith )*-

| FMH C-// 7
kxwi

b'e = /.1 [ + f f00 * d oC Q s3 x yy.gg lewd

= (top.sp zuu )Ls .

/2872 L4=

=
2 BBW-f bud G RS,/jf. Lad dk.

K, = Ve

0.8S EMM5 d Vc 5

| pe K=24A~d
hYr, =af5x2&x4d./fp/

= t/2 92.5 A//" (APast ser // 3 )

hbt Vc = 2?Tfg'J2.d
&%: o>rx in n. x 44.^i /zu,

' '

*- G o 4 1 9 '' / * tw p y g )
._



.

.

Sketch No CalNe

ERAM SENCES hEPARMEN~ "; COR$Umt!I-

0 at s''/WM-
. d. , POWN Subjecti . Artseger I . Reviewed byho 0 ' - 6mpaq

'

Approvell hw

Dataf/EEN Page.2_of k

7M. 7t/Sur4MK . uugry of rect aos i:.r . 4.c . S&ws w
m. .<. rn ancir, ac nee me a nsaurso eraw:

h/CM- Q Vn

% //-p 3 Car it-n
ZZ F ZW,7so 4 Z/ 'f 9'co "

224 - Z&l. /2f,foo? /5/,96 o #
|

ZSs /54,500
. /8/,4e o..?#

7Z,200 !*) 90,800 (* )#

| 733 z 51, faoo # * Soz, 4 oo #
'

(4) o W)n

4 /F s w ret twer vor psrub /Wo Gr* .Am9 <<9 o'oct'ov ss /* bot--'

C&tn'ritog .
|

.

I

. _ . _ __

|

|

l

i
,

-- . ._



t

-
.

Sketch No CalNo
,

# N . CORSum8f5OPERATING SERVICES DEPARTMENT, g g
j POW 8f subjects //fr4 ( # N r E .__.

-

P

K%N.. Company Reviewed by M;; '" ' -
EF?''' '

Datef,gf83884R/N4 t<Mu C4 M C/77
Page l of /

AfMCHMw7~ X . .

8FM/A/S 4/4tt- C4MC/77 Art .4c/ 309-9c ?> /V. 2

qL = a.* c s,70) /:'A} / - [g @.]~^.
. . . . . . - - - _ . . . . .

SerH Bf4//pg ginn
. .

k= (Dust C-/21 til Fr4 1 ) .' ..
4.5s'4" . _

.
.

A = Mo"t 3'fa # = $744 /et. -y
K= /e . . [corren1rrety J.rmus:o P/w - :.r,?

.o2ft 3
h $w * Af9~f 0 7d X fo0YX $7VP X fgff.g-

.. . .. . y 772.

%2I*NO"
gy , y

f gtore :nseunru sim7 is Srua. - 'l
.

E_ _, k x&ra ]'
> y / x

?*%" Y N, / jiO rnt Swix/s tysn
E(TE Luur >s, - t- 7- > \- 's- ,C-//o / C-fo7) a=,m, . 7 !'e ,,

^'$f|,,, ' s:ST(0.7o) 3,000 x*4 *esw* ~ ~ ~ .~ 'l ' q.

ZGx7sff } . c,-.

d * *'s f ' anis
X1/diso[I-(4a.-.) "W L *

"|.T
>

gh '

..
.oin - - _

seram,y.

| ' 764[I -&) . . ~ .' '. r . .
- - -, e,-, , , , _.

W , A5

= /.ff($70)fHe/My gt/ttsff+(.fG) 4,9p,4 pesqw wit g/ts'
< -

zus 000=

. . .

_ _ - - . _ _ _



_. - - . _ . _ _ _ . _ ._

-
.

| KtNUS
of MK10GA.Y. LYC

9* C. Dames aca; , ,
e.- - e. = =ces
me an.co: l

May 2, 1983
5803-5U5-393
5803-002

| Etc. Rolfe B. JanHn=
Consumers Power CompanyI

1945 West Parnall Road;

1 Jac&m, uteMgan. 49201
|
|

Dear Balfes
Enclosed please find the reaction forces at the key on the
umst wall of Eig Hock Point wi. fuel pool.

miae--aly,

.N I =

. r. -.
Project unnarpe

.

saa/Imv
Eric1aeverg

was of wieMgun w/ene.cm
D. Mn11holand w/ene.
F. L M th
B. Beckman
s. Gerges
File w/ enc.
DCC w/ene.

.

._____.-,,___-----_.------.w%m-- _ , , , . e.---- - - - - - r - - - -

._- - - . . - - - - . - - , - - .
- - -



G

.

m p-:- or.. . ,. p
4 'I ' DDME

VxP,ep;_gp m,m 5t A s - FA- sy

M'crected e-m c7

i 5.

'

5 $X ?s

k 4 ,h
2

.

d im i e a

$~r$u 11$
-

4 N
e o.

x g ).| =, ..a 34 +14* .4 3 1e
d- 'n 1i e 3 y
T o *i * $ ,e ,d f"

c a, ~~-
m m w p 4 g O,

b Y f

i ; 3 #D S f -2
s 3 y ~g g1 ~

& .A
ga ss e a . ;8 -

-

4
j.

* j'C Aen"
g A T g y*

~

g2 'Al s8 6*

| e .s
.! * *J a .

M 3 $
48 * 1
h5 Ob 9gb | S. 2

b| Y *
g . .-.$ ~ . .
* O -f : #"

%r *g1 1;- t
~5,c

d 9' y ;f 2
o

*o . e
| f % is 'f . 1 ''

C y$
<

8 SE ke%$b
O

p'i
*

1 w

| 3 D '. + --

p c

i| 9 we s. s. ,,

E'r% - ]2
1's -*$ ,o 6 55 1t1 x t e 2gz s# pf.N b2 A

- _ - . - . . . - - _ _ _ _ _ . _ _ - _ - _ _ . - _ _ - . _ _ . . -

_



<

-
.

%

Consumers Power Company
.

Big Rock Point Plant *

Docket 50-155

2. EFFECTS OF CRACKING ON DEVELOPMENT LENGTH
June 8, 1983

.

|

|

|

|

34 pages

I
!

I

I

;

!

ic0683-0205bl42
i

_ , _ _ _ . . _ _ _ _ , _ _ _ _ _ _ _ _ _ . _ . . _ , _ _ . . . _ _ . . . _ _ _ _ _ _ . . _ . .- __ _



'

.

.
.

L Paga I of N
C,GHF-Ci;iATKJN DATE E'' bM

,

C Fco-M P piteno 41W-PA 6 BY M. !'i t 4CLIENT

SUBJECT A'C 6 17I( rJ4 610 AJ l -TEM 4 Checked By-

'

2, EFFEC 3 47 4'E.A4k.lW7 GJ PEVELOPMWT LW6TH

7.n order 6 p.sge si Me e f'fe cf5 of hnivhwe
:

+he development leng +L oE A.e frestc16 clt.s on

n4nnig pcyo. Il<l -b #c cmc.k s, it b

de ce iIcc 49 in Ver6g ede siA c.s.ofcrctch PA7le r n ,
c

onA 4he sources of bon / s$ Yeng?b ,

It as po hd ou1 in O f. 1 #hst, The cmcking
"

c

w^r sJnr tar Or most Specirrens repM iengn1 tern

of d e ve ria bIe s in co n n deraf c , After 8<_

AA Ag a na.M cYr c/c iinis d fl<turaI end ynein h'd

$40elo fed, .Qog,4velind oyAi%ing began b devel op
1

a[T e t cd (tMt half of she allina'$ load hd

iongitudin^l cra ek. Prosjremefb(e n re oc bed, The

down dht cenley of buni cros.drJA the t9niver:e

h|tuYaA C fa c,kS +kot had pYe MiOM C ( t) fv yrred .

After e F'P*iM-tcbJ 20/= of (Ae u If'% 4 E l oeet ,

skovt un encJ or <M c.L. ersak s b ey n -r 4 r-

| an &ke side of 4-k< bom adjacent h VM n^ ^



NPaga i of
*

9 # "i3 j#CORPORATION DATE _._

,

CLIENT C' E C O ~M FILE NO. b bi' b'0b BY M- lid

Checked By NSUBJECT MC 0 TI4'>ft44 ion T 4 tts

g{Jego n A c.Yac k of &h e fetlel of Ionfi4WlirA|

de4I . At ud6 m A 4. (cad 44 54 f c4. c rack i
j

joiM d -40 904he r and+he con c re?L cflid on s

no r;ye t *l ef ene +hfo afk d4 e u dv Yc e ""A , "

C orrnpordirj do dAe chgesof crach'"g garfon
'

in Jhe ple tlie ti f pa rA g fa f . , di-fferent sovfte t o1

bond SfYengdL begin h) -hM (AP . Frovn Ref. 2.
,

th e. basic [ea.taref o [ bond Ye Ci (i A M6 e (c.

0 ) O r n. 9 e'l m. b Ar, che b ord yesisfer ce is

Ofien 40ug N of aA cIew.i ed gdhe Sion O f ../ + q

concYeh and bei hi[At e , u d

(2 ) (')n ce d-he d he rhm 's s byoien up, O N4er

bo nd cay 1 be vie veloped. wen n ; d Eicb

a u ae weqe ads d so,d wp
d

sand po r y c le s bef e4n de bar Aed dbc

Skyr undAhg co nc re te. . r - nds ;+ .4o



|
*..

"~^ *+NUS :b'2>CORPCJRATON DATE ?-
.

C FGC-M P gite no. 6 IM- No6 M U"CLIENT ev

SUBJECT hj E T is u/ Mt04) lipet 5 lChecked By

lP a'e round bars are mbjeded 4: co hen

sf ondavd l od te s ts, O i lu re o cc u rs w A e n as

o d hesio n a n A -Cr:cdi ord res \ ska nc e a re overcomt.,

and d44 b^rs ur ually pu(I ou t fro m che e n m sin.j

con creie. . B A SY debryr,& .b e r s, o.ne r'

sources of bond re ci dm nce ih e 9 n. - k r s h u a u p .

Ben. ring of sf+el bef vibs A j a l e t A e.G)

cA nc re b , The action-reo.ciim b4%)een the

stee4 bow r;bi e d eoncretc en. de derv

picked kg e. pyre from Fef 4, whi d. i s

shown on next age, IT b nohl +A4 'm t h eP

1

tvDf f9Cdl CVacbed }Dnd Nefe Are GWfYdM5j
'

v%rnd c vo eks , sovne. of skacL wiU

grapu aA a <Ae ex toynti s u r fu e J 8 e.

concren Ao @rm a k % jor pn rn ^ry eye.d s

wMck re peqenhedar to ne rda re .

|



.
.

tNUS tC; !
*

CORPORATION DATE ' ;
. 1

W# 6 IN 'FILE NO. BY M- LIVCLIENT

SUBJECT MC DH w % I'OM Ite * * Checked 8y NP

< . . . . . . . . . . . . . . . . . . . . . . . , , . . . . _ . . ,,. . ......

. .... .. . . . . . . ..
.

. . . : -... . .. . ........

. h\ . . f. . ..
. . .

. .:gh:: n N. "
.

.
. .

<k'.
. .

:.
: .

.

'..!... .s . .is s s ~

08F id.. m.d 4.r ( wdh !.. .f lugt) .

.\, *l./ 1 , *

' ' PI'.TT;' :: . .Q.: .Y.~ ' . '
''

| .: :
.

.

. . .

. . . .. . . . .. .. . . .. .
_ . .

- ... . . , . . .
.

. . .
, .

. .

i
- .

....,.. .,... ,.,.. .. ....,... ,#,.....,........,

e.. |:.::.a., = :,'....... .,- . . . . . . . . . . . - , ...... ... .,

Fig. 3--Deformation of concrete around reinforcing bars
(after fonnation of internal cracks)
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c uck spa cin 9 = 1.i t rs 24 = 1 ? "

ge lp~t wA= " '1 e ( 0 "

gerce d e p 3t ef As cye,uk( =. d x to * % " W.7 */oc

f( hvise d - 4. 7 6 x ,_,,jg= f,4-
"

B J e ver les; &n 4 2. "

k) pYOU'dec\ = l5 !^10-(
'

t.5$3ft ty -upc =

.

5 L (o " So n -eA.ctu)A./k.S) S phce d
1

To r %s +op '1 o ", + he +kicknea of Wael isL

|
ILo" s-frMgld, 4heYc i5 no _crAce b be. I
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J n
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= o. 9 3 *~

g,{r n

a + + a. a g - p u s a - ce,+
a is w a s c r a u s k -t w hcwe

. 0

a 8 trr. bj 076. 0[ d e 2 eleaC4.ilty occurt
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1

hwi}.e w1et/ Ye i n[>yce a-e J,The A M c.m cbs pd rk.t

Vh$ 8% dtneg5 4W=

|

C Yo c h Spacir f = l l Is [1 41 = 41 "
6

kab Uaed c d d G lO
;

>eyco*y c4i scre di t e /( = h y b o % ~ 20. 4 Ys)

sp Xce M e7~ Yevied = 5 4,:.3 xl g , _ o,

61 13 ''

(so"Selue +% provided =-

h e g onarg 6 - c.8T.

e of
usig ac 4tf ~b P''' h i2fy_.

Q Rh , Pe spbee y acaad
a a m su-.-

Ap yttedrb vocG4ied -GuAn

I, 6ty d 4 0 Mad 'b
;

A Tof Redc4M I .3
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'
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I
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t

, o 2 0 0 x 1. s 28
- ''a t .

fs = I-014 x o. 6 < t . 3 xg 3, oo ( + 2,9v 2,5t 60 x o 2

35.o "=

,/s provided = S 0
.

i
,

o ut f = ''61 0 F.Ss

k) ,j, at wwt v)J < nA
1

I8 \A) 6%c i 9 O ho }ke, koYip
Yeik fu Yce rn ent, G()dl-Ildckh<si 4-1."-
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Ref 2 : R. Pcvvle. n A 'T Pdog , " Re.v'dorced

. bcre# 2Lchu," .Jo b (A),4 g 4 km, i,5
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" femforceA Concrek Desty 5 ''" Ed.
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g ,- -. . . , ,

c, 9y aY &x o %-

} E, EEz s - y
Es gy

- -- c: E % J_ o a.
=

y #

e7 .
%'" + T1 c_T E'3 E y

Ex Ey f*M., i

'C,7
-

o o

9 T4.g G37
t

'- ..

Gzt - Eg.(0-

where , 82, s.7, f aw 4be strain cornpo n ents,
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i
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Ey is +he eJoskc enedalus in 4he Y- c\irecken
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|

- - -
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~

i _9y o
- ~' -

1
~

g
E E3 y
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Ey
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=
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( *1xy; o o

1 -

,

|

which is -the. form used in Ah15Y5

lhe. shco.r mod udus G Joy isolropic Cose
27

is yven by E
,

E . Cz)G*Y a Ct+D
=

b

bY oY4ho4Yohic rno.ha}s 4 tach te}aNor) exis ts . Se vn eno

for rn of ernpitica) Yelakon be4 ween Gxy, Ex, E 7, 4
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|analog y Wi+h 4hc Eg Cz) , ANSYS Use sBased on an
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1
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1
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,

b velakens be4 ween stresse.s and s4 rains,
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- - --r,_

e.' E 9 E x. o qx z y

l

%E E 641 -

Y 7 #(\-%9y)
% G-v,99 szy _ f g_Y_ o o

x
_ ,
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"I" 2*Mx a*Mx a*Mxy"

+ -2 =-p- - - -

z3 x' by 8xay

T"' B+w 3w g447
T/ D )7 ":r + 7 / t ayax4 Y by &#ayz.4
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3 E h*s
a*Y a e.h y

wheve Vmy =
_ 12.
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n# = 12 (). 9 9 )
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3 y

V *) f = 9,j D. x , Of C Y4h of v o kic 'P o N.lGM5Ededrtg Mo4 '
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Fev applicoken b 4he present cose, for a secken

4 hat is not cvacked in +be x and Y drwekens , E andx
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| ond
i and 97 = 9e, - in 4 bis case h W ill be very srnall A 94ven.

bh 9x = 0c Ez / g . 'Fot a seckon eracked only in 4hee

y ckveeken , Ex = Ec , Ey - Ee .Ter / g and 9 x = 9e .

E0y c/ e IS Q *T7 sd number.For 4his case 9 E7-

and y direckens,For a seekon c.tackca be+h in 4he x

E.= Ee.kvx /.T ., E= F49 /q and 9, andV aw :

@yx g y e

and 4be values @y 'akkaimady
<(wkich ma

ven by 9, = E 9c/Eevery small n u.m bets 3

can be tAsect. %e telakensh@ (E -V Ey3and 97=Ey 9c/e , yc

will skll be. mai ntained. 'lhe rnanne+ in which 4be mcdetial

htoperbs Wete, input ink) ANsYs :.e.veteshmafes .$(fand ' bence
|

'4 py + zoty' 4etm) by elements eteckect in Y-direckon only. |

.h. 49ect of + bis exbbte ximaken is discussed in 4he. folloWing.
'

Consiclet a scrnbly su.phorled tr.cfangvlow b)d.
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under uniform looding. E deflecken a4 4be cenh.r of
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-
-

|6 % i
W O ~~'

$2.- 2. C 9 3, + zhy ) + %+ y
-

b*
ia* z2-

g3

Yd Tne values of W. Ccs.nfal

defleclim)co\ealded for oi\ 4h4

cases and compa red wi4b
3 ,

!4he vcdue based en
Ir

*= a 1 ccyteet inbut got Pcissar.'.5

Tako a-re Aummatited

in +he b bles en %e followig pages, W value of j
,

( ksi,a as siz in. an6Ws 2 4o in.is 4a. ken as
1

h deflec%n Lasing 4be molevial Frobev4y inbd

to Assy.s is we s a m e. as ee correct value for

elennenfs och ote ei&er uncrucked et cmched due 4a

bending morr ent N. Fat elements crac.ked in bo4h
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central Deflec4fon Cin-)
| Snd ANSTS i rom Ackua)
'

Mden'al N>ev4y Numbt Assys Input value
W<st Wall cvacked - x ,,go,,,;2 g, ;4c3 s ,g

-a
(23

-zWest Wall cracked -Y -a
e, i,g , go o, saps x to

| C3)
| Klest Wa)) Crocked - xy a, y g , g, z. o,7g 3 to

-z- -

(4)

* * W O II N N # N U ~ ~

o. 6557 ylo c.155T x toCracked-y Cs)
Noy% Wa.ll 4ch PoYdid0 -Z - 2-

#5 * '
cracked- Y CG) *l''4 *'

'

Nor+b wall fo > Porkon -2 -E

Crac ked - X T (T) 6687 xto O' W % (0

hl. Wall Botom Por4 ton -3 -a
Cracked - x Ca) 0 3117 %to c.3 iTT x to

| N- Wall Bohom Erbo -a -3

Cracked - Y (9) 0 2-854 xto 0 7477 x to

N W alt B o h m Por b n ,3 _a
0 z.zzo xto 0 2.3G a x tocracked- xY (to)

E WSil+bb#M" e. <e3q 3ig o. 4ese x tE
i

cracked - x 00
E. Wall . feb porkon -l -t

crocked - Y Ciz) e . 422. x io o 2csq x to

E. Wall top perhon -io W5 mo 0 M 6( xto (
-

Crotched - x Y CIS)

E. Wall Bo#om Porkon
~

e 3szoxto o s5aox toCYacked- x C4) :

E. Wall Bo} tom b kon -3 -3 I

O. 3 28G x to 0 8EM X b l

| Cracked - Y (15)
E. Wall Bo4 tom FovRon -a -2

,, e, m x g
Crocked - xy OG)
* N" o . ( o 3 ct 3 go C- (039 x to,

Cyacked -X G7)|
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Eiexnent Meripb and cen4ral De.flecWon Gn.),
AN545 Mo.fe-Y(al PropeYff from AN5'T f., Ac tuot

t4 amber indul valu

s. Wall bp por+ ion crocked - Y ( to) e,g.ggyf',c.2csesto'
-

c . 4.tst x to 's. Wall for vorkon cracked-xv (19.)
-' -

o.33 ,3 sto

s. Wall boHom >ofRon Ch=69tna -3 c.so2d 363
e.so zs xiocvac k ed - x (2o)

5. Wall boltem povkon (h= 69 in.) -3 -E
o. Sit 3 xio 0 H57 x to

&ack ed - Y ( zt)
S. Wall bokom har hon C h = 69 in.) -2 -a

3t66 vi 0 53 77 xioC-ra c ked - x y Czz.)
5. Wall bonom porkon (Avg. h = Gs.Gyn) -3 ~

o 5TGi x1o
Croc ked -1 C23)
5. Wall bohom Eby-Won (. Avg. h = 65. Gain.) -3 -a
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General offices: 1945 West Parnell Road, Jackson, MI 49201 . (517) 788-0550 -

June 10, 1983

!

|

|
|

Dennis M Crutchfield, Chief

Operating Reactor Branch No 5
Nuclear Reactor Regulation
US Nuclear Regulatory Commission
Washington, DC 20555

DOCKET 50-155 - LICENSE DPR-6 -BIG ROCK POINT PLANT - RESPONSE TO NRC STAFF
CONCERNS - AMENDMENT 2 TO SPENT FUEL RACK ADDITION " CONSOLIDATED APPLICATION"

Consumers Power Company on June 8, 1983 submitted information on five
unresolved items from the NRC Safety Evaluation Report (SER) of May 16, 1983
on the above subject. In that letter of June 8, 1983, Consumers Power Company
committed to provide documentation of the basis for resolution of concerns,

!

identified by two items. Those tuo items were: 3. Orthotropic Plate

assumptions; cnd 6. Transient Time. Attached is our technical justification
of the basis for resolution of concerns for those items.

We feel that the information attached to this letter completes Consumers Power
Company's response to the questions rasied by the NRC Staff during its review
of the structural analysis in Amendment 2. Consumers Power Company believes
the analysis, as amplified by the additional information furnished in response
to Staff questions, adequately addresaes the pertinent and significant tech-
nical issues. We trust that the Staff will also concur with this judgment and
issue a SER promptly.

Thomas C Bordine (Signed /wgf)
!

Thomas C Bordine
Staff Licensing Engineer

CC Administrator, Region III, USNRC
NRC Resioent Inspector - Big Rock Point Plant

Attachments

OC0683-0004A-NLO2
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|' During the CP.Co/NRC/NUS June 2 meeting, six issues relative to the NUS

analysis of the Big Rock Point spent fuel pool were discuseed. Four of the
~ issues were tentatively resolved. The two remaining items were determined to

i

be more appropriately addressed by a written summary to be provided the NRC at

a later date. It is not the purpose of this attachment to specifically deal
with the items associated with clie modeling of orthotropic plate behavior or
the method of applying thermal loads to the pool. It is the purpose of the

| discussion below to cast'the analysis into its proper prospective.

||

The purpose of the analyses which have been conducted is to provide assurance
that the pool can sustain the postulated, loadings while maintaining overall
structural stability. The analysis was not performed to provide a new
analysis procedure or to confirm the adequacy of existing ones. The analysis
is merely a vehicle by which one is enabled to make the structural stability

i Should experience and engineering judgment imply that the poolassessment.

structure is adequate, the analysis is secondary or, perhaps, unnecessary.
The incremental method employed in the Big Rock Point spent fuel pool analysis
was not contemplated in the original scope. It was done in order to provide

assurance that concrete cracking distributions which generate stiffness
mismatches do not in turn result in unacceptable shear distributions. The

f incremental process resulted in vast amounts of data, data processing routines
and model manipulations. The analytical complexities tended to introduce as
many questions as were answered. The bulk of detail tended to obscure the
obvious conclusion of the process which were that:

Joint stiffness assumptions made thermal loadings appear much*

more severe than they actually would be.

The self-limiting nature of thermal loads applied to lightly*

reinforced concrete structure make even " analytical" failure
essentially impossible at such small ther.nl gradients.

The incremental methodology should not be recommended for similar*

structures because of its complexity. Nonetheless, that approach
as used in this application does appear does appear to confirm
the appropriateness of certain quasi-linear types of analysis
which have been performed in the past on similar structures.

|

|

OC0683-0004B-NLO2-
-

..

*'""'T " ' - - - * - - _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ , ,-
_



-- ._ - -. . _ . ,

,

2.- .

.

Experience with reinforced concrete clearly indicates that non-cyclic applica-

tions of thermal gradients simply do not constitute a failure mechanism. None

of the consultants with which Consumer Power Company has discussed this issue

can identify such a failure as ever having occurred. Recent analysis per-

! formed on lightly reinforced, relatively thick walls in the Midland Plant

diesel generator building clearly indicate that for walls cracked by 70*F

thermal gradients, the out-of-plane moment capacity with respect to primary
loads for a given' axial load is unaffected. Visual inspection of the fuel

pool and on inspection of drawings give insight as to why intuition and

analysis both indicate that the pool is structurally adequate to sustain the
'

postulated thermal load. The box-like nature of the pool and the support

condition indicate significant redundancy. The light reinforcement has an

almost ironic benefit in that it provides for a flexible structure which will

not be likely to develop the moments the analysis assumptions allow to exist.

I The deadweight stresses are extremely small and the thermal gradients are also

small. Such gradients are relatively typical in certain thick structuraly

walls due to weather conditions.

The analysis which has been performed on the Big Rock Point spent fuel pool
has been encumbered somewhat by the lack of appropriate industry standards.
It is suggested that analysis procedures and appropriate allowable loads are

somewhat limited because detailed thermal analysis of concrete structures with

modest gradients, such as 70*F, simply are not generally performed. Since

thermal gradient failures do not constitute a failure mechanism in reinforced

concrete, rigorous design / analysis procedures are limited. Lack of appro-
,

priate code allowables have resulted in the use of primary load allowables for

secondary loads in the fuel pool analysis which has been performed. This

restriction is most apparent in the use of very restrictive beam-diagonal'
tension shear allowables for thick wall slabs where diagonal tension cannot

even be developed.

It is not appropriate to imply that analysis details are not important.

However, it is important that such details be considered in the proper

context. That context is associated with an analysis which:

|

OC0683-0004B-NLO2 l
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For simplicity and conservatism posed a much more severe loading*

environment than exists by assuming rigid structural joints in
locations of significance.

Conducted and extremely complicated non-linear process to propose*

an approximate yet viable load dissipation and redistribution
scheme to evaluate structural sections and joints with respect to
a loading generally understood not to cause structural failure.

Compared resulting loads to very conservative code allowables*

|
typically applied to primary loads.

The conclusion of the analysis was that the structure is stable under the
imposed loading. That conclusion is consistent with intuition and past design

and field experience.
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In order to analyze' complex structures, the experienced engineer must make
assumptions and approximations. The ultimate goal is to produce results which depict

the responses of the structure to the imposed loading conditions. To further assist the

engineer, design code allowables contain generous margins with respect to structural

failure. This is done to account for the uncertainties associated with (the need to
make) assumptions and approximations.

During the CPCo/NRC/NUS June 2 meeting, two of the approximations made by NUS

during the analysis of the spent fuel pool structure were reviewed in detail. These
were the methods used to model orthotropic plate behavior and the method used to

apply the thermal load incrementally. To finalize the record, NRC requested that
CPCo/NUS submit a written summary of the technical justification (presented at the

meeting) for these assumptions which demonstrated the subsequent results were not

only acceptable but in fact, conservative.

In the thermal stress analysis of the spent fuel pool the thermal gradients were applied

so that all the structural elements (i.e., the walls and the floor) of the pool reached.

their maximum thermal gradient at the same time. Although the peak thermal

gradients occur at different times for the walls of different thicknesses, the value of
' ' the thermal gradient does not vary significantly from wall to wall during the time
! interval cho:en for the analysis, namely 190 hours, except for the 24 inch thick portion
' . at the top of the south and east walls. This results in a slightly delayed cracking of

the thinner walls and, therefore, in a slight artificial increase in the effective stiffness ,

I and moment generating capability of these walls during the early part of the transient.

f
Since the thinner walls are already relatively flexible, this slight increase in the
effective stiffness (which will get adjusted at the end of the transient) has little effect

on moments and shears generated in the adjacent walls.

The values of Poisson's ratio and modulus of elasticity input to the ANSYS computer
j

| code lead to an approximation in the orthotropic behavior of the floor and wall slabs.

The stiffnesses of certain cracked elements are overestimated which in turn results in
an overestimation of the thermal bending moments. The effect of all of this is simply

a small change in the predicted cracked regions of the structure with an associated

small change in calculated shears and moments.

.
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It is very important to note that the moments and shears calculated from the thermal

stress analysis are very conservative. The thermal moments in the slabs, as predicted
'

by the thermal stress analysis, due to the application of the thermal gradients develop

due to the assumed rigid nature of the joints between the adjacent walls of the pool
'

and between the west wall and floor of the pool. If these joints are permitted relative

rotation between the adjacent structural slabs they join, the magnitude of the thermal

moments developed will be significantly decreased. The rigid nature of these joints to1

closing-type moments (these moments are similar to the thermal moments and create

tension on the outer surfaces of the pool walls and floor) depends on the continuity
across the corner of the joint of the reinforcement at the outer surfaces of the wall
and floor slabs.

According to Park and Paulay (Reinforced Concrete Structures, John Wiley,1975,

pages 717-720 and Figure 13.52) adequate strength of joints for the assumption of
rigidity between slabs can be expected only under the following conditions:

,

(1) The tension steel is continuous around the corner (i.e., it is not lapped within the

joint).

(11) Bars at right angles to the potential cracks should be provided to prevent the
growth and widening of the cracks.

;

|

(iii) Rectangular ties should surround the tension steel within the joint and should
prevent widening of the splitting cracks.

The type of joint that provides the rigid connection between adjacent slabs and the

typical joints in the Big Rock Point pool structure are shown in Figure 1. In all the
joints of the spent fuel pool the reinforcements at the outer faces of the walls and the

floor are not continuous around the corner of the adjacent slabs. These joints are not
'

close to the ideal or theoretical rigid joint shown in Figure 1. The splices, wherever
used, appear to be just temperature and shrinkage reinforcement. Therefore, the
joints between adjacent walls and between the walls and floor of the pool are in fact

closer to pinned joints than rigid joints for thermal bending moments. The assumption

of total rigidity of the joints between adjacent walls and between the west wall and

the pool floor has resulted in a large overestimation of the thermal moments. In fact,

had an analysis been performed assuming pinned conditions at these joints, the thermal

|

|
|
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bending moments would be so small that the pool structure would not even crack. For

the Big Rock spent fuel pool such an analysis is closer to reality. Because the

evaluation of the degree of rigidity of the joints in an exact manner is extremely'
difficult to carry out and incorporate in a complicated analysis such as the one
performed, the conservative analysis assuming total rigidity at the various joints,

described earlier was performed. The overestimation of the thermal moment more

than compensates for the assumptions involved in the orthotropic property input as
'

well as'the manner in which the thermal gradient increments were applied during the
analysis.

,
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.hin Sersiceshnity of Stahs - - Cruchtig G

Solution. - Consider a 10-in-wide strip of slab containing one bar. dinal stect strain = 0.55c,in this example), and hence Beeby's equations ek
* * E*' "'' '" E '### #", values than the Gergely-l.ute equation 0

n * = 0.31-- = 0.031 in*/in d = 10 - 0.75 - 0.31 = 8.94 in lightly reinforced slabs.--

b 10

9 nuputaHun t d exural Cracks in Two-Way Stahs
d1- = 0.031 = 0.00347 pn = 0.00347 x 9 = 0.0312 .

p = bd 8.94'

Much less attention has been given in past investigations to the determinati(
I, rom clastic theory,"' - /

of the width of flexural cracks in reinforced concrete floors under two-w
[ k = Vp'n + 2pn pn bending. The major work conducted in the United States is that by Nawy /8

,

i al.," " whereas in the United Kingdom it is that by Clark."8"
= V0.03128 + 2 x 0.0312 - 0.0312 = 0.221

Ad = 0.221 x 8.94 = 1.98 in ,tpproach by Nmry et al. Naw'y et al."* ""have reported the results of tesj
i on two way concrete slabs reinforced by high-strength welded mesh rei

h, = d - Ad = 8.94 - 1.98 = 6.96 m. I forcement. Two distinct types of cracking were observed: an orthogo'h, = h - Ad = 10 - 1.98 = 8.02 m pattern of cracks which followed the lines of the reinforcement, and a
From the Gergely-Lutz equation (Eq. 9.9), gonal pattern which at higher loads eventually developed into the yicId li

pattern. Nawy et al. cxplained this behavior by assuming Ihat the steel for
t. = 0.75 + 0.31 = 1.06 in A = 21,,b = 2 x 1.06 x 10 = 21.2 in*/bar was transferred mainly to the concrete at the node points of the crossi

stee@uge d cQ1ckgeQn@ameta wgwa,@ungyuy
w"" = 0.076 f1.06 x 21.2 6.% (52,000 x 10-') _thqorthogonal. crack.pattem, whereas the use of widely spaced hir6e dgm)

= 0.0129 in (0'33 mm) I
IE * ' "E "" E"" "" ' * " " ' " *"i

onal pattern was found to be smaller than the width of cracks in the diagont

| From the Beeby equations (Eqs. 9.14 and 9.15), _ pattern', aEl thiiithe orthogonal pattern was to beyreferred. A " grid inded
~

| actw was inMucett to (letandne th chct d reinf(ncing stui spad
52*000 = 0.00179 diameter and content, and concrete cover thickness, on the crack widt

e' = 29,000,000 ,

Regression analysis was performed on the results of a range of two-way si;
8A2 tests, and empirical equations for maximum crack width were proposed. 'lx10-'I = 0.000984 x = 0.001130.00179 - [\ ~ *e "' =

equations were also checked against crack widths measured by other mve;0.031 /. 6.96 6.96
tigators, including shibs reinforced by deformed bars rather than mesh rei;

; c. = 0.75 in forcement, and it was concluded that the equations gave good agreeme
For maximum crack width, c is the distance from the bar surface to a with the experimental crack widths."" For two-way slabs, llat slabs a
point on the concrete surface midway between bars; that is, plates, the Nawy-Orenstein equations for maximum crack width may -

,

* d "#" "*'

e = Vt.* + (0.5 bar spacing)* - 0.5 x bar diameter
#""" " M' I"

p = VI.068 + $8 - 0.31 = 4.30 in
W "C Pends on th loacHng anti bounciary con (Mons an(! can h tak

3 x 4.80 x 0.00113 as M x C h unkq Md h and @, g = h,A = mh#"'**" l + [2(4.80 - 0.75)/8.02)
I distances to the neutral axis from the extreme tension fiber and from t

= 0.0081 in (0.21 mm) centroid of reinforcing steel,f, is the steel stress (ksi), and M, is the g
index, given by

Note. The maximum crack width calculated from the Beeby equation is
#* ' #837% less than that calculated from the Gergely-Lutz equation. For lightly Af, = ( 9 . 15i

P"reinforced members, the term in Eq. 9.15 which accounts for the stiffening
circet of concrete between cracks reduces the average longitudinal slect where direction I is the direction in which the crack width is measur-

,

strain to significantly less than the steel strain at the crack (average longitu- (normal to the crack direction), direction 2 the direction perpendicular,



_ . _ _ . . _ __ . . . _ _ .- _ _ _ _ . - - - -

. ,.

m service.a uu er sine,. cr.cun - mir

direction I, d,,, the diameter of bar running in direction 1 (in), s the spacing of From these measured stect strains and the slab properties, the manTmmn
e

bars running in direction 2 (in), and 'pn the area An of bars running in . crack widths were calculated for each specimen using the Gergely-Lutz Eq.
direction I divided by the effective area of concrete in tension perpendicular 9.9 ai,d the Nawy-Orenstein Eq. 9.16 (with K# = 3.0 x 10-5). The maxi-

to ihose bars (1 in = 25.4 mm and I ksi = 6.89 N/mm'). The effective area mum crack widths from the Gergely-Lutz equation ranged between 0.011
of concrete in tension is the rectangular area extending acror. the slab which und 0.0161n, with a mean of 0.014 in,and from the Nawy-Orenstein equation
has the same' centroid as the reinforcement, and is equal to 2tu , for the ranged bi:lween 0.010 and 0.023 in, with a mean of 0.0111 in.. It could bes
direction i bars, where tu is the distance from direction I har centroid to considered that I!q. 9.9 was as adequate us lig. 9.16 as a design equation in
extieme tension liber and s, the spacing of direction I bars. Therefore, the this case. Also, it needs to be borne in mind that tests on multipanet Hoor
grid index given by Eq. 9.17 can also be written as systems have shown that the critical cracking takes place principally in

negative-moment regions above the inces of the beams in slab and beam

2tu g;dy Hours suul near the columns in Hat slab and Hat plate Hoors, whereas the 'd., s ss
,

Ms " A u/2tu , " A ., . -- (9.18) studies of two-way slabs reported by Nawy et al. have principally dealt withs
postlive-moment regions. Certainly, it would appear reasonable to use the

Y2b"8EC9""'I*L" LC8 ""S gs@bs_geh,one'way Ikiiding was' gir'e-CC'8'I I I
-Most of the' notation is illustrated in Fig. 9.5. -

' .dominapnb for example in negative-momedt regions when slabs are supported 'Comparison of the Gergely-Lutz Eq. 9.9 and the Nawy E4 9.16 shows t

them to be quite dilTerent in form apart from the linear dependence on the on stiff beams and in slabs at column faces, and in the critical positive-
steel stress f, and position of the steel with respect to the neutral axis and the moment regions of rectangular panels. The Nawy-Orenstein equation may

extreme tension liber. Nawy and Blair*** claim that Eq. 9.9 considerably ; be unusable in some of these cases, since the grid index M, defined by Eq.

underestimates the crack widths in one-way and two-way slabs. Ilowever, 9.18 breaks down if s, becomes large or if the dirc~ction 2 bars are not present

an alternative view could be that Eq. 9.16 is undufy conservative in some I.' .e, s -+ m), as can be the case in the negative-moment regions in thee

cases. For exampic, in tests on eight reinforced concrete slabs supported on middic strips of most slabs.

sectangular columns conducted by llawkins et al.,"8' ti,e average strain in
the slab steel over the column face was measured when the crack width there D8"F CI

was 0.016 in (0.41 mm).
If the en.tical negative-moment section of the slab in Example 9.1 is part of a,

.two-way slab and the reinforcement in each direction is identical, calculate ,,

o.,eci,on 2 | the maximum crack width at the extreme tension liber using the Nawy-
Orenstein equation.

, ,

Solution
= b = 02

= 1.15 K d 2.8 x 10-5h, 6 96
! f, = 52 ksi du = 0.625 in s = 10 in,

0.31 *
Crack Pn " 10 x 2 x 1.06 " * I0

Therefore, from Eq. 9.16,
|9

w, o = 2.8 x 10-5 x 1.15 x 52 0.625 x
0.0 46

* Bar with.fu and Ag
= 0.0346 in (0.88 mm)

Note that this calculated crack width is 2.7 times the width calculated by the
Gergely-Lutz equation and 4.3 times the width calculated by the Dechy

Y equation in Exampic 9.l. Thc. crack width calculated by the Nawy-Orenstein
quation in this example is difficult to imderstand because it is so high that il. . e

l'i.ure 9.5 Steel arranrement for the determmaton of the grid index for the Nawy-Orenue.m
.

ciput en.



C13 IR-71 Meth9foiOMW.'~~MTG7AGLTMJyvmumm aw m.um rcccmmcodcd usa of the Nawy-Orenstein equation (ling. 9.16) Cor' ctjcCV '
. __ ~w , . _ , -

nd ont-way slabs is bised on th Gcrgely-Lutz equation (Eq. 9.9) with control in tu-way sbbs. Hewsver, there is r.o reference to crack control.

j
\/h, put equal to 1.2.The requirement may be written as permissible maxi- formulas for two-way slabs in either the 1977 ACI Code" or its Commen-um crack width 2- 0.076ft i x 1.2f, x 10-* in. with r3 in inches A in

-

tary." In therbsence.of.such cod rscommendatiend! would appeu.ryecyv ,i
quara inches, and f,in psi (1 in = 25.4 mm, I psi = 0.00689 N/mm'). Sub- sary to use an appigximate equation, such as the Gergely-l.uy. esptession,,

tituting the pctmissible values for crack widths (0.013 in for interior expo- ,

if checks on two.-way slabs.are_necessary.* ~

kurs and 0.U16 in for exterior exposure) into the equation gives It is evident that crack widths will not normally be a problem in design
unicss the steel stresses at service load are very high or the crack widths atef, fil s 175,000 lb/in for Interior exposure (9.20a) :

to be kept very small. In view of the wide seatter of measured emck widths

"" 5"".ctural ekments, great accuracy in calefahns for cmq conirol can-:nd

not hejustified. The best crack control,ts obtamed when the remforetng bars
,

f, WIJ s 145,000 lb/in for exterior exposure (9.20h)

are well distributed over the tone of concrete tension. The airn is to enwe
f ere again the units are inches and poimds. ACI 318-77 requires the section .that fine. closely _s_ paced cracks form, rather thatta.few. wide.ctwks. .I heh

{o be proportioned so that either liq. 9.20a er 9.20h is satisfied. This checkACI Code" requires the spacing of the reinforcement at clitical sections of
.

eed only be carried out when the design yield strength for the reinforcement ;

solid slabs not to exceed two times the slah thickness in ort er to enwe that
l

xeceds 40.000 psi (276 N/mm*). In structures subjected to very aggressive bars are not spaced widely apart.
snvironment or designed to bc watertight, Eq. 9.20h does not apply, since a
Bmaller maximum allowable crack width needs to be adopted.

To use Eq. 9.20a or 9.20h, the steci stressf,at the service load is required. i
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'

ent is not bonded to the concrete, the calculated crack width at the level of 9.3.5 Code Provisions for Crack Control ~

e stect would be w,,,o /t,//t, = 0.0346 x 6.96/H.02 = 0.0300 in (0.76 mm),
_ _

hich is equal to the extension of steel uniformly stressed to 52 ksi (359 .rcrmissihIc Crack Widtles. The permissible values for the width of flexural
,

/mm ) over a length of 0.0300/(52/29,000) = 16.7 in (424 mm). The maxi- I cracks in practice depend mainly on the environriient in which the structure2

um ciack spacing for unbonded reinforcement tends toward 2/r = 2 x has to serve, particularly from the point of view of the possibility of corro-'

.02 = 16.0 in (406 mm) for this slab, according to lleeby's work outlined in sion of the reinforcement. The permissible values recommended by ACI'
cetion 9.1.1. !!owever, the bars are not unbonded, and therefore crack Committee 224"' are listed in Tabic 9.4.

Ipacing should be smaller than calculated above. In fact, the transverse steel ; In comparison with these values the crack control equations of ACI 318-
fpacing x, is implicitly assumed by Nawy et al. to be the crack spacing. 77"' are based on only two maximum allowable crack widths,0.016 in (0.41
herefore, the maximum crack width should be much smaller than calcu- mm) for interior exposure and 0.013 in to.33 mm) for exterior exposme.
ted above. Ilence, it would seem that the Nawy-Orenstein equation can According to the Commentary" these limiting crack widths were chosen.

*ciy rically overestimate the maximum crack widths under some common primarily to give reasonable reinforcing details in terms of practical experi-

|
cnce with existing structures. Ilowever, the Code does warn that these<onditions. ,

limiting values may not be sullicient for structures subjected to' aggressive
*M signN to W watcWght, and that for such structures specialIppenac/r by CInrk. Clark"" has reported the results of theoretical and P"igations and precaut,ons are reqmred. Although clear experimental

peiimental studies of one-way spanning slabs with bars at various angles in7est
.

i'

evidence is not avadabic regard, g the maximum crack w,dths beyord w hich
,

m ir the direction of moment, this simulating regions of two-way slabs with
(a danger of corrosion exists, it is evident that Table 9.4 could be taken as ai

end.mg predom.mantly in one direct. ion. In the proposed method of crack |

guide. Ilowever, as is evident from the discussion in Section 9.3.1, protec-
idth prediction, the equ, valent area of steel normal to the crack directioni tion against corrosion is not just a matter oflimiting the surface crack width
as found using the following relationship determined by I.cnschow for

i & A Mk HMu d' popdim Wimpnd, labs emcked m one direction:
; . ;, g ;g .ggg ,

| It is also worth noting that the Ilritish code of practice CP 110:1972 " '
A. = f. A, cos' a, (9.19)

requires in general that the suiface crack widths at service load not execed.

i 0.3 mm (0.012 in) except where members are subjected .to particularly ag-
<here A, the area of theith layer of steel, a, the angle between the normalis gressive environment. The recommendations of the European Concrete

the cracn and the direction of theith steel layer, and m the number of steel Committee-International Federation of Prestressing" require that the sur-
4yers. Once the cymvalent area of steci normal to the crack is found using ! facc crack widths at the service load not exceed 0.1 mm (0.004 in)in a very
q. 9.19, the neutral-avs depth and steel stress can be found from clastic

i exposed (particularly aggressive) environment 0.2 mm (0.008 in) in an un-
icory, and then lleeby s equation used to predict the maximum crack protected environment (external member in' bad weather conditions or inter-
idth. Rcasonable agreement with experimentally obtamed crack widths

, nal member in a damp or aggressive environment), or 0.3 mm (0.012 int in a
as oblamed by Clark. An mteresting result from the tests was tha,t for slabs protected environment (internal member in normal surroundings).
ith bars m various directions there was apparently littic interaction be- .

seen Ihe bars apart from contributing to the equivalent area of steel normal !

the crack. For example, the crack control obtained from a slab reinforced Talile 9.4 Permissit>le Crack Widths in Reinforced Concrete"

nly perpendicular to the cracks was little dilTerent from that obtained when
bic Crackars were also placed parallel to the cracks. Maxinyum Al

|alculation of Sicci Strcn. To apply the crack-width equations to two-way Dry air or protective membrane 0.016(0.411-
,

labs, the bending moment at the cracked sectiors is required so that the liumidity, moist air, soil 0.012 01.30)
Jcel stresses may be calculated. Elastic theory for slabs may be used to

| Deicing chemicals 0.007 40.119
stermine the bending moment in the service load range, but it should be Seawater and scawater spray, wetting and drying 0.006 (0. t 51
ept in mind that cracking will cause some redistribution of moments froin Water-retaining structures 0.004 10.101

1 calculated for an uncracked slab even though the slab is in the clastie

|mse.
" From itef. 9.31.
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30.1 INTRODUCTION

,'

Paper iSecond Seriest No. 4. Commonwealih Scientific and in tusirial Research Organi- [
In Erevious chaEters only the flexural behavior of reinforced concrcic slabs

'

e

j ratum. hicilnuunc. Aintralia, 1975,161t pp. I has been considered. Shear is generally not crit'caI wIicn alal>s carry dISilih' *-
. - i.20 ACI Committec 415. "Dellection of Two Way Reinforced Concrcle Floor Systems. I

Siasc.ofahe. Art," Depccri,ms orc,merrte strm turcs, ACI Special Pohlication 41 Amer. uted loads or line loads and are supported by beams or walls, because in stic i
cases the maximum shear force per unit length of slab is relauvely small.

.

| ican Concrcie Inuiinte Deirois,1974, pp. 55-sti. '

llowever, shear can be critical in slabs in the vicinity of concentrated loads.21 R. P,nk and T.1%ulay, acin.rorced Conrrcic Strurteercs. Wiley, New Yoric, 1975,769 pp.

22 P. Gerrcir and I.. A. I.utz,"Manimum Cv Wiilth in Reinforced 1:lemural hicmIws."
Caniet. Alrelmmim ami Cemind en/ Crnrlin |n Cemrrrir. ACI Special 1%hlication 20, becausc the maximum shcar force per unit length of slab is relatively birhthe trans-
American Camcrcic Insiituie, Detroit,196ft, pp. 37-117. around such loads. Concentrated loads can be appljed to sIabs b

23 J. P. I.loyd,11. M. Rejali, and C. E. Kesler. " Crack Control in One.Way Slabs Rein. fer of forces: (1) from slab to columns in flat plate and flat alah floors, m fa om
foiced with Deformed Weided Wire Fabrie,"I' roc. Act, Vol.66. May 1969. pp. 366-376. columns to footings, and (3) from applied loads such as wheel loads. Ihe
A. .W. ncchy An Invesiigation or Cracking in Stahs Spanning One Way." Technical moments induced by concentrated loads on slabs in the clastic rante werc.24
Repmi 1 R A an. Cemeni and Concreic Awociation, tendon. April 1970,33 pp.

considered in Chapters 2 and 3. The (Icxural strength of slabs carrying con-i
.25 A. W. Ilechy. "Predection and Conirol of I'lexural Cracking in Reinforced Concrete

centrated loads was considered .in Chapters , y, ang g.Members, t vmlint:. Iscllection and tiltimate Lemd of remerrte Sinh Systems. ACI f

Special l%biscasm 30. American Concrcie insiiivic, Deirois,1971, pp. 55-75. In many cascs the shear stresses in slabs around concentrated loads can )e
D.26 II. G. Nawy and G. S. Orenstein, " Crack Widt! Camirol in Reinforced Camcrcle Two- more critical than the flexural stresses, and shear then governs the tiesign.

Way Stahs" J. Strurt. Dir.. 45Cli Vol. 96. No. ST), March 1970, pp. 701-721. This is particularly true of slab-column connections in flat plate and flat slabD.27 ti. G. Nawy and K. W. tilair. "Further Studies on Flexural Crack Controlin Suuctural 7,4Q'h'g
Slah Sysicms." CrarKing. Deficction and Ultimate load <>f Concrcic Slah Systems. ACt . S f T I oors where the size of the column, or coIUmn Capital, and the slab thickness,

may bc governed by the magnitude ofIhe shear force to I>c transIen'Cd.i N'/Special Publication 30. American Concrete insiiiuic. Detroit,1971, pp.1-41.
The shear strength of si' abs (or footings) in the vicimty of concent' ratea2R I A. Cla L. "I'lenural Cracking in Slah Bridges " Technical Report 42.479. Cement and

loads is governed by the more severe of two conditions, either beam action
iConcrete Anotiaii.m. lendon, May 1973,12 pp.

N c M. Itawkins 11. II. Fallsen.angl R. C. llhmiosa." Influence of Column Rectonnularily I
A29

on the Bchaviour of Flat Plaic Situcturcs," Crm Aing. Deffertion and Uhimate 1.ond of or Iwo-way action.
Com rric 5fah Systrms. ACI Special Publienii m 30. Amciican Concicic Instiinle, De-

In beam action the slab fails as;a wide beam with the criticalfictatte Aelitut.
sectioll for shcar extending along a section in a plane acrow the entire uidtht

9.30 .I I . ' A Yictd Criscrion for Reinforced Concrelc ainiter liiazint Moments and
!

ofIhe slah (or footing). In this case the slab should be treated as a wide heafH'l'orces," Ph.D. ~t hesis. University of Illinois ni thlmnn Chamtmign, 19#,6. 527 pp. Aho
inued as Civil linginecting Sindies. Struciural Research Sciics No. No. 311 Depnilment | und the shcar strength eqttalions for beams of the ACI Code'"' apply. It is tcor Ci.il I ncincenng. Universliy of lilinois, t hbana, lit. |

C 8noted that the Code assumes that the critical section for shear in heain9.31 ACI Comminec 224. "Connol of Cruking in Contacte Strucimes," l'ene. Afl. V.d. 69,
nellon is locate'd at d from the face ofIhe column or appiicd inas!Ior from ilic'December 1972, pp. 787-731'

9.u hst."Cmie of eraciice rorihe Soueinral tese of Coneicie CrInt Isus | ri?2," thisisti face of a line load or supporting heam or wall), where d is the distance fitmj
,

the extreme compression fib'cr to the centroid of the longitudinal ten'.smSianaanh insniosion, l.ima.m. enz.134 rp.
9.33 Ctiu.Hr. "Cru.rir Model Code for Concreie Structures," Inicinailonal sysicm or

,

In fact, the critical section passes through the entica
Uniried Siendard Codes of eractice for Siructures, Vol. II. Comhs liuro.internatiomd du reinforcement.

diagonal tension crack across which failure is considered to occur. 'lhere
i

li . mil ed .oiim inicanational de la ricconirainie, enris (Engli,h unnslationi, Apiil |
fore, for this type of shear failure conventional theory for beam shear appbc

9.34 "commeniary on nuilding Code Requirements for Reinrorced Concrcie tACI 3:n.7n," (see, e.g.,1(cf.10.2) and the theory will not he discussed fuither here.
Amencan Concrete Instituie Desiois. Uni.96 pp. 49)

?
.

%
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f * *

d = distance between members; {'-', E = Youngs modulus of elasitetty- Journal of the
,

>

Es = secant modulus based upon the axial stress in the members;*

, I = member moment of inertla; STRUCTURAL DIVISIONI = member lencthst
6 Mp = plastic moment capac!ty of the joint;r

,

M4 = Merldlonal bending moment; proceedings of the American Society of Civil Engineers
No, Np, Nep = shell membranc stresses per unit length of shell;

, ,

|[ f [ }, Nes = primary membrane merldtonal stress at the springline;'

L }r No, = primary membrano circumferential stress at the spring 1tne;

{
n = the number of members meeting at the joint;

CRACK WIDTil CONTROL IN REINFORCED
qi P = concentrated load applied at a joint;

CONCRETE TWO-WAY SLADS
t P,, P,, P, = member forces;

/>cr a critfeat buckilog pressure;
By Edward G. Nawy," F. ASCE, and G1cnn S. Orenstein,8 A. M. ASCE| Q4 = shcaring force at the shcIl boundary;

I

j 11 R = shcIl radius of curvature;
F r = base ring radius;

|| .f3 = cffective shell bending thickness;,'

I fm = effective 0.11 membrane thicknesses; INTRODUCTION
,,.y 8

j | F = rotation of a tangent to the merldlan at the shell boundary;
-

)
,

a = +,- +- Most existing research (2,0,9,10)s deals with the crack width studies in
! 6 = secondary deflection. ams and m-way menhrs. ps_hga@n ces W dcd 4 h.

A = deflection from a per'fect surface- way acyon pn_ crack w@ Wopnwn( in MnMcd conce slam. R aM.
,

. AT = change in tension of the base ring', #*'"** * * " "

V hr* + = angle enclosed bythe shellaxis of rotation,the spherical cen. U" A* * * ""

['L '!' r ter and any point on the surface'- of the welded joints of the mesh. Accordingly, a criterton is developed for
{ b. +, = $ at the springline; and limiting the crack width of the critical, namely, controlling cracks to levels
f J ocr = pc,R/2 i". . acceptable for permissible reinforcement protection, deflection and esthetics.'

' Doth experimental and analytical studies of the cracking prob!cm in two-'
, '

dimensional members have been made. The principal factors consideredwere* *

! the diameter and spacing of the wire and its welded joints, and the concrcic, i: '

| !
stretched arca which is a function of the concrete cover. The experimental[ '

|/j | part covers two series of tests todestruction. The first series involved tests'
J,, *

e' , of 22 slabs of 5-it 0-in. x 5-It 8-in. clear spanand loadedcentrally onan area
'

'

6 In. x 6 in. Twelve of the slabs tested were simply supported and 10 were
'

,,

clamped on all boundaries. The second series iny' lved tests to destniction ofo

32 slabs B-ft 0-in. ,x 6-ft 0-in. clear span uniformly loaded and fully clamped
N , .y at all odges. The first series was reinforced with plain high strength welded

;

.,

tnesh reinforcement of diameter varying from 0.102 in. to 0.331 in., andi

,' f. spacings of welded joints from 4 in. x 4 in, to 8 in. x 8 in, to 6 in. x 12 in.,
'l i' I while most of the/ slabs in the second series were reinforced with deformed,

% i~i mesh reinforcement of comparable size and spacing.*

8i The analytical partof the investigation was based on formulating a hypoth-p1 ;

Note.-Discussion. open until August 1.1970. To cxtend the closing date one month..

a written request must be filed with the Executive Secretary, ASCE. This paper Is part*

+* *
of the copyrighted Journal of the Structieral Division. Proceedings of the American
Society of Civil Enginccrn. Vol. 00. No. ST3. Alarch.1970. Alanuscrl d was putatuttlett

,

i
,

for review for nossible publiention on March 21.1969.i

i, a Prof. of Civt. Engrg.. Itutgers Univ.. New Ilrunswick. N.J.,

a Engr., U.S. Army Waterways Experiment Sta.. Vicksburg. Miss.6
,

s Numerals in parentheses refer to corresponding items in the Appendix 1.-,
*

'J( Iteferences,'

k, 701
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esis on the cracking pattern development in two-dimensional concrete struc- This hypothesis also leads to the conclusionthat deformations on the sur-
tural members. A mathematical model resulted, which was subjected to . ace of the wire between the nodal pointsfor smallsize wire have little effect*

reasonabic experimental verification and proved valid. The analytical work in arresting or resisting the generation of the cracks from the nodal points,
resulted in_ cracking _cquations suitable for crack control in two-way slabs and even less so in the case of primary yield line cracks.
both centraliand uniformly loaded and of varying degree of restraint at the in relating the orthogonal cracks to the yleld line cracks, remember that
supportingboundaries. A gridindexhas been proposedas a guidolor governing regardless of the pattern of crack generation in two-way slabs, the failure of
the primary failure pattern which controls the crack width. the stabiollows ultimately the generallyaccepted rigid-plastic failuro proposed

' j by Johansen and extended by others. Crack width, however, particularly at
FRACTURE IlYPOTilESIS IN TWO-WAY SLABS service load conditions,is governed bythe crackpattern andspacing resulting,

from the stress distribution in the planner structure, which is in the semi-
On the basis of the crack pattern developed in this reecarch program,it elastic state. With a larger number and more extensive pattern of orthogonal

was proposed by the senior writerthat stress concentration develops initially cracking which can potentially form, the yteld line cracks would tend to be
I at the wclded joints of the wire fabric. The welded joints are being termed as finer in widthwhen they form. The energy required to cause the slab to reach

nodalpoints,such as A , D , A,, D, in Fig.1. The stress concentration causes its capacity would be higher, and failure would conscquently be more ductile
*

plastic doformation of the concrete Inthe zoneof the welds. The bond between and delayed. Therefore, with a proper reinforcement grid pattern and proper
the wire and the concretent theselocations is destroyed,and active cleavages distribution of nodal points, the final ylcid line mechanisms of slab collapse

j start to generate fracture lines towards paths of least resistance, in the slab can be made to spread into wide hinge.flelds of finer cracks.
zones between C C, and C,C,.a

LONGITUDINAL TR ANSVERSE MATilEMATICAL MODEL AND CHACKING EQUATIONS
j '|

. j ' FOR TWO-WAY SLABS
Ca C, a Ca

k . -? __ i
{g

n stas sinia twicastss or concetteg ,

" " " ' " ' * " " "
Famdamental Formidation of Afodel.-If the distance between two ad)acent} f cracks is a , the widthof eachof the two cracks would be afunction of the dif-

n

k
~

o' b F 5 5 MN
'

8 y c3 .
ference in clongationbetweenthe reinforcement and the surrounding stretched,i d -

ee mgwgquQ concrete overlength a . From apracticalviewpoint,elongationof the concretc

',
'''! )4 ) _ _ a - N/[dI h&Mz M M fA- and shrinkage strain can be neglected (see Thomas in Ref.10). Thus

E ,c
g7 L* * O. y

l l u* mot sinie
a@ Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (1)C, C w = at, 2 ,

'
The valueof y dependspartly on whether the reinforced member ts one or two-

|i FIG.1.-ONE t, NIT OI' WELDED FIG. 2.-CONCRETE TENSILE STitETCllED dimensional. Previous investigators (10) have shown that a varies as 1/k ic u
HEINFOltCElltENT CRID AltEA

A, f h and $,/(k,pg,); in whichpg = active steel ratio = A fjt and Ag = con-s

Active cleavages develop (1,5) at points A,, D,, A,, D, and propagate from crete atretched area, as defined by Odman in Ref. 2, and as shown in Fig. 2,'

these centers along the plancs of discontinulty. The plancs of discontinuity which is reasonably applicable to two-way slabs. Therefore, Ag = 12(2t, + $,).

which are paths of least resistance are the internellon surfaces between the is used in this investigatloa for a 12-in, strip of the slab. In the orthogonal
,

y mesh lines and the surrounding gel, namely, A,D,, A,A A H and D,U,. The direction, concreto stretched area At = 12(21, + $,). Table I gives test dataas e
aresult is a total cracking grid of repetitive or frequency lattice on the lensile of the concrete stretched areas, active steel ratios, and grid indexes of all

' *

I face of the two-way slab generated from the central portion of the spectinen.
the slabs tested.' if the spacing of the nodal points, namely the fabric welded joints, la large It may be assumed from the fracture hypothesis previously outlined that acand the active steel ratio, pg, is low, the magnitude of stress concentration at 1

the welds would below,no acilvecleavagenform,the bond is not dentroyedand varies as (k. s,)8. Consequently, the crack spacing, a , of flexuralcracks cane
vary as k,/h,rs k,f } (k $,s,/k #t )8, in which the k terms are constants,sub-the principal cracks follow diagonal yleid line cracking early in the loading a g

history, with fewer, but wider cracks. Consequently, proper choice of size script 1 denotes the longitudinal directidn, the subscript 2 denotes the trans-
and spacing of the fabric can produce a forced cracking grid spacing thereby vorecdirection at right angles to 1. Also er = k fj[as given by the ACI Codee

rcontrolling the width of the cracks. $ 318-63. The ratio f}//fe varied in this investigation from 5.57 to 7.80 with a
If the Intersecting longitudinal and transverse reinforcing wires are free mean of 6.08. Sinco simplification for the purpose of using the expression by

or tied instead of being welded,as inthe case when bars are used, crack con- ] thodesign engineer warrantconsideringthis ratio of f}/ff! as constant,Eq.1
trol would not be as effective. Stress concentration would be lower atsuch can therefore be rewritten, lumping all the previous parameters to get
intersections, and pronounced IMalized destruction of the concrcle at these

h, %af fJ . . . . . . . . . . . .. . .. . . . . . . . . . . . .. . (2)intersections is less likely. Thas a forced fracture grid under these con- , .

ditions is more difficult to accomplish. \ Pt, / a

.
.

4
'

g
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*

,

.

! The steelstrain in Eq 1 was converted tosteelstress f, in Eq.2. If the term
TADt.E 1.-PIlOPERTIES OF CONCRETE STRETCHED CRACKED ZONES defining wire spacing and the active steel ratto, namely 6s/pt , is called the

a
-- grid index,because it describes numerically and conveniently the mesh pattern

,
c creio c crees Acilve Acuve ,

INN. INd .
rimes and theconcrete stretchedarea,then itcanbe considered hereinthat there are

asY.. r*.Y'. tan. two stochastically independent parameters; the steelstress and the grid index.N' 'U*.I $'.'s
" ''"'5'''

e cover ai
" s-

e., i. 4, in A,, in s ciar.a p,,. as p,,, u 4 - e,s,/ 4 e,s./ vided by ersm :
P**d* #8 #8 " " ' ' ''#e are equare a per- a per- s

' * * ' ' * * *.,n.e i. cme o rentase ceaesse TESTING PROGRAM
- in) (2) (s) (4) (s) (s) (1) is) (8) (10) ()
Sta as. coo is.s :.4s i.ao o.tss o.6s 326. iso.o - .os o /, . 4

I sa 23.soo is.s .es to e.tst o.ess in. : 34 e.4 s.co o | Confrof Tesis.-Illgh early-strength cement was used in the mix. Graded
| sas at. coo is.s 23.es i.no o.tss o. ass one a 4 e.4 . s.se o , crushed stone of maximum size 3/4 in, and localgraded sand were used. The

is 29.11 ss.it i.so o.44: o.sse sea.s 14o.1 a.2 vb * s y
23: coo

sni
water content varied between 4.9 gal and 6.6 gal of total water per bag of cc-00o 2c.1: 24.14 :.no e.s s o.s2: 433.4 sos.s 3. vtsna .

scs is.ooo as. si.os i.4o o.24s e sas tes.s ses.o n.as vs. ; nient. The mix was vibrated with electric vibrators in the forms and the,

'

Sc .200 24 9 29 es 2.4e o. Ee o ist 1so.: est.1 s.se TL e-i

mi it. coo ir io se is s.se o. sis o.a ss 4es. : 1:2.7 s. s vi. p . . specimens were cured for a period varying between 3 days and 86 days in the
sna 84.300 it s: es es 3.to o.sse o.i<s ass.e too.: i.se vt u ' different specimens, as shown in Table 2. Six control cylinders 6 in, in diam
!N EN ![N N IN $N ' Is 'Nj N $ and 12 in.,high were taken from each slab mix, cured under the same curing

'

s

f
ses 4 .o00 a st 23 se s.ao n.3:e s.cos sos.s iss.o s.02 o conditions as the test slabs, and tested the same day that the corresponding
$ra N:$ IN N.N I4$ !iN IN Ui NIs !$ $6 slab was tested. IIalf the cylinders were tested in compression and the other
c:cs 43.400 ti.et 3 .se s.go o.tse o.sss ass.: 44s.: n.si vt . ' . half in tensile spiltting.
Q8 'jy. f is is tg y ag Control specimens were also taken irom the wire reinforcement of eachosu su a vt '

,

4 slab and instrumented with SR-4 electric strain gages. Three control spect-csna 4 .o.o it.ss it.si s.2o o.sto o.ito tio.: its.s 3.is o .
csn 31.o00 it.so is.4 n.no o.ssa o.452 341.s ist.s 3.se o-vL . ,1 mens werethentested for tensile strength for cach wiresize and stab,and theYL
CS3 41. son Is.t is.es s.lo o s9s o.4:s 3 o6. 1ss. 1.20

YL- o . 7 stress-strain diagrams for the different wire sizes were plotted. The yield
.

e

cas 4 .o00 n.t 22.44 s.so o.tos o. sos est.: sa:.: n.ss g
etxt so.soo :.so is.es s.so o.cos o.as 34o.1 sos.: 3.2 YL / . . . strength varied from 67,500 pst to 96,600 pst. The ultimate strength varied : ).

from 80,000 pst to 101,630 pst. Shear reinforcement was also provided in the '
'i ws : e.soo 33.2o as.es s.so s.os o.ts et.4 32.s 3.3 o , ;
! ws: not.ioo is.to is u n.so a.os o.t s sa.4 332.s i.is o - form of horizontal mats and vertical cages for the centrally loaded slabs ' '

N NN 'tN IN IN N IN 'N O [$ $ series. They were used to prevent any premature failure in these slabs byt

wss so4.soo 22.so as.4o 3.so o.as o. 244.s ats.s 2.6o o-vL i punching shear,
w3s 3 os.000 26.to 22.so n.so o.as o.as its. 244.e 2.82 o-vLj *

.

wst 8:.200 i6.se is.: n.no 1.st o.ss ss.: isi.e n.s 2 o e +
' ws: 34.o00 lo.se so.se 3.20 a.it o.se es.: :: .s 3.t s o. I *

i TESTING SETUPwre is.too on.co 24.00 n.4o o.4 s o.n ass.: 2:2.4 s.s4 o.vt
ssio sa.ooo is.co 24.00 a.as o.4 e o.so iss.: 2:2.4 a.as o.v3 ''

,

",8U U;$ $ 8[U $ (,y (U N[' 's * [N U'**' Simply Supported Ccnfrally Loaded Stabs.-The slabs were simply supported
*

. ws s sos.soo 20.00 as.co a.co e.4 s o.se es e.o tse.o n.4o v s. . ora all four sides on a 2-in. wide strip. The clear span in each direction was
Ns 'UN N! !$ IN IUs N NO Na IN vt y 7 5 ft 8 in, and the overall dimensions werr; 6 ft 2 in. x 6 ft 2 in. Corners wereT

wsis es.noo is.so sa co a so o.se o.ss ass.4 iss.: a.es u. ti. , not held down. Load was applied through a hydraulle press 0re ram system
E NN $$ N.N IN IN kN NO UN $ vf-( ; Hirough hydraulle jacks to a ram G in. Indiam and having atravelof 6 in. The
wsis os.soo sn.4 s 33.0a s.so o.so c.34 < ise o f tes.e s.ss 18. Inad was transmilted to the slab through a steel rigid platten having an area

,asso 13.0n0 s e.co es.co t.so o.44 o.ss son.s ea.e s.a. o of 6 in x 6 in. |8 WS I 13.000 I A.oo Is.co a.so o.44 e.s3 104.4 Do.o a.as 0
1- wens ti.soo as.si 22.4s s.se o. si o.se isie ' ist.s i.as p Twelve elabs were tested in this group.' The total thickness varied from '
I rass os. son is.co 34.co n.4o o. s e.s t ist.s as4.4 s.es vs. o " 3.6 in to 4.1 in. The effective depth varied from 1.8 in. to 3.75 in. All spect- i

,

stb
N IN !" 'E < h mens inthis series were retidorced withplainhlgh strength wire mesh waldedi Ns N $ I:1 N 'N l:
ass.s s.s4 vi. at th9 joints. The meshin each stabwas instru'mented with SR-4 electric gagesws:s 14.500 st.no 34.0a n.so e ns o.ss '

sosg-[ Qg Qg [g @ Q y y[ $ Q at all critical locations. One layer of mesh was used in the bottom of each
ws:s tuon so.co 21.0o n.so e.3: o.s4 4ce.s 421.3 s.so vn he k . 8 tab, crad shear reinforcement was also provided over an area 24 in. x 24 in.
wun to.a<n as oo so ao n.oo e.as a 3: sis.4 ses.e i.es vL '

I at the center * I
wusi sa.soo in oo is.co n.so o.si o.es ras.o ass : 1.s 4 vt '

Clamped Centrally Loaded Stahs.-The clamped slabs in this series werewssa 11.600 in.no ss.co a.so o.si o.e: us.o ass.: wf 'YL e ,
,

7 ft 10 in. x 7 ft 10 in. In overall arca, while the clear span was 5 ft 8 in. x 5Haa n.44s *
*" "'"

_ . __. It 8 in. Fachalabcontained threchoics equally spaccdat each of the four sides ;
a o omarms; vt . vw u.e. outside the support area, so that 12 holes were provided in each stab. Thesc .

'

holes permlHed clamping rods to pass through to the testing frame for an- !
,

*
$

g i %

.s
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{

... .
''' ' . :TADLE 2.- CONTINVED

;.

NWireWater CylinderCylMr yleid Center- J

* ** *Slab r ti Average Agoet P[ sg (14 Central diam era,
g,,. gg,, s cing 0 il t ondesig- in 11.5. slump, test. In strenr.th. # I" ** I" S, x S,. offset. at ulti- {4g thickness,

lac'hes gage
.i per in inches la posunds mate load. i

8
nation gallons in inches days II' I"de W in he

Pounss pc inchpc squareinch per e in inches *

, ,

(1) (2) (3) (4) (5) (G) (7) '(8) (S) (10) (11) (12) (13)'
.

,

WS22 6.5 6 49 4850 500 3.00 1.94 D2.0 0.159 3x3 81000 1.42 b

[]-
WS23 7.6 v 45 4190 430 3.00 2.25 D2.0 0.159 4x4 81900 1.55 ,

WS24 7G i 45 4190 430 3.00 1.75 D2.0 0.15D 4x4 81900 1.92
WS25 7.7 F 1/2 33 3800 3G0 3.00 1.87 D4.6 0.242 4x8 67500 2.4 G -

WS2G 7.7 3/2 32 2000 360 3.00 1.87 D4.G 0.242 4x8 67500 1.04
WS27 8.3 10 34 3550 350 3.00 2.12 D4.6 - 0.242 4x8 67500 1.92
WS28 8.3 le 34 3550 300 3.00 , 2.00 D4.6 0.242 4x8 67500 1.80
WS29 7.7 8 26 3800 425 3.00 ' 1.75 D4.6 0.242 6x6 67500 2.24

,

WS30 7.7 8 27 3800 420 3.00 1.62 D4.6 0.242 6xG G7500 1.7G :
WS31 16. 3 9 28 3780 390 3.00 1.25, D4.4 0.242 6x6 67500 ^ 1.84 ,

WS32 8.3 9 65 3780 390 3.00 1.25 D4.6 0.242 6x6 67500 1.7G -

.
.

a In the claminzl claba series CSF1 through CSK1 and W81 through WS32, the same pattern and anionant of reinforcement used at the bottorn for th positive moment was
dse used at the top for the negativo moment.

|' |
.

a

chorage. The supports were also 2-in. wide flat edged. To insure uniformity The reinforcement was in two equal layers and Instrumented with SR-4 f,.

of clamping stress along all the four sides of each stab, the clamping force gages at all critical locations both in the positive and negative regions. Some 8

was transmitted through a wooden frame 5 in. x 5 In.in cross section as seen difficulty was encountered in placing the SR-4 gages in the deformed rein-
in Fig. 3. The external load applied to the clamped slabs was also centrally lorcement due to the small space between the deformations in the mesh. It ,
imposed on a G-in. x 6-in. area through the same hydraulle loading sysjem. was possible,however, through maximum trimming of the gage to ensure that y

Ten slabs were tested in this series. All specimens were reinforcea with the gage grid covered the undeformed portion of the reinforcing wire. The j
two cimilar layers of smootly highstrength mesh reinforcement welded at the %nesh spacing was varled from 3 In. x 3 in. to 4 in. x 4 in., 6 in.,x 6 in., 4 in. '

,

jointc,one ontop andone at tiie bottom In orderlo providefor the positive mo- ' x 8 in. and 8 in. x. 8 in. No shear reinforcement was,necessary inthis, series. .

!mint at the center and the negative moment of equalmagnliudo at the support. All the slabs Inthis researchprogram were whitewashedat the tensileface *

Thetotal thickucss of each nlahwan kept almont constanl with a variation from la order to facilitate accurate and prompt reading of the crack width.
, f2

310 in to 3.50 in. at the center. The menhnpacing wanalno varic'sHrom 4 In. Testing Procenture.-Load was applied in at least 10 tacrements at intervals j*

_.x 4 in. to 8 in. x 8 in, to 6 In. x 12 in. Shear reinforcement wan nfish proylded of approximately 8 min between each two incrementsof load. Tlirce min were
in this series. SR-4 elecirle strain gagen were placed imthmithe positive and allowed forthe hydraulle preenure to stabiliteitself before the readings were ?

tha negative steel at the critical locations. Gehen. I)oflection was measured with 4-in travel dlals located at the center . .

Clam /sc<f Uni /ormly Lon<ferf Stufss.-The clampett stahn in this series were of each alab and al quarter pointshoth on the principalaxes and the diagonals. *

7 ft 0 in. x 7 ft 0 in. In overall area, while the clear spaa wan 5 ft 0 in. x S it Corner lift in thone specimens which were simply supported was also mea-
,

0 In. A 12-in. peripheral strip was provided an nhown in l'ig. 3. Soventy-twu sured. The deflection dlats had an accuracy of 0.001 in. '

holca were evenly nir.ced inIwe rown inthb clamping pel-spherdt nirlp outplde The crack widths were observed with powerful lliuminated microscopes of
,

the 5-ft 0-in. > 5-ft 0-in. area amt load was tralismitted lo the alabn Ilirour.h , 0.001-in, accuracy. Maximum and minimum crack widths were read at G-in. .

,

3

the use of a rubber preneure log filled with nitrogen. I.oad was applied in an ! space latervals on the path of the major crack lines. In the centrallyloaded
inverted position as seen in the detall in Fig. 3. Ideally complete finity at all series, crack widthwas read outsidethe central 6-in. x 6-in. Ioading areaand
the four bound.irles of the slabs in this serica was achicveil, and no rotation at cach incrementof load up to failure. A minimum crack width in this inves-
or lateral movement of the boimdaries was possible. I ligation was conaldered to be such,lf it showed the least width within a 12-in.

/- 'Dllhtwo S1318 wfrt eled l!jhls serica Most of them were reinforced distance from the maximum crack width reading. ;9 t ! n

with deformed welded wire mesh and the total thickness _of each slab wasenn- Strain in the wtre mesh reinforcement and in the compressive surface of j
stant at 3 in. The average effective depth varied from f.63 Igo]2]B3'In. the concrete was recorded both by an electronte automatic multichannel

,
e

. _

,E _
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~

scInner recorder and by manual strain Indicators. The automatic recorder approximately 4 In. The grid index,I = (s/pgvaried between 83 and 150 j*. '

t' sed has 48-channel capacity and operates at a speed of one channel per see^ simply-supported Centraffy-Loaded Sla6s Series SB, SC, and SD.-Wire ,

The strain output was also monitored directly on IBM 526 Card Punch fo 8 Pacing was either 8 in. x 8 in. or 6 in. x 12 in. The active steel ratio, Pt,was !
'

prompt evaluation by the Computer Center. L5% as seen in Table 1. The yield line mechanism developed earlyinthe load- !
I

It was important tolocate precisely the position of eachgage la the finished ing history of each stab,namely at about 35% to 50% of theuttimateload. Very ,

c11b so that direct correlation between crack width and steel stress could be few orthogonalcracksdeveloped,and the widthof all the cracks was apprecia- ! >
'

(ffected. This was achieved by keeping a record of the accurate coordinates bly larger than the cracks developed in Series SA and SE. Their spacing was ,

:
of cach gage and maintaining these coordinates while placing the concrete, diagonal following the yield line mechanism. The grid index, varied in value

between 508 and 865 for the different tests. |
Clamped Stahs Series CSF and CSH.-The wire spacing was 4 In. X 4 in. ,.

e
and the active steel ratto pg varied between 1.4% and 0.771 It is noted that y, , , , , , , , , ,

y =rnaut
d%' : m w . m .7^6

) In these series of tests was comparable in value to those of the simply-
, 4W'''"0 "00 supported slabs. The crack widths were considerably smaller than any of the ;

'
-

,

U its E "''" ether series and followed the same square grid of orthogonal pattern as the f' ' ".~'
! [mesh reinforcement. .The spacing of the cracks was generally very close to'"'** % " ^ . *

tin., and the yield line cracks develo' ped fully only very lateln the Idding .
i ,

! i

ALLYLNt
blstory'of the specimens atabout 85% of the failure load. The grid indexvalue" "

I
~

c aes varted between 113 and 129. i. tClamped Centrally Loaded Stabs Series CSG, CSI, CS3 and CSK.-Spacing

sce ottait f-numern osa
of the mesh grid was 8 in. X 8 in. in serics CSG and CSI, while the spacing in

t|
,

ma .4,.o# CSJ was 4 in. x 8 in, and in CSK 0 in. x 12 in. The active steel ratio, tag,
raried between 0.19% and 0.901 The dominantcracks were diagonal yleid line r

y- ~ "Y tracks which developed fully early in the loading history of the specimens. f
b

* ,

.L .L *

The spac_ingo! the few orthogonalcrackswhich formed wasapproximately_7 in.~
!

.tstcteomat ettvareoN
ggg,e v,,g-d bctiieen 235ind 003." !||^

unironuty tomoto staes ,, g ,

Ausete cusuon (CL'*hNGC"A""EL
Clamped finiformly Loaded Series WS1 through WS10 and WS21, WS22 and | y;

y g d /~ comentit stan WS23.-Spacing of the mesh grid ,was 4 in. X 4 in. The active stect ratiopf gesos

.Q. '. V.% varied between 0J8% and.).051 The dominantcracks were gtthoconTl except ;
9,,, ,. f in WS5 and WS6 where pg was 0.26% and 0.23%, respectively. In WS5 and WSG, ;"

* E g,8,,'g19L [ f-numers ain eas yield line cracks developed earlier than the others in this series, dominant ,

E L ybs*caa==st section tracks were also orthogonaland narrowerthan most of those discussed later. i|s

som secten maos

76$"o[o* ta=c's"Yo* The grid index varied from 92 to 159 except in WS5 and WS6 where its value y'
'

'"" ' ' * " " ,

' Lam ' sueront stau was 244. ;,
Clarnpd f/niforenly Loaded Scrics WS11 thmugh WS32.-The rest of the

* '

soumoany ctaumas ot ra'L

uniformly loaded slabs scrics, WS11 through WS32, not presented in the pre-
*" " " " " " ' " " """

vlous paragraph, developed dominant yleid lines of considerably wide cracks ,

FIO. 3.-SIAH TESTING SETUP 8 early In their loadlag history. The spacing of the cross wires varied between
*
,

,

"* '"* "* '"** '"* '"** '"* " * " " ' " " !*

The major properties of the 54 slabs tested and anal zed in th prograrn in Table 2J' he_gtid indexpluo varied between 25t and *l36 as tatmlated in : ,

Ere listed in Table 2. "

. Table 1. p w,, J,% na a % %..! U8 i /,-

-

It must be emphasized _that the final collapse mechanism in all the slabs
TEST ITESULTS tested in this program was by complete development of the yield !!nes. What j ;,

is considered as governing the behavlor of the slabs tested is whether few .

Simply Sirpported Centrally Loaded Stahs Series SA and SE.-Wire spacing diagonal yield line cracks or numerous narrow orthogonal cracks dominated | j

was 4 in. x 4 in. and active steel ratio et varlod between 0.75% and 2.0% as ' early in the loading history up to 75% of the collapse load. ;i

teen in Table 1. Crack pattern followed closcty the mesh reinforcement pat- !j
, '

tern. The yield line mechanism dcycloped drastically when theload was 80*o lo | ANALYSIS85'5 of the slab collapse load. Only relativelynarrow cracksdeveloped, form- .

*

ing a uniform s<luare grid of oil.h_ogonal cracks at the tensile side. The width
of the ylcid line cracks was alno relatively v'ery narrow as compared to the Crack Width Itegression Eynations.-The fracturchypothesis and the math- ,I

crack widths Irn Series SD, SC, and SD. Spacing of_the cracks was generally ernatical model proposed in Eq.2 wercapp!!cdpreviously bythe sentor writer *j
. e !

l -
_ _ _ _ _ _ _ _ _ _ _ _
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. . - .

to experimental results from 22 centrally-loaded slabs (1,3,5). A regresslos
equation in the form ' ' ' ' '

3a. . ' , , * ' . * ' ., ,

' .ess
W,,,,, = 2.75 x 10-8 [ . . . . . . . . . . . . . (3 ) aso - - ** *

,

.- _ w .as a wWr. ., *-

forfully clampedcentrallyloadedslal[s was foundas best fit for the data. This g$,,,
,

' , .

:**8 i.

Is a nonlinear powerfunctionboth for steel stress f, and grid index, $,s,/p,8
*,a I., eso- . ,e . * '

-. ,,
8>

/+A s,8 , * *, /sIt was also indicated bythe author in Ref.1 that simplification of Eq. 3 can he 5.. *.

. . . f, . , . ** 3. -achieved with some acceptable loss of accuracy of crack width evaluation. * '

. **. ., , , , " .
, .*Such acceptance is based upon the natural large random scatter in cracking **

so , , , .behavior. Ratio f}/(fl.)*'8 can be assumed as constant. Stect stress f, cas ,,.st ~~e
** *

be linearized to fit data closely at certain levels of stress rather than the
a'o

* ' ' ' ' ' ' '

* 'o * "'whole range covered by /kis,
rar si sOn this basis a statistical analysis of the data (6) resulted in the following *

equations pertaining to the various loading and boundary conditions applied in
' FIO. 4 -CRACK WIDTH VEllSUS REINFORCEMENT STEEL STRESS INthis investigation: Clamped slabs, uniformly loaded (8) CLAMPED UNIFORMLY LOADED SLABS

.*

.'

2.8 x 10-* R E [ .........................(4) 'W a ' ' ' ' ' "

t a . '. /_
enau

:
. en s

! clamped slahs, centrally loaded
,

*

? eae.
-

'

.: e a io-*=Q *

W ,, = 2.1 x 10-8 RE [ .........................(5) | $ *** M'* * * -

; l-
1

y ./,
,*

.. * *
.

tad simply supported slabs, centrally loaded E'*~ * ~

|I*f
!

W,,,,, = 3.t x 10-* RF [ . . . . . . . . . . ., . . . . . . . . . . . . . . (s) | . ...: XN .~.s ~"

o lo.| A E lo E E k d.i *: In which R = the cover ratto;I = the gridindex; and f, = the steel reinforce . - stan statss
I'i' ment stress, in kips per square inch. Note that Eqs. 4,5, and 6 aredimen- | *

clonally correct. ! I FIO. 5.-CRACK WIDTH VERSUS REINFORCEMENT STEEL STRESS IN
Data plots of measured steel stress [ versus crack width for the three ' CLAMPED CENTRALLY LOADED SLAUS

. ii previous boundary conditions are given in Figs. 4,5, amt 8. The data seem to*
'

, , , , , , ,

i fit the equations best in the stress range of 30 kal to 50 kel as demonstrated 360 . -
*

. . ,
!I; by the 45% scatter hand shown in these plots. Normality of the data wse ' " $

\ ''" + .: .
, ,

.-
established statistically. aso - v.

%''''' "'* 5<( . Theoretical Versus Experimental Values of Crrecir ll'Irllh.-Rqs,4,6, and 8 ' ' ^ *** *

- -
|i> y*

1. have been applied to stress lovels of 20 kat,30 kol,36 kel,50 kel, asul 60 kal ," - **' *

| 'I- steel reinforcement stress. These stress levels w' re chosen as they represent i *e = . . +,.

p. ,,*terminal design stages.
,

.
* ,

. *
.

../ *Table 3 lista the observed amt the theorellcal vahtes of crack whilb at the E ,,o .

/** ,,, #.
* ~~~~*

#
five stress levels indicated basets on the propoded simpilfled equallons. It is , j<

.

geen that th? mean value of this ratio We,/We ls very close to 1.0 while the , so . 4/*, - -#5 *. - .,

'I standard deviation is closest at stress level of 30 ksi. The largest devlallon ,j?,S** |,*-

I is 0.332 at a stress level of 60 kst which in expected in the random process S k $ $-E k .ho so

of cracking behavior. sur n stats: i
Yicial f.ine Crracks Verstes Orthm.onal Cracks.-A study of the bchavior of.

j cach of the 54 slabs tested inthis program substantiates the cracking hypoth. - MG. 6.-CRACK WIDTH VERSUS REINFORCEMENT STEEL STRESS IN St&! PLYi

l cats presented. Definite diagonal ylcid line cracks developed in the early SUPPORTED CENTitALLY LOADED SLADS
'

; y
it ,,

*l. . .

..
_ __ __ .-
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TABLE 3..- CONTINUED t

MW e!50 kal
20 ket 30 kal 35 kst 35 kat ,

'EM 'v w,/w, w, w We ,ew w,/w, w, e* * " "
e c e w, w w,/we w, ew sr ur,/w e

Q $p2 ja jy
!,

*

ws30 0.01s 0.0241 0.7s 0.020 0.0301 0.80 0.034 0.0420 0.81 0.04s 0 0604

WS31 0.012 0.011G 1.03 0.010 0.0176 0.91 0.018 0.0204 0.88 0.027 0.0204

WS32 0.015 0.011G M9_ 0.019 0.017G E08_ 0.021 0.0204 1J3 0.032 0.0M -
g g ,

gy
.

0.370 0.332Mean 0.033 0.g37 0 265 }'0.219SD 0.238 0.118 ,

t
" Not included in analysis. k $

i
stretched area. The spacing of the orthogonal wtres was 4 In. In this series

;

Itading history of these slabs when grid index Ta = $s a/ht, was in excess of and the'erack spacing wascloseto 4 in. The squarecracking grid!nthis series8

as well as the others with low grid index value infers that such stresscon-
j

centration existed at the nodal points that the cracking pattern generated fol-
thout 160, and the wire spacing in excess of 4 in, t

!'The ylcid lines and hinge fields in these cases dominated throughout the
towed closely the reinforcement pattern. j

Uniformly loadedclamped stabs series WS11 through WS15,WS18,WS19 and
1:ading history, thereby causing less major cracks to develop and very few
crthogonal cracks narrow in natureto appear. The few yield line cracks were

WS23 throug;i WS32 had a low active steel ratto, pg, and a high grid index in
,

excess of 160 as seen in Table 1. The spacing of thecross wire was generally
wider than woulI otherwise have been the case if more orthogonal cracks had

8 In. x 8 in.,4 in. x 8 in, or 6 in. x 6 in. except in WS18 and WSID where it
developed. Thof.c slabs can therefore be considered unsatisfactory for crack
control reliability criteria sincethey would not satisfy crack width tolerances

was closer spaced though the active steel ratto in the two latter slabs was as
low as 0.23%. Thus stress concentration at the welded joints was too low to

accrptable at working stress levels.
In slabs where the grid index was less than about 160, orthogonal cracks ~

generate the preferred orthogonal cracking grid early in the loading hirtory '

of the specimens. The result was wide cracks as compared to the rest of the,/
_d;minated throughout theloadinghtstory, They generated from thenodalpoints

cf the reinforcement and had relatively smallerack widths. They are found to i.

elaba in the WS series.The balance of the elabsinthe WS series not tncluded in the previous anal-
gatisfy currently acceptablecrack reliabt!!!y criteria at serviceload levels of .

,

ysts had a grid index value lower than 160 except in the case of WS5,WSS,-

codes available on crack control. - ,

.
Simply supportedcentrallyloadedslabs series SB, SC,and SD and clamped

WS16 and WS17, where it was slightly higher. The active steel ratto, pg, was l.-

In mostcasesin excessof 0A5% as givenin Table!. O_rthogonalnarroweracks.
,

centrally slabs series CSG, CSI, CSS and CSK had a low active steel ratio Ag
and a high grid index in excess of 160, with large spacing of wires (Table 1).

dominated early Inthe loading history of the slabs in this group. Typical Fig.
.

orced homogeneous grid crhek pattern was not possible even in series SD,
9(n) shows elab WS5 at about 50% of its ultimate load while Fig. 9(b) shows it

1 ,

where large diameter wires were used. Stress concentration at the welded

just prior to failure with the orthogonal cracking gridof narrow cracks main-talncd through its loading history. Typical Figs.10(a) and 10(b) show slab
,

joints wastoolow to generatethe preferrederacking pattern.cnusing the yield ,

5lines to start developing early in the londing history of the specimons. Thus,
WS18 at comparable load level with slab SWS Yet, because ci its high gridno flexural cracks of importance olhor than ihn yleld lines developed up to
indca value, domlnnnt wide dragonal yleid line cracks controlled early in its

.

failure having a considerably large width. In serica C8J1,lho mesh imlexwas 'Iloading history.196.1,being somewhat close to tha value of 100 proposed as limiting. Orthog.
A comparison is also made between the centrally loaded series CS rein-

; ,

forced with smooth wire mesh with the uniformly loaded series SW, most of
enal cracks started to generato intilally, but ylebt line cracks at nhout 45% of
the ultimate load began to develop also. The failure'of slab CSJI, nihi to a

which were reinforced with deformed wire mesh. It is interesting to note thatslmtlar extent, CSJ2.can botermed a combination of ylcI4 lincandorthogmial, *

the effect of wire deformations on controlling the widths of the cracks is !iSimply supported slabs series SA and Sk and clamped conIrnity loaded
negligible for the steel wire diameter sizes used in this investigation. It is ?Ltlibs series CSF and CSil.having a grid index valdelowcrlhan 100 cc Table
thus noted that crack spacing of the controllingeracks in slabs with grid index i1), developed a homogeneous square crackinglattice of nartow crac s evenup
values less than of 160 to 180 generally followed closely the reinforcement

t

to collapse. The yleld linecracks wercin most cases narrower than the cracks
spacing grid. The slab behavior relating to the e!!cct of deformations of the ,

stect wire surface and the orthogonal spacing of the wires on the crack widthof theflexural grid pattern and developed fully only when(he collapso load was

further confirms the hypothesis that the nodal points, namely the locattosis ofapproached. Compare typical Fig. 7 for CSP 2 verst s typical Fig. 8 for CSil.
The active sicci ratto in series CSF was higher than in all the other series,

the reinforcement intersections. control theformat of thecrackingincchanism. ,

thout;h the concrete stretched arca was not too dliferent. This observation
Cri f Index as Guide to Control of Cracking Pattdrn.-From the previous

! h,points to the higher importance of the active steel ratio than the concrete
..
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FIG.10.-TYPICAL UNIFORh1LY LOADED SLAD WS18 WIT 11 WIDE YlEI.D LINE' ' '

I
. enACKS CONT 110LLING: (a) AT 507, OF ULTIb1 ATE LOAD;(6) AT ULTlh1 ATEg'

"

LOAD .-i y
" ' b primary parameter tobe consideredin producing aforced cracking grid which

can result in limiting the crack width. '

MG. 8.-TYPICAL YIELD LINE CONTROLLING CitACKING PATTEltN, 8

CENT!! ALLY LOADED St.AD CSI 1

wards the yield lines. A grid index of about 160, with wtre spacing of 4 in, to
6 in. seems to be a logical optimum within the limitations of the numlier of

1. Crack widthin two-way slabs canbe effectively controlled by forcing anlesis in this investigation. It can be deduced that the grid index, which is a
function of the active sicci ratio and the spacing of the welded joints, is the orthogonal cracking grid pattern.
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f 2. The difference in effect on crack width control by using deformed versus 9. Itcis. E. E., Moser.J. D Disachini, A. C and Kesler C. E "Causes and
'

;gmooth wire mesh is minor, in Concrete Reinforced with liigh Strensth St"I % NW */
3. Orthogonalcrack spacing Intwo-way slabs is afunction of theorthogonal Urbana Ill.,pp.66,1966.

ymposium on Bond and Crack Formation in Reintoeced g

'

rpacing of the wcldedreinforcementonly to an optimum reinforcement spacing 10. Rilem. " Proceedings Interna
Concrets," l-IV. Seockholm. I'H- g-ranging between 4 in. and 6 in. Cross wires spacedia excess of 6 in, to 8 in.,

. r:gardless of the diameter of the cross wire, lead to the early development of -'

_ ide diagonal cracks and no forced fracture grid le possible.
~

.

j| w

4. Grid index 1 = $,s/pt, is a goodindicatorin checking whetherorthogonal
'

APPENDDC II.-NOTATION I-

| cracking grid patterns or wide diagonal ylcid line cracks would result. If the *

; inricx exceeds 100 to 180, pronounced yield line wide cracks develop early in 1:
tha loading history. ..;

! 5. Choice of a two-way slab reinforcement geometry which can force an The following symbols are used in this paper: |
arthogonal cracking grid of narrow cracks is possible through use of the4

| ctrnplified crack control' equations developed in this investigation. A, = area of tensile reinforcement in one direction per foot-width
4

' of stab; - -
'

. ACKNOWLEDGMENT \ Ar a concrete stutcW ama, as hn h M. 4 {.

re, = crack spacing, in inches;? s

( = effective depth to center of one layer of reinforcement;The writers wish to thank the U.S. Steel Corporation for the welded fabric
and other financial support they extended. The second writer's contribution f;. = cylinder compressive strength of concrete,
in this paper covered the work on the uniformly loaded slabs series WS.This fs = tenstic stress in wire reinforcement,in ps pe q ,

invtstigation was initiated and conducted in the Conc reto Research Laboratories /w = ultimate strength of reinforcement;'

cf the Departmentof Civil Engineeringat Rutgers(Jniversity,whoseChairman, f, = ylcid strength of reinforcement by 0.2 ,

i M.L. Granstrom, is gratefully acknowledged for his continuous support. /) = tensile splitting strength of concrete, AST
,

,

f, = (,s/l'i = grid index in direction 1; .
s

t, = (,s/pt, = gM inh in hen 4,

P = External load at intermediate stage; r
j APPENDIX I.-REFERENCES

P, = test ultimate load;

*f

e
:

P',, = theoretical ultimate load;
'

'

p = steel percentage = A,/12rf in slabs, = A,/brf in beams;
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CONCRETE SLAB SYSTEMS -======='
*

FURTHER STUDIES ON FLEXURAL CRACK CONTRdL '
" CRITICAL STEEL RATIOS IN TIIE LIMIT DESIGN OF TWO-WAY

REINFORCED CONCRETE SLABS"
Valeriu Petcu and Georgeta Stanculescu . . . . . . . . . . . . . . . . . . 287 IN STRUCTURAL SLAB SYSTEM

" LIMIT STRENGTH AND SERVICEABILITY FACTORS IN By EDWARD G. NAWY and KENNETH W. BLAIRLY DED,ISOTROPICALLY REINFORCED
T ys

Tsu Yao Ilung and Edward G. Nawy
Dis paper is a consolidation of almost all available studies on the

flexural cracking behavior of two-way action slabs and plates. An''A T ELEMENT APPROACll TO PO -E STI St B
analysis is made of the test results of ninety two-way action slabs

- John C. Bell and David G. Elms $ I both rectangular and square and having various boundary conditions.4

......... '''''''''''"

" MEMBRANE ACTION IN SLABSa leads varied from concentrated load simulating column reaction on
-

Dat P ates,to uniformly distributed load. Reinforcement used variedJ. F. Brotchie and M. J. llolley
,

l
from smooth to deformed welded wire fabric to rebars. The clear

****''*****'''***

St CONVERSION TABLES . . . . . . . . . . . . . . . . . . . . . . . 378 spans of the test slabs ranged from 5 ft 8 in. x 5 ft S in.(1.724 x
.

1.724 m) to 5 ft 0 in. x 5 ft 0 in. (1.524 x 1.524 m) to 5 ft 0 in.. .......................... ,***''''''* 38I
x 3 ft 6 in.(1.524 x 1.067 m). ncir effective depths ranged from
1.25 in. (3.17 cm) to 3.50 in. (8.89 cm), while the total thickness of

|

-

the test slabs ranged from 2.5 to 4.0 in.

A fracture hypothesis is presented and a grid index is proposed as
an indicator of the controlling flexuralcracking pattern to be expected
at loads up to 75-80 percent of the ultimate. It is shown that apart
from the reinforcement stress level the major contrulhng parameter is
the spacing of the reinforcement in the two orthogonal directions of
a two way action structural slab or plate. He diameter of the rein-
forcement and the concrete cover were the other parameters that in-
fluenced the behavior of slabs,but to a lesser degree.

,
'

Criteria are proposed for use by the design engineer in exercising
crack control in two-way action slabs, plates,and flat plates of various
boundary conditions. He proposed equation is applied to other large
scale and full scale tests made by several investigators and found valid.

| The extent of the work is such that codification of the recommenda-
tions is possible for direct application in crack control design of struc-
tural slab systems.

Keywords: concrete slabs; cracking (fracturing); flat concrete
plates; flexus al strength; fracture properties;Ioads (forces); plates
htructuiul members); toinforced concreto;reinforsing stools;re-
search; restraints; serviceability;two-way sisbs;wolded wire fabric;
yield line method.

O Flesural crack control in reinforced concrete floor systems has become vic
important. Incroahed use of high strength reinforcement in concrete and the <
plication of ultimate load procedures in the design of concrete structures reqa
more attention to serviceability conditions,of which erack control is a major
ment. Since most framed floors are proportioned for Iwo-way action,existin
criterial for crack controlin beams cannot be safely applied to slabs.

I
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nrough choice of the proper fracture coefficient, the de can

ACI Member EDWARD G. NAWY is a professor of civil engineering U** *'** '
as sa nd a o o-w action slabs and Hat

at Rurgers, the State University of New Jersey. He is chairman of
the ACI 224 Committee on Cracking, chairman of the ACI Board si gM ndex is given as a guide for gowrning the primary fauem pensera.

Committu on State Chapters Activities, member of the ACI Com- which contrope crac w dth. .

mittes: 115 and 340 and ACI representative to the Intemational

Commission on Fracture. lie also was Past President (1%6) of the
New Jersey State Chapter of Llw ACI. CONTROL TESTS

!
High early-strength cement was used in the concrete mix of all the slabs.gi[terYd p,o 1*'* " 'con he e n oa a a Crushed stone of maximum size 3/4 in. and graded local sand were used. The

m the States of New Jersey, New York, and Pennsylvania. lie is mix was vibrated with electric vibrators in the forms and the specin. ens were
member and founder of the New Jersey Council on Civil Engineeri 8 cured for varying periods,as shown in Table 1 Al of the appendix. Six control
Technology and a consultant to the hidustry,and is also a fellow of cylinders 6 x 12 in.(15.24 x 30.5 cm)were taken from each slab m;m, cured
many professional societies including ASCE, Sigma Xi, Prestressed under the same i:uring conditions as the test slabs,and tested the same day that a

oncrete Institute.New York Academy of Sciences stc.
* * " * I * * * * " " * * * *

Pmfessw Nawy is also a systems consultant to th F d -

timi dmudstration Washington, D.C.,and is listed in osWh Control specimens were also taken from the wire as well as the rebar steel re-m rica. inforcement to establish their yield and ultimate strengths. Tables I Al gives the
yield strength for the vuious sizes and types of steel. A typical stress 4 train dia-

ACI Member KENNETH W. BLAIR is a graduate assistant in the De- gram of representative reinforcement is given in Fig.1 1.Partsnent of Civil Engmeeting at Rutgers-ne State Universit of
New Jersey. He obtained the BS de in 'vil
Rutgers in 1%9 and is currently do g grad te w in e of TESTING PROGRAM
concrete structures.

Eight series of Iwo-way action slabs (90 slabs) were tested to failure in this re-
search program. Details of their geometrical properties are 8 ven in Table I-AI.i

s paper is a consolidation of almost all available studies thus far on the flex- '

* " An analysis is made of . Restrained Centrally Loaded Siebs ,lSeries CSF1-CSK1)Iwo.way ,cgio",",g,"bs 'ih tes te of th c s

various boundary conditions. De intent is to develop rec rmne IIn Ten slabs were tested in this series. Scy were 7 ft 10 in. x 7 ft 10 in. (2.388
the

' S "**'ia8 Profession for crack control in framed structurai lloor slabs and x 2.388 m)in over all area,while the clear span was 5 ft 8 in.(1.724 m)in eachi
direction. They were fully intrained on all four sides and the load was trans-'

mitled to tlie center of each slab through a hydraulic ram system over an area of
Loads apphed to the test slabs varied from concentrated load i 6 x 6 in.(IL24 x H.24 cm). h dah wem minfaced whh unooth Wumn taction un flat platos, to umformly distributed load accon$simulati

.

wire fabric in two similar layers at top and bottom to provide for positive andI'liahed *
of prcuure ruleber bags. 'Ihc reinforcement in the vario'us test se 'd negative moment. The size and spacing of the reinforcement were varied to ex-
from smooth to deformed welded wire fabric to rebars. The clear of tl' tremes (see Table 1-AI).test slabs ranged from 5 ft 8 in. x 5 ft 8 in.(1.724 x 1.724 m) to 10
It in.(I 524 x 1.524 m) to 5 ft 0 in. x 3 ft 6 in.(1.524 x 1.067 m). cit Shear reinforcement was also provided in the form of horizontal mats and vero

o[tife eat cm) to 3.50 in.(8.89 cm) while she tical cages over an area 24 x 24 in.(61.0 x 61.0 cm)at the center to preventa
abs ranged from 2.5 to 4.0 in. premature punching failure. The slabs in tids series simulated column reactiontotal th ks

The analytical part of the investigation was based on the fracture hypothesis
zonesin flat plate structures.

previously formulated and tested by the first author,2J giving a mathematical Simply Supported Centrally Loaded Slobs (Series SA1-SE3)
model which can predict the flexuso racking pattern in two<limensional mem-
bers. As a result,a basic equation for crack controlin two-way action slabs and Twelve siabs wer tested in this series. They were simply supported on all fom
plates of varying degrees of restraint at the boundaries is proposed. sides on 2 in.(5.08 cm) wide supports. Corners were not held down. De overd

.-

-

_
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side length in each direction was 6 ft 2 in. (1.88 m) and the clear span was 5 ft 8 in. Uniformly Loaded R : _ p slabs Restrained on AllSides
.

(1.724 rn). They were reinforced with one layer of flexural reinforcement at the - (Series WV13-WV29)
botsom whose sizes and spacings were varied to extremes. They were loaded in a

Twelve slabs were tested to failure in this series. Each slab had a clear
of,

manner identical to Series CSF1-CSKI, previously described. Shear reinforce-
5 ft 0 in. x 3 ft 6 in.(1.524 x 1.067 in). De total thickness was 2.5 m

,

t ment was also similar.
cm) and the average effective depth ranged between 1m 3 cm)

, g, , g ,g
( Uniformly Loaded Square Stabs Restrained on All Sides (Series WSI-WV7) I"' I ** *

diameter ranging r 1 ( . 95 nun) to 0.342 in.(8.687 mm) or #3 re-
: Hitty-nine slabs were tested in this series. They had an over-all area of 7 ft 0 in, bars (9.53 mm diameter). Rein . w , ,;,;13, gayer on top and bot-re

x 7 ft 0 in.(2.134 x 2.134 m) and the clear span was 5 ft 0 in. (1.524 m)in each tom.as in the previously escri g or yI ded square slabs. l.oad was ap-
direction. %ey were fully restrained on all four boundaries, representing the in- plied through a rubber pressure bag 5 ft 0 in. x 3 ft 6 in.(1.524 x 1.067 m)in
terior panel of a multi-panel floor system. Uniformly distributed load was applied area and titled with water unde a na

, g ,g,,,,

through a 3/8 in. thick rubber bag of size 5 ft 0 in. x 5 ft 0 in.(1.524 x 1.524 m). This series was intended to sim
muhipl

In slab tests WSI through WS32, the bag was filled with nitrogen gas to develop the two-way action floor system for crack contr st y.
pressure,while in tests WVI through WV7 water was used. Pressure was accom-
plished through a specially designed check-valve system. Uniformly Loaded Rectangular Stabs Restrained on Three Sides and Hinged on

Reinforcement was either deformed welded wire fabric of diameter ranging from One Side (Series WV30-WV33)

0.159 in. (4.0458 mm) to 0331 in. (8.4074 mm) or #3 rebars (9.53 mm diameter). Four slabs were tested to failure in this series. neir size and reinforcement
Two similar layers of two<lirectional reinforcement,one at the top and one at the patterns were similar to those of the previous series

_
g

bottom,were used in each slab to account for positive and negative bending mo- thickness had a constant value of 2.5 m.(
0

ments. A central area 24 x 24 in.(61.0 x 61.0 cm)was removed from the nega- in.(5.08 cm). They also differed in that one of the four s' des (the 5 ft 0 in. side)i

live reinforcement mat to eliminate the possible effect of compression steel on was a hmged support.
cracking in the positive moment region. He reinforcement diameter and spacing
were varied to extremes to observe their effect on the flexural cracking behavior. Uniformly Loaded Rectangular Slabs Rgsereined on Two Edes and Hinged on

Total thickness was either 3 in. (7.62 cm) or 2.5 in. (6.35 cm), and the average the Other Two (Swiss M4-M
effective depth varied between 1.21 in.(3.062 cm) and 2.62 in. (5.237 cm), as g,ee slabs were tested to failure in this series. Deir geome Propert,
given in Table 1 Al. This series of tests could simulate in crack control study the were generally identical to those of the previous series WV30-
behavior of an interior squne panel of a multi-panel floor system. l.Al).except that they differed in their boundary conditions. The

series had two adjacent edges restrained and the other two were Idnge su
Uniformly Load.ed Squwe Slabs Restrained on Three Sides and Hinged on One Hey could reasonably simulate the corner panel of a multifanel two-waySide (Swies WV8-WV12)

floor system for investigation of crack control behavior.
Five slabs weie tested in this series. They had properties similar to those of '

the previous unilorndy loaded series,except tlist one side was a hinged support.
Total thickness was 2.5 in. (6.35 cm) and the average effective deptis was 2.0 in. TESTING PROCEDURE
(6.08 cm). Rebber bag pressure was developed through use of water. This series

I.oad was generally a ied in ten increments at intervals of approximately eightwas intended to simulate a uniformly loaded square end panel of a multi-panel
. n rer''Y''*"' s of oad. nice minutes were allowed for the

Y au ic F re to stabilize itself before readings were taken. Dellection was
'

Uniformly Loaded Square Slabs Restrained on Two Sides and Hinged on the measured with 4 in. traveI dials located at the center of each slab and at quarter'

Other Two (Series WV13-WV17) points both on the prmcipal axes and the diagonals. Corner lift in those speci-di s admens which were simply suppor
Five slabs were tested to failure in this series. Their properties were similar to an accuracy of 0.001 in.

those of the previous uniformly loaded series (WV8-WV12),cxcept that two ad-
jacent sides were hinged supports. His series was intended to simulate a uniform- E* *'**k widths were observed with powerfulilluminated microscopes of

In the centrally loaded series, crack widths were read outsidely loaded square corner panel of a multi-panel floor system. 0001;n. curac
6 a loa ng area and at each increment ofload up to failure. Stram m

the ins rumented steel reinforcement was recorded through electric strain g es via '
a 96-channel electronic scanner recorder operating at a speed of one channe per

_ - _ _ _ ____ _ _ - _-
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6 CONCRETE SLAB SYSTEMS
For a constant area of steel determined for moment in one dirsction.namely. '

'

,. thelase-second. The strain output was also monitored directly on a card punch system
for energy absorptio p*smalb should be the diameter of the longitudinal bars.for prompt evaluation at the Rutgers Center for Computer and Information

t less energy has to be absorbed by the individusi longitudinal"'
Services. ca n is

it was important to locate precisely the position of each reinforcement gage bars, if one considers that the magnitude of fracture as determined by the energy
in the finished stab,so that direct correlation between crack width and steel imposed per specific surface. volume of reinforcement (see Reference 7;

' roper choice of the reinforcement grid size,namely, tlw distributionor wire intersections, together with the bar size,can control crackbg m, io pe-stress could be made. His was accomplished theough keeping an accurate record '

of the coordinates of each electric gage and maintaining these coordinates while
placing the concrete. Accuracy of the applied load was maintained in the cen- ferred orthogonal grids.
trally loaded test slaba through use of poving rings. In the uniformly loaded it niust be emphasized that this hypothesis is imputant for serviceabay and

],ble *"sload conditions. In relating orthogonal cracks to yicid-line cracka,slibs, bag pressure was read simultaneously on a mercury manometer and a cali-
,,,g slab ultimerely follows the generally accepted rigid-plastic failwe'

br:sid pressure gage. Magnitude of restraint at the boundaries was measured
through evaluaung the degree of rotation of the edges usinginclinometers. mahanism poposed by Johansen and extended by others.

Fig.13a to 13f show typical cracking petterns of two.way action slabs. Inlose

FRACTURE HYPOTHESIS IN TWO WAY ACTION SLABS AND PLATES comparing these slabs,it is seen that early development of extensa e
d orthogonal cracking grids reflects the reinforcement gr

-

ar shown by the straight lines in the pictwas. At failwe, yield.line ruptwo
As proposed by the first author in References 2 and 3, stress concentration de-

! velops initially at the points of intersection of the reinforcement in the robars and
mechanisms have to develop as seen m Fig.13f.

As a result of the propo ed fracture hypothesis,and on the basis of statisticalat the welded joints of the wire mesh namely,at grid nodal points A ,B3 Aa
and 8 in Fig.1-2. His stress concentration causes plastic deformation of the analysis of the test data of the 90 slabs tested to fallwe,a basic ciacking esgua-

g 2

| 2
; concretc at these locations as a result of the energy imposed by the external load tion is poposed as follows:

| per unit area of stab. he bond between the bar or wire and the concrete at these = K R f, [ d)w
) locations is destroyed and active cleavages start to generate fracture lines towards mat
j the paths of least resistance. planes of discontinuity,which are paths ofleast re-

sist nce, are the interaction surfaces between the reinforcement grid lines and the wherei
'

surrounding concrete gel,namely, A B , A, A , A B ,and B B . The resulting , max = maximum crack width at concrete face,in.g 2 22 2 g
fracture pattern is a total repetitive cracking grid, provided the spacing of the = fracture coefficient dependent on loading and boundary condi-
nodal points A ,B , A '*"d U is close enough to generate this peferred initialg g 2 2;

fracture mechanism of orthogonal cracks narrow in width. ratio (1.25 on the average) = ratio of distance froen neu-
*

R
If the spacing of the reinforcing grid intersections is too large, the magnitude tral axis to tensile face of slab to distance from neutral axis to

=

cf th4 stress concentration and the energy absorbed per unit grid is too low to centroid of reinforcement grid
-

:

f
" "I"I"****" * ** ** si rwiceloadlevel and

'
generate cracks along the reinforcing wires or bars. As a result,the pincipal

,

! cracks follow diagonal yield line cracking in the plain concrete field (Fig.12) s

away from the reinforcing bars early in the loading history. These cracks are I = Grid Index = (dg 2)lpt (s1.in.),whom 4 s hw hes 3'

inforcing steel in direction "1" closest to concrete outer tension
;

wide and few.

his hypothesis also leads to the determination that surface deformations of face, s is spacing of reinforcing steel in direction "2 , perpen-
2

the individual reinforcing elements have little effect in arresting the generation of dicular to direction "1",and pt I8 ** * * ''* '* *~
1

the cracks or controlling their type or width in a two way action slab or plate. tion "1"(see Notation).
This conclusion about the effect of surface deformations was also observed by
liniversity of Ilhnois tests.4.3.6 In a similar manner une can also conclude that Wd Mmulehn of Ilw mathematical nunlel resulting inlkleilsede ellect un two way act6uu csecking behaveur is Insignalicant, stuco the ceook,

14 (1)are given in Reference 3.
ing grid would be a reilection of the reinforcement grid if the preferred ortho-

De grid index is proposed as an indirect measure of whether initial orthogon-gonal narrow cracking widths develop.
al narrow cracks or wide yield-l crack trolt rofa w y

Derefore, for control of cracking in awo-way action floors, the major para, tion slab or plate. In mary, p
' ** " and "2" as almost all slabmeter to be considered is the spacing of the reinforcement in the two perpendicu.

lar directions. Concrete cover has only minor effect in such slabs, since it is usual, way action flexw cm 5

systems are subjected to.
hf o constant small value of 3/4 in. --
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history of each stab,namely.at about 35 to 50 percent of the ultimate load. V;ryfew ordiogonal cracks developed, and the widths of all the cracks were appreciably
.

]
ANALYSIS OF TEST RESULTS

h
larger than the cracks developed in the previously discussed slabs (see Table 12).'

pig 13b is typical for centrally loaded slabs where yield-line cracking controlledeneral
l

in analyzing the test results of the e. ht series of test slabs totaling 90 slabs, ! throughout the loading range.. ig
;

e geornetrical properties of the concrete stretched cracked zones listed in ;
Sgume Unifwmly Loaded Slabs Restrained on All Boundaria

,
able !.A2 of the appendix were applied to Eq.(1). A series of plots was devel- !

Series WSI through WS10;WS2023;and WVI,2,4, and 5 can simulate an in-med in Fig.14a to 1-4h, with the best lines of fit for each loading and boundary i

terior square panel of a multi-panel floor system. T_he. reinforcement spacin was_endition as shown. It is noted in all the diagrams that almost all the data fell e

|
cither 3 x 3 in.-or 4 x 4 in.,and their pid indices rangedbetween 78 and

.

'
_

' ithin a 45 percent band of deviation about the best line of fit. It is also noted
Iat the fracture wefficient K is inversely proportional to the degree of restraint QTi~Tisactive steel ratio ranged between 0.48 and I 17 percent. The domm, ant

the supports. ft.ach wodtNogonay 9 M Ifet
~f

crack
I ** '' { t Fig 3 p

Tchle l.1 lists the values of K for the various loading and boundary cond;tions. . ?'W'9Y "" Nwidth development in slabs lnose pi ndex alliw~ithin thislevel.
*'

ible 12 lists the obse ved and computed crack widths at reinforcement steel
tesslevels of 20 ksi(1406 kg/cm ),30,35,50,and 60 ksi(4219 kg/cm ). The Most of the others in the WS Series were reinforced with deformed welded

2 2

mesh reinforcement at spacings of 4 x 8 in.,6 x 6 m, .,and 8 x 8 in.,as givencan cf the ratio of observed to predicted crack widths ranged between 0.844

in Table 1-Al. Stab WV7 was reinforced with deformed #3 rebar (3/8 in.dia)id 1.088,in most cases less than but close to 1.0 at the 30 ksi stress level. This

spaced at 9% x 9% in.(24 x 24 cm). All these slabs developed dominant yiclines of considerably wide cracks early in their loading history. He values of the
vel can be generally considered as the upper bound limit of serviceability stress
:pected in normally loaded two-way action concrete structural floors, while 24

pid indices were generally in the range of 266 to 865 sq in. The use of deform.i(40 percent f = 60 ksi)is the more scalistic level at present. He standard
rebars did not reduce the crack widths, supporting the hypotheu,s that only:viation ranged 5etween 0.107 and 0.217 at this stress level. Such magnitude of

sviation is not unexpected in the random phenomenon of cracking in concrete.8

gory ) ail r .w(et#(' ua e or an
Table 12 shows that the proposed cracking equation for two-way action slabs da s

.

ad plites generally overestimates the predicted crack width by 5 to 10 percent
the various cases. He ACI 318 71 Code Z equation for crack controlin UnWonnly LoadeHquare NM Restrainedl

:ams (and one way slabs) underestimates by considerably more than 62 percent Series WV8,10,11,16,and 17 can simulate the end panels of multi-panel floor
;e predicted crack width,whether in one way slabs or in two-way action floors systems. The reinforcement spacing of 4 x 4 in.or 6 x 6 m.and their gud in.

9

: standard concrete cover. Ilence these Code provisions cannot be safely applied dices did not exceed 327 sq in. in value. The active steel ratio did not exceed

0.67 percent. Again, the dominant controlling cracking was orthogonal,narrowRexural cracking even though not all the edges were restramed,but one or two of
e contrcl cracking in two-way slabs, flat slabs, or plates, and could result in un-
alistic values of reinforcement spacing in concrete floors. Eq.(l) of this inves-
gation cn the other hand,can be equally applicable to one-way alabs using a K

the edges hinged. .

due of 1.6 x 104 shown in Table 1 1. Series WV9* 12' 13 and 15 had reinforcement spacing 8 x 8 in, for deformed
a 9% in for deformed rebers (see Table I.A1). The pid

, 9 gu9
indices were in some cumes in excess of 654 sq in. Wide yield.line diagonal caseks

entrally 1.emsed siahs series sA . csn

in series SA,Sl!, CSP,and CSil, simulating column reaction zones of flat plates controlled early in their loading Idstory and were very few in number,whether in
se crack pattern followed closely the reinforcement puttern as seen in typical Fig.'the states reinforced with deformed welded fabric or deformed rebars.Ja, with the cracks being spaced at 4 to 4% in. He Grid index = ps/p did notg

scoed 150 (see Appendix Table I.A2)and the active steel ratio ranged between Reetanedar Uniformly I.oaded Siehe Restrained on All Boundaries
.75 and 2.0 percent. The yield mechanism developed drastically when the load

Series WVl9* 20,21,27,and 28 simulating a rectangular interior panel of aas close to 80 percent of the collapse load. The widths of the orthogonal cracks
,,,,;, ,,,g ggo,r system.had reinforcement spacings 3 x 3 in,or 4 x 4 in.,andhich controlled up to that load level were narrow (see Table 12), and the yield. k

id indices ranged in value between 77 and 168 sq in. The controlling cracne cracks were also narrow as cornpared to crack widths in the other slabs in the
widtl s developed in these slabs and given in Table 12 at various stress levels weretheir

:ntsally loaded group which had larger reinforcement spacings.
mainly orthogonal and narrow. A typical slab at failure is shown m Fig.13c,

,

giving a crack pattern tellecting the reinforcing pattern. The other slabs , tiusseries developed wide diagonal yield.line cracks early in their loading history be.
Scrits SB, SC, SD,CSG,CSI,CS), and CSK had reinforcement spacings vary. m

ig between 8 x 8 in., 6 x 12 in.,and 8 x 4 in. The grid indices ranged in
due from 235 to 865 sq in., and the active sacel ratio ranged from 0.19 to 0.5
ercent. he yield 41ne mechanism in this series developed early in the loading cause of the high value of their grid indices.
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Rectangular Unifeemly Leaded Siehe, partially Restrained two way action floors is a function of the pid indes
i Series Wl8 and W22 26, simulating end panels of multi-panel floor systems, sst 3
| were reinforced with either deformed wires or 3/8 in diameter deformed tobars I *~)= ($ s*)/P't (or i2" (g srIat 8 x 8 in.,9% x 9% in.,or 12 x 12 in. he 8rld indexin W23 had a high 1i

value of 1086 sq in.,while the others in this group ranged between 327 and 653
'

1, sq m. It is seen from Table 1-2 that in the case of the widely spaced reinforce- in the general crack control Eq.(1),where w = KRf,[. The reinforce-max
; rnent, regardless of type, the crack width at the 20 ksilevel was as high as 0.015 ment spacing in the two perpendicular directions is a major parameter of this pro-
| to 0.020 m.(04 to 0.8 mm). As predicted in the fracture hypothesis previously din'dex,iirhile the diameter of the reinforcement and the active steel ratio

_

outlined, few very wide diagonal yield-line cracks developed early in the loading he two secondary giaramedirE ~
~

,

j history and their number remained stationary up to failure, ppi c[ tion of the cracking oquation to the test results was adequately tested
'

,th o c mpar o measur 9 edic val s b 2**" ** "" N

included tests on one way slabs where posed fracture hypothesis was thus found valid and the proposed cracking equa-j Previous studies by the first authorl8
j spacing of transverse reinforcement was up to 16 in. (40 cm). Dese tests,as tion safe to apply.
: well as those in References 4,5,and 6,have shown that even if the spacing of Also for a constant area of steel determined for moment in one direction, the
| transverse bars is infinite, cracks would develop at spacings not in excess of 12 energy hypothesis that smaller spacings of transverse bars require smauer h
j m. (30 cm) for rational percentages oflongitudinal stects. ney have also shown ser of longitudinal bars was maintained in the design of the experiments. De
; that no significant difference exists in crack spacing whether the reinforcing ele. test results are in conformity with this principle when comparisons are made for

ment were smooth or deformed. se developed crack widths and spacings of the test slabs for various combinationj
'

his is in conformity with the hypothesis previously presented, since concrete of diameter $g with spacing s2, and diameter 4 with spacing s . Bar a 42 g

| . can withstand a tensile stress not in excess of 400 psi (28.1 kgf/sq cm)before spacings not exceeding 6 to 8 in.(15-20 cm) force the generation of the preferred
fracture. Ifence, in cases where only longitudinal steel is used, such as in the nega- grid of numerous narrow orthogonal controlling cracks. To proportion the rean-!

forcement in the two orthogonal directions for achieving this purpose,it is ordyj tive region of some flat plates or slabs,or in one-way slabs,a value of s not ex-
cceding 12 in. (30 cm) can be used in Eq. (l). His is also justified because the necessary for the designer to evaluate the predicted possible maximum width w2

in direction "1" closest to the concrete tensilein Eq. (1) reflects essentially the spacing of cracks perpen- corresponding to a grid index 'Igtransverse spacing s2,

! dicular to the spaca,ng s of the longitudinal steel closest to the concrete outer outer fibers.g

!
Furthermore, the predicted crack width w = KRf,[ of Eq.(1)can be*

comparhon wie Tats by omen gjbygi e "
'PP ca I oiilad th* a 'Y a l'

! Limited crack width measurements in test results on Iwo.way action slabs by floor. Typical Fig.16 gives a graphical solution of Eq. (1) at reinforcement stre

other investigators are available. Those available involve only a few slabs in any level f = 40 percent f = 24 kai for the K values of 1.6 to 4.2 descralmd iny
renoarch program, and in most cases either one or two per program. The crack Table bl.;

control equation developed as a result of testing 90 slabs in the present investiga- A stress level of 40 percent of the yield strength of steelis chosen as the uppe
tion was applied to other large scale and prototype tests listed in Table 13. G od I mit of serviceability stress to which a framed floor slab can be practically sub-,

| agreement is found between the measured and the predicted crack widths,as seen jected at present. Steel of yield 60 ksi is commonly used today as reinforcemes
from comparing values m Colunm 9 to those in Column 12 of Table 1-3 and from in floor slabs; hence 24 ksilevel steel was used for constructing Fig.16,while
the closeness of the data points to the prediction line slaown in Fig.15. It can similar charts for higher stresses can be easily prepared. This diagram can be
be concluded from this comparison that scale effect is insignificant in crack width readily utilized for crack control evaluation with minimal computational efforic

evaluation in two way action slabs and plates,and that the proposed equation once the design engineer determines the maximum width of a flexural crack he
,

gives reasonable prediction of flexural cracking behavior. can tolerate for the particular exposure condition. Table 1-4 summarizes ac-
ceptable permissible crack widths under various exposure conditions, discussed
further by the first author in Reference 15 and also in Reference 1.

DISCUSSION SUMMARY Eq. (1) was also verified by apphcation to tests of both full-scale floors and
smaller-scale models by other investigators. Very close agreement was obtaisied

; gummarizing the behavior of the 90 test slabs in this research program it c between the predicted and measured crack width values. Scale effect was foun<
seen from the analysis of the test results that crack width development in insignificant in two-way action,as predicted in the fracture hypothesis. Design

_ _
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examples are given in the appendix to illustrate the simple application of the de- ACMEEMM '
-

veloped crack control hypothesis to structural slabs and plates.
| e writus wish to thank the U.S. Steel Corporation r the Ide isand

.

! other financial support they extended. The secon' g
CONCLUSIONS I to testing and investigating the cracking develoPmen ,,

the direction of the first author. Dis investigation w:
g

! 1) Codification for crack controlin two-way action slabs, flat plates and flat the Concrete Research laboratories of the De artmen
{ slabs is now possible as a result of this investigation. It is also necessary in view Engineering at Rutgers University,ne State niversi y
j ofincreased use of high strength steel of 60 ksi yield or higher in slabs.

| 2) Crack control proeisions for beams in the ACI Building Code 318 71 are
,

REFERENCESi inapplicable and unsafe to apply to two way action floors. They also result in
| unrealistic and unsafe reinforcement spacings in one-way slabs having standard 1. ACI Committee 31H," Building Code Requirements for Reinforced Concrete3/4 in. cover.

(ACI 318-71)," American Concrete Institute Detroit.1971.
| 3)The major parameter controlling the cracking behavior of a two-way sys- 2* Nawy, E. G.," Crack Width Control in Welded Fabric Reinforced Centrall! tem, apart from the reinforcement stress level is the spacing of the intersecting Imaded Two-Way Concrete Slabs," Causes. Nechanism, and Control ofbars or wires in the twe orthogonal directions, while the diameter of the rein-
: forcement and the active steel ratio are the two secondary parameters. Effect of ing in Concrete. SP-20, American Concrete Institute, Detroit,1%8, pp.

-

| the surface deformations of the steelis neghgible. 235*

I dmg's,cmk Width Contn,I in Meinforced Con-
g g ..

| 4)reath nmisulle netomt,liehe,I linuugh developnwns of mmwome nanow 3'
'g w'[y ASCit,V.V3,NI'J,M*' I'N'PP' "I'e

; os thugunal cancksug gods rollecimg the romforconwns gods, rather than through
,

j u few wide diagonal yield-line cracks. The grid index ! is found to be a good in-
72g*

dicator in proportioning the reinforcement spacings. Choice of the propor grid 4. Atlas, A.;Siess,C.P nd Kesler C. E. " Control of Cracking in Slabs Rein-,

i

3 = ($ s )/P , h F4 W h h es A Fa r ,''Cau s. Mechanism,and ControtofOsch-andexvalue 1 32 t
in Co r c. SP 20, American Concrete lastitute, Detroit,1968, pp. 205-

; 5) Transverse spacing of the interesting reinforcement in excess of an optimum 209.-

value up to 8 in.(20 cm) approximately,regardless of the diameter of the rein- IJo d 3 P ;Rejali H.M.;and Kesler,C.E.," Crack Controlin One Way Stabs
'

( forcement, leads to early development of wide diagonal cracks and no forced Reinforced with Deformed Welded Wire Fabric," ACI JOURNAL,ProceedingE
orthogonal fracture patterns are possible, llence most efficient crack control in
two-way action floor design can be achieved only through use of closely spaced

V. 66* No. 5,May 1969,pp. 366-376.

small diameter and not through widely spaced large diameter reinforcement. 6. N c isc ion of " Crack Control in One-Way Stabs Reinforced with
p " by J. P.1Joyd,II. M. Rejali, and C. E. Kesler,

,

6) Scale effect is insignificant on crack width development in Iwo-way action ACI JOU RN AL. Proceedings V. 66, No.11, Nov.1969, p. 933.# *"*

7)The proposed equation w,,, = K R f[ predicts as a best fit the prob.
7* Shah, S. P.,"Ferro Cement as a New Engineering Material," Report No.70-

11, University of Illinois at Chicago, Nov.1970, pp.1-37.
able flexural crack width which can develop in a two-way action floor system.
Values of the fracture coefficient K depend on the loading and boundary cond . 8. Ilo nestad E "lligh Strength Bars as Concrete Reinforcement. Part 2, Con-

i tions and the ratio of short to long span, as given in Table 1 1. An average value
" Journal, PCA Research and Development Labors-,

'

of R = 1.25 can be used. Reinforcement stress f, equivalent to 40 percent of tories, V. 4, No. I , Jan.1962, PP. 4643.

the yield strength f can be used as a limit for acceptable serviceability condi- 9. ACI Committee 224, Discussion of " Proposed Revision of ACl 31843'
! tions at present. The design engineer needs only to evaluate the predicted crack BuildingCode Requirements r ei o o

. 7. 0. 9, Sept.1970,width corresponding to grid index 1 in direction "1" closest to the concrete 318,Section 10.6, ACI JOU s
3

,

outer tensile fibers. pp. 681-683.
8)In plate regions where reinforcement in only one direction is sometimes 10. Nawy, E.G.," Crack Width Contr in Two y Concr a R d

used,and in one way slabs with large spacing of transverse reinforcement, a value with Welded Wire Fabnc, Part
,

,

of s up to 12 in. (30 cm), but not less than 8 in. (20 cm), can be inserted in the Bulletin No. 46, College of Engineering, Rutgers University,1967,87 pp.2
grid mdex parameter of the cracking equation;the larger the diameter d theilarger is the s value applicable within the 12 in. limit.j
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1514 CONCRETE SLAB SYSTEMS FURTilER FLEXURALCRACK CONTROL

TABLE l-FRACfURE COEFFICIENT K IN EQ.W,,,= KRf,[ -

4 1

Flat t t uc e, A HOUR A
| e s 9',

Sept.1963, pp. I1071185.
dh Span ratio y,eego,e coeg.12. Gamble, W. L.; Sozen, M. S.; and Siess, C. P.,"An Experimental Study of a Loading g,e

SI

'

. Reinforced Concrete Two.Way Slab," Adletin 211. Civil Engineering Studies, type
""

t Structural Research Series, University of Illinois,1%I,304 pp.

; 13. Cardenas, A. E., and Kaar,P. II.," Field Test of a Flat Plate Structure " A Square stab, 1n 2.1 x 10 3
'

Concrete Report, Portland Cement Association, Skokie,1970, pp. I.25. 4 edges r.

! 14. Ilopkins, D. C.,"Effect of Membrane Action on the Ultimate Strength of
N"*'' la 3.1

Reinforced Concrete Slabs," PhD Thesis, University of Canterbury, Christ- A
4 edges s. '! church, New Zealand,1969,358 pp.

8 .615. Nawy,E.G. '' Crack Controlin Reinforced Concrete Structures," ACI JOUR- 1
3 Rect. stab, 0.5

NAL, Proceedings V. 65, No.10 Oct.1968, pp. 825 836, 4 edges r.
, '

3 Rect. slab, 0.7 22
4 edges r.

B Rect. siab, 0.7 2.3>

3 edges r.4

J l edge h.
.

B Rect. slab, 0.7 2.7

2 edges t.
2 edges h.

8 Square slab ID 2.8

4 edges r.

B Square stab, ID 2.9
.

i 3 edges r.

I
I edge h. .

I
B Square slab, lh 4.2

2 edges r.
2 edges h.

; *1 = Cakt ladex = (#g 2s/P )in.2; f, = minforced steel stress (ksi). In cases whose asens-

verse steel is not used or when its specing s2 exceeds 12 in.(30.5 cm), mas s2 = 12 in. In - |
the equetion.

b .oeding type: A = concentrated; 5 = uniformly distributed.l
'Boundesy condition: r. = sostseined; s. = simply supported; h. = hinged.

JSpan retle: 5 = clear short spen; L = clearlong spen.

'E laterpoleted = 1.6 x 10 5, as antnianum for enemey siebs 4 OJ .



.. ..

.

TABl.E l 2-CORRELATION OF OBSERVED AND COMPUTED MAXIMUM CRACK WIDTHSa ;;7

Test Slab 20 ksi 30 ksi 35 kai 50 ksi 60 ksi
no. des. ,o *c *o/*c *o *c *o/*c *o "c *o *c *o *c *ol*c *o "cl l*o *c

4 edges restrained. concentrated loading Clear spans 5'8" x 5'8"
bg . 2,3 x 30-5

1 CSF1 405 .0061 0.82 .006 D092 038 .010 4109 092 4 22 4153 1.44 436 4183 1.97
2 CSF2 D04 4056 0.71 .007 4085 OJ2 .009 .0099 OSI 414 4141 IDO 419 4168 1.13
3 CSGI 407 .0095 0.74 .012 D143 034 D15 4167 0.90 D28 4238 1.18 437 .0285 130
4 CSG2 D06 .0073 0.82 DIO D109 0.92 .013 D127 142 4 21 4182 1.15 .027 .0219 1.23
5 CSHI 405 .0053 OS4 .009 D079 1.14 .010 .0093 1D7 416 4132 1.21 4 23 .0159 1.45
6 CSH2 403 .0053 0.57 .004 D079 0.51 DOS .0093 0.54 407 4132 0.53 .009 .0159 0.57
7 CSil .009 4086 145 D14 D129 149 420 4151 133 .044 4215 2D5 452 .0258 2.02
8 CSJ1 .006 .0065 0.92 .010 .0097 1.03 .013 4113 1.15 422 4162 136 .035 4195 1.80
9 CSJ2 407 4088 030 .011 D131 034 414 .0153 OSI 422 4219 141 4 28 .0264 1.06 <

10 CSKI .009 .0086 IDS .013 4129 1.01 D15 4151 0.99 4 23 4216 1.11 4 29 4258 1.12 @
0.908 0 S 74 1.204 1356 $w, Mean} 0342

w# S.D. J 0.152 0.179 0.204 0322 0.454 E
-~

$
4 edges sirnply supported. concentrated loading Clear spans 5'8" x 5'8" u:

K = 3.1 x 10~3 h
11 .SAI .012 .0085 1.41 .019 D127 1.50 D24 .0148 1.62 .033 4211 1.56 439 .0225 1.73 4
12 SA2 .006 .0085 0.71 DIO 4127 0.79 412 4148 0.81 D19 .0211 OSO .032 .0225 1.42 $
13 SA3 .009 .0085 ID6 .013 4127 142 416 4148 IDS .023 .0211 149 434 D225 1.51 g
14 SBl .013 .0228 0.57 D23 .0342 0.67 4 28 .0398 0.70 .044 4569 0.77 .058 4684 0.85 un

_

15 SB2 D07 .0155 0.45 .013 D232 0.56 .015 D271 0.55 424 4387 042 .036 .0465 0.77 'r

16 SCI 421 .0246 0.85 . 032 D365 038 .038 .0425 OJ9 .053 .0608 0.87 .064 .0744 036 E

17 SC2 4 29 .0238 l.24 D44 D357 1.23 456 4416 135 D77 4595 1.29 D93 .0714_130 y

18 SDI .020 .0164 1.22 4 26 4246 146 4 29 4287 141 441 4410 1.00 451 .0492 144 r=

19 SD2 .017 .0170 IDO 4 25 D258 098 .029 4301 036 .040 .0431 0S3 450 .0510 0.98 3

20 SE1 413 .0185 0.70 4 20 4277 0.72 4 24 4323 0.74 435 .0462 0.76 451 4555 OS2 6

21 SE2 .006 .0054 1.11 .009 D081 1.11 D12 .0095 1.26 419 4136 1.40 .026 4162 1.61 Fi

,

22 SE3 .006 .0077 0.78 409 D116 0.78 .012 .0135 0.89 418 .0193 033 .025 .0231 1.08 E

[ w, Meas 0925 0942 0.988 1.010 1.173 p

0.264 0302 0.279 0J28 g'

7 S.D. 0.295
h( w

Clear spans 5'0" x 5'0"
4 edges restrained,unforrn loading

K = 2A x 10 5 g
-

| 23 WSI .009 .0070 1.28 4 13 4105 1.24 .016 .0122 131 4 24 4175 137 .036 4210 1.72 3

24 WS2 .007 .0070 1.00 DIO .0105 035 412 4122 OS8 D17 4175 097 .028 4210 133 *

25 WS3 .006 .0071 035 D09 .0106 0.85 .011 4124 0.89 416 4177 031 .033 .0213 1.55 h

26 WS4 .005 .0071 0.70 D09 4106 OAS 413 .0124 145 4 21 4177 1.20 D32 4 213 1.50

27 WS5 .009 .0133 0.68 413. D201 0.65 415 4234 0.64 421 .0334 0.63 .028 .0400 0.70

28 WS6 D07 .0133 0.53 D09 D201 0.45 DIO 4234 0.43 .019 .0334 0.57 422 4400 0.55

29 WS7 DOS .0067 1.20 Dil 4099 1.11 .013 D116 1.12 419 .0166 1.15 D27 .0201 1.35

30 WS8 .006 .0054 1.11 D09 4814 1.11 DIO .0095 145 414 .0136 1.03 D20 .0162 1.24

31 WS9 .008 .0099 0.81 Dil 4148 0.74 .013 D173 0.75 418 .0246 0.73 D27 .0297 OSI
;

32 WS10 413 .0114 1.14 D19 D172 1.10 .024 D200 1.20 .034 .0286 1.19 442 .0342 1.23

33 WS11 414 .0!!7 1.20 D16 4176 031 .020 4211 095 431 .0292 ID6 .035 .0352 0S9

34 WS12 All .009E 1.12 D17 .0146 1.17 419 .0171 1.11 434 .0244 1.40 445 .0294 1.53

35 WS13 430 4286 1D4 445 4433 144 452 4506 143 472 4723 099 .092 .0865 1.06

36 WS14 422 .0262 030 D31 4393 0.79 D35 4461 0.76 451 4663 0.78 459 4886 0.67

37 WSIS D19 D137 139 D23 4206 1.12 426 4240 148 435 '.0272 1.29 .042 .0326 1.29 .

4 039 416 4164 038 D23 4234 098 4 28 .0282 0.99 G '

~ _141_._..____ _ _ _ _-- Fd"N'uMRE3 J$- DI4 ,
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TABII l 2--CORREI.ATION OF OBSERVED AND COMPUTED MAXIMUM CRACK WIDTHS:(CONT.) g

20 ksi 30 ksi 35 ksi 50 ksi 60 ksi: . Test Sid
no. des. w w w iw w w w /w w w w /w w w w /w w w w /wo e o e o e e o e o e o e o e o e o

#
,_

39 WSl7 411 .0094 1.17 413 .0141 032 Did 4164 0.85 4 25 4234 1.06 433 4282 1 '. /
| 40 WSI8 .019 4163 1.17 D28 4246 the D37 .0286 1.29 447 4410 1.15 465 4489 kJ3
41 OS19 414 4135 the 422 .0202 149 4 24 .0236 142 .034 .0336 1.01 .044 .0400 149,

| 42 WS20- 403 .0069 0.43 .006 .0104 0.58 .007 .0121 0.58 413 .0173 0.75 415 AN7 0.72
43 WS21 .005 .0069 0.72 410 .0104 036 413 .0121 147 .017 .0173 098 4 20 .C207 0.97
44 WS22 .010 4110 OSI 417 .016$ 143 420 4192 1.04 .026 4274 0.95 .031 .0333 0.93

. 45 WS23 416 4117 137- 4 22 .0176 1.25 4 23 4206 1.12 .031 4294 1.06 437 4351 146
' 46 WS24 .018 4183 0.98 .026 4267 OS2 431 4312 0.99 .045 4455 0.99 .055 4548 1.00

C47 WS25 415 .0131 1.15 4 21 .0197 147. 426 4229 1.14 D38 .0327 1.16 445 4393 1.15
48 WS26 416 4168 035 4 25 4250 140 429 .0294 099 439 .0412 0.85 447 .0495 0.95
49 WS27 .011 4126 0.87 417 4188 030 421 .0220 0.96 4 29 4314 0.93 .036 .0378 0.96
50 WS28 .013 4134 0.97 .021 .0201 140 4 24 .0234 143 .034 4335 1.01 .046 .0402 1.14
51 WS29 417 4218 0.78 426 .0327 OJO 431 4381 0.81 453 4546 0.97 .076 .0654 1.18
52 WS30 .019' 4241 0.79 4 29 4361 OJO 434 .0420 0.81 .049 .0604 0.81 462 .0723 026

| 53 WS31 412 4116 143 416 4176 031 .018 4204 0.88 D27 4294 0.93 436 4348 143
|54 WS32 415 4116 1.29 419 .0176 148 421 D204 143 432 4294 1.09 439 4348 1.12

hl 55 WV1 .008 4077 1J1 414 .0116 1.21 D17 4135 1.26 4 22 4193 1.14 427 2232 1.16
! 56 WV2 .008 .0082 0.98 All .0123 OA9 414 4144 037 .021 4206 1.02 .031 0247 1.26 m.

57 WV3 4 13 4149 037 D19 4223 0.85 4 21 .0261 OJ1 4 29 4372 0.78 .035 .0447 0.78 "
558 WV4 .008 4089 090 .010 4134 0.75 .013 4156 0.81 .018 4223 0.81 .029 4267 1.09

' 59 WV5 .013 4082 1.59 416 4123 130' 418 4144 1.25 4 21 4206 1.10 .022 4247 0.89 E
60 WV6 .008 4111 0.72 .015 .0167 030 420 4195 1.03 D36 4278 IJO .044 4334 132

N"61 WV7 All .0175 0.63 .020 .0262 0.76 4 25 4307 0.81 -- -- - -- -- --

Meang 0.981 0946 0.967 0.996 1497wo

w7 S.D. J 0.215 0.180 0.181 0.185 0.207
. . . . . _ _ ~

am
Clear spans 5'0" x 5'0" O3 edges restrained,1 edge hinged,uniformloading
K = 23 x 10-8

| 62 WV8 .007 4080 038 410 .0120 023 .013 4140 0.93 416 4200 0.80 4 21 .0240 0.87

| 63 WV9 .014 .0179 0.79 .018 .0253 0.71 420 .0295 0.68 D29 .0422 0.69 .045 .0$06 0.89 38
*n

i 64 WV10 .010 .0092 1.08 .013 .0137 035 Did 4160 038 D21 4229 0.92 .028 .0275 1.02 5
65 WVil .011 .0126 0.87 .015 .0190 0.79 418 4221 0.82 D25 .0316 0.79 433 4379 0.87 5

-- -- - - -- --

66 WV12 418 .0182 039 .029 .0272 147 .035 4318 1.10

w Mean 0.922 0270 0.882 0.800 0312 $

0.141 0.154 0.094 0472 E
( S.D. }J 0.113

o
f~

Clear spans 5'0" x 5'0"
2 edges restrained,2 edges hinged, uniform loading

K = 4.2 x 10-5
g- - - - - --

67 WV13 .024 . 0233 1.03 437 .0350 146 .044 .0408 148

68 WVid .017 .0128 IJ3 4 23 4190 1 21 4 27 4222 1.22 .040 .0317 1.26 D53 .0380 1.45 ya
_

o
-- -- -- -- "

69 WVIS .021 4224 0.93 .040 4355 1.19 454 .0391 138 --.-

70 WV16 .020 .0183 149 4 27 .0275 038 431 D321 096 .046 .0457 IDO 460 4549 1.09

71 WV17 .017 4132 1.29 4 20 .0200 140 422 4232 095 .029 D322 0.90 436 4398 0.91

1.088 1.118 1453 1.150

Meang 1.134
0.107 0.183 0.186 0.275.wo

T S.D. J 0.171w
Clear spans 5'0" x 3' 6"

4 edges restnined, uniform loading
X = 2.2 x 10 5

72 WV18 413 4131 039 D18 .0197 031 4 20 4229 0.87 427 4328 0.82 D35 .0394 0.89

73 WVl9 407 .0069 IDI 412 4104 1.15 414 D122 1.15 D24 4174 1.40 D34 .0208 1.64
|

74 WV20 .007 .0054 1JO .009 .0081 1J1 410 4094 1D6 D15 D134 1.12 D19 4160 1.19

75 WV21 407 4076 0S2 All 4114 037 413 4133 098 D19 4191 140 4 23 4229 1.00

1.20 4 20 4166 1.21 426 .0237 1.10 435 4284 1.23 7
NOR .417_ _.0142. - - - - - - - . . . _ _
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TAF2212-CORRELATION OF OBSERVED AND COMPUTED MAXIMUM C3i.ACK WIDTHS'(CONT.)8

Test Stab 20 ksi 30 ksi 35 ksi 50 ksi 60 ksi
no. des. ,, w, w,/w, w, w w,/w, ,, w, w ,/we "o *c *ol*c *o "c *o/*cc

77 %V23 f * .' .0192 0.78 4 21 .0288 0.73 .025 4335 0.75 .041 4479 0.86 450 4575 0.87.

78 %Y24 D2: .0291 0.68 D23 D436 0.53 .024 .0508 0.48 .032 0'"7 0.44 D45 4872 0.5279 WV25 D;. .0122 092 D17 .0183 0.93 D20 .0214 0S3 - -- -- -- -- --

80 WV26 D3 .0117 0.77 D14 D175 0.80 .016 .0204 0.78 .025 I'32 OE6 D35 D350 1.0081 UV27 Dr .0061 1.15 Dll .0091 1.21 D13 .0106 1.22 D19 II52 1.25 D24 D182 1.3182 cyygg ,, ,, ,, ,, ,, ,, ,, ,, ,, ,, ,, ,, ,, ,, ,,

83 WV29 D3 .0096 0.94 412 .0144 0.84 .015 .0168 0.89 .020 I240 0.83 4 25 D288 0.87
j

-

Meang 0.983 OS43 0338 0.968 1D52
'

u. S.D. J 0.151 0.176 0.188 0.235 0.227

3 edges res=nned,1 edge hinged, uniform loading Clear spans 5'0" x 3'E'

K = 2.3 x 10-5 g
284 %V30 D}: .0072 1.11 .009 .0109 0.83 Dll D127 0.87 .016 I:32 0.88 4 23 4218 1.06 0

85 %V31 .0 * *- .0122 1.07 D18 .0182 0.98 D21 .0214 OS8 D34 4306 1.11 D44 4367 1.20 h86 %V32 D;c .0069 0.58 .006 .0104 0.58 .008 .0122 0.66 D15 I:74 0.86 D21 D208 1.01 m87 %V33 D;- .0128 0.94 .019 .0192 099 .024 .0224 1.07 m- -- -- - -- --

: ''c M'*" { 0.924 0.844 0394 0951 1.088
C S.D. J 0.241 0.191 0.177 0.139 0.099 M'

4
E
m

. - - . . . . . -

.

c
?i

. =
8
'r
Q

'

c
|

f 2 edges res aned,2 edges hinged, uniform loading
Clear spans 5'0" x 3*(*

' K = 2.7 x 10'3 -

38 WV34 f., .0157 ID2 D25 .0235 1.06 .027 4275 098 D35 D392 0.9.7 D45 .0471 0.96 g|

89 %V35 .0F .0079 0.89 D10 .0119 034 .012 .0138 0.87 D15 4198 0.91 D24 .0237 1.01 o

$i

- -- - -- - --

90 %V36 C .0150 030 D19 .0225 0.84 D22 D262 0.84 0

*8 Mean 0.902 0.916 0.897 0.939 0.984 $!

E. S.D. 0.111 0.127 0.074 OD42 0.035 g
r

' ' Load and bounir .:enditions defined in Table 11. w, = observed; w, = computed (in.). 0.01 m. = 0.25 mm.i

b
! K = Fractes :neficient.

'Nat included c mzalysis.

i

I
i

t:!-

_ _ . . _ . _ _ _
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TAB!.E 13-TESTS BY OTHER INVESTIGATORS M'

Total Clear Stul P.'e.
Meas. nress alw &tedInvesti. No. No. slab conc. crackgat:r* tests panels thick., cover, " " ' ' ' **** "I I ' 'width,

in. m. , K md ,m. b h
1 2 3 4 5 6 7 8 9 10 11 12Guralnick. I 3/4 9 15 x 15 5% 7/16 %" p bars

LaFraughil
Top col. strip @ 6 3/8"x 6 3/8" DOS 83 2.45 .004
Bot. mid. strip @ 12H" x 12%" negl. 2.7 2.45 402Gamble. 2 1/4 9 5x5 2% 3/4 Top: 1/8" sq. bars 6 2%" x 2%" 405 193 2.2 .0045Soaen.

Sien 21
'

Cardenas. I proto- 2 13 x 13 5% 3/4 Panell
Kaar 3 type Top: 3/8" d @ 6" x 6" 408 15 2.4 .008

1

f, e val.
Bot.: 6"x 6" DS.4/DS.4 WWFbuated

frsm M4 AdjacentPanell':
, 8diagram Top a bot.: 6"x 6" D5.4/DS.4 WWF D14 44 411 2

+ %"( bars @ 6" x 6" on top col. O
strip

I I/2 1 6x6 $ 3/4 Top & bot.: 6"x 6" DS.4/DS.4 WWF D28 44 2.45 .025 m
+ M $ bars @ 12" x 12" top {Hopkins 1 1/4 9 sex 5M 2.02 13/64 Bot.nud. strip: I/8"$ dia.@ DIS 48.5 2.8 .0165

;

Parkl4 central 4%"x 4%' m
'<panel
N

" Superscripts are referena auenbers. kb
D5.4 t/WF = Deformed welded wire fabric. Area of single wire = .054 in.2; dia. = .2625 in. m

_. . . . . . . -

5
4 s ryre :
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CONCRETE SLAB SYSTEMS FUR 11tER FLEXURAL CRACK CONTROL 25
t.

,

APPENDlX Solution
t ' '

CRACK CONTROL DESIGN EXAMPLES I = 370 frorn before
Assume D3.6 gage and $g = $ = 0.214 in.2

I Example #1 "***

tb = 0.107 + 0.75 = N E'!he interior panel of a uniformly loaded twoway slab on beams has a span:

, ratio S/L = 1.0 (where S = sort span and L = long span). It is 5 in. thick. 22

Find the size and spacing of negative reinforcement to satisfy normal exposure g gb 8s
'

conditions. R = 1.25, f = 60 ksi. 3 = 370 = -

-

y 4 *
1 '

; Sohstion 2 . 370 x .214 x r = 36.1 in.2,14, s, = 6D2 h,1 8 x 0.8571
.

(a) From Table I.I, required K = 2.8 x 10-5 Therefore,use 6 x 6 - D3.6/D3.6 WWFabric.
5

.
From Table 1-4, permissible w,,, = 0.016 in. I

| Example #3,

6) max /R = = .0128 Solve Example #2 if the spea ratio S/L = 0.6.w

!

I From Fig.1-6, Grid index I = 370in.2 I Solution'

I From Table 11. K = 1.9 x 10-5 by interpolation
4a 2 s s 'b . 8 From Fig.16, Grid ladex 13 = 810

s i2Ig = 370 = =

P, $ rt 3 (a) Trying #4 rebars:,

where tb = cover to center of first steellayer. Try #4 rebars ($ = 0.5 .E
"

in.), assume 3, g3o .= 3 , hence ab = 1.0 in. hence, 0.5 r2
i

l 2
g 8 ,l2 = 157,14, sg = 123 As x g g,,

! 370 = , i.e., s = 8.5 in.
| 03 in. y i

Use #4 at 12 in, conter to center each way.
(b) From Crack Control Equation:

(b) Trying deformed WWF size D3.6:

w = KRf,g
'

4: ". 4 - 0.231 in.2
,

hence,
s,2 = 36.1 x y = 79.0in.2 (from Ex.2); st " 8# I"*3

.016 = 2.8 x 10 8 x 1.25 x .4 x 60 ksi[I Use 9 x 9 - D3.6/D3.6 WWF.
I = 370 giving sg = 8.5

Example #4
Therefore, for crack control, #4 @ 8% in. is needed

(ACI 318 71 Section 13.5.1 permits maximum spacing 2t = 2 x 5 = 10 in-) ** *E* 8 "******'I ' * ' * * * " ' "I* '

the column reaction in a flat plate 7 in. thick and loaded uniformly. Span ratio
Example #2 S/L = 1.0, R = 1.20, f = 60 ksi. Concrete is subjected to normal exposure.y

Solve Example #1 using deformed welded wire fabric as reinforcement. Solution

From Table 1 1, K = 2.1 x 10~3
*

From Table 14, permissible w = 0.016in.
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2726 CONCRETE SLAB SYSTEMS FUR ~ iller FLEXURAL CRACK CONTROL
*

, ..
.

N"**' Note: For yield strength f value different frosa 60 ksi,either the crack controly
w/R = 0.016/1.20 = 0.0133 equation is to be directly used,or charts be prepared sundar to Fig.14.

,

'
.

.

From Fig.14, Grid Index 1, = 700
NOTATION

'

Assurne s =s
g 2 1

= Area of tensile reinforcement in one direction per foot width of slab(a) Trying #4 robars'- A,
= Concrete stretched area = 12(2t + $) for a 12 in. strip, defining the,

tb = 0.25 + 0.75 in. cover = 1.0; $ = 0.5 in. A
3 t

area of concrete stretched in tension
2

8 8 d = Effective depth to center of one layer of reinforcements x 1.0
700 =

! f' = Cylinder compressive strength of concrete, psi
, *

2 = 137, i.e., s = I I .75 in. f, = Tensile stress in stect reinforcement,ksi
I s g

I't = Tensile splitting strength or concretc. psi
Use #4 at 12 in. center to center each way

" * ''" "'''""'*'**"'I M ""' ';

ktid 11yloses el*Insmail WWl' ele. Ie 411
1, - tised Imlea in duvi.tius "1" (.* $ g 3 pg ) &lowel in imiva amwyle6/

I*

hbors$ = $ = 0.195 in.3 3
I = Grid ladex in direction "2" ($ s /pg ) in direction perpendicular to2g

tb = 0.097 + 0.75 = 0.847 in.
2 2"1"

g , 8_ K = Fracture coefficient dependent on load or reaction typd and on the sup-2
s x 0.847

0.195 g | Port condition (See Table 11)700 =

" St**l ercentage = A,/12JPP
sg2 = 63.5 in.2,14., sg = 7.96 in. = Active stect ratio = A,/Ag

Pt
Use 8 x 8 D3.0/D3.0WWF. " " R ~~ = Cover ratio = ratio of distance from neutral axis to tensile face of con-

i crete to distance from neutral axis to the center of gravity of reinforce-
Example #6 ment

= Spac ng of seinforcement in.Solve Example #4 for severe exposure conditions. :

s.d. = Standard deviation (a) -

Solution
t = nickness of clear concrete cover,in.

Fiom Table 14, permissible w,,, = 0.012 in. = Dickness of concrete cover to center of reinforcement layer,in.
tb

,

= Computed crack width in inches at concrete face,in.w/R = 0.012/l.2 = 0.010 in. w,
a Observed crack width in inches at concrete face in.From Fig.16, Grid Index I = 390in.2 w,

(a) Trying #4 rebars: w,,, = Maximum crack width in inches at concrete face in.

$ = Diameter of reinforcing bar or wire,in.
|

2 = 137 x 390- = 76.5 in.2, ie., s = 8.6 in*
1 "1" = Direction of reinforcing elements closest to outer concrete fibers,for is g 700

which crack control check is to be made
Use #4 @ 8% in. center to center each way,

th) Tiying definmed WWF sire D3 0:

u, # = 63.5 x = 35.5 in.2, i.e., s = 5.9 in.
g

Use 6 x 6 D3.0/3.0 WWF.
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TABLE 1 A-GENERAL PROPERTIES OF SLAB TEST SPECIMENS 8 W

Cylinder Cylinder Total Reinf.D Reinf. Reinf. CenterStab Ave- Age Cen-cornpres. split. center ,;,, Rainf. yield
strength' deflec.

,p,,,Test des. age at strength strength thick, ter dia. at uit.g,g, ngno. igna- slanp, test, g', f, ,,,,,
d, or bar /itf2'3 s xs , load,tion m. days gin. 2 offset,sir,e * /"-ps p in "- go,.

in.
'

4 edges restramed. concentrated loading Clear spans 5'8" x 5'8"

1 CSF1 51/4 195 5770 540 3.45 2.85 W8.6 0.331 4x4 86700 0.29
2 CSF2 33/4 12 5000 535 3.64 2.67 W8.6 0331 4x4 86850 033
3 CSGI 3 12 4520 425 3AS 2.88 W8.6 0333 8x8 85100 0.76,

4 CSG2 31/4 9 4060 390 330 236 W8.6 0333 8x8 78440 0.86
5 CSHI 21/2 9 3980- 470 3AS 233 W4.7 0244 4x4 83120 0.65
6 CSH2 13/4 10 5360 570 3.45 236 W4.7 0.244 4x4 82050 0.68
7 CSII 21/2 17 5010 550 3.50 3.20 W4.7 0.242 8x8 80950 1.11

'

8 CSJ1 17/8 17 5710 560 3.40 2S5 W4.7 0.243 4x8 81900 0.70
9 CSJ2 1 I/2 17 5100 560 3A0 2.70 W4.7 0.243 4x8 83550 0.80 - @10 CSK1 2 16 4990 530 3.20 2.80 W5A/ 0362/ 6 x 12 88900 1.18 %W23 0.192

4 edges simply supported . concentrated loading Clear spans 5'8" x 5'8"
te

h!! SAI 13/4 7 4420 365 3.85 3.20 W4.7 0.244 4x4 96600 1.62
12 SA2 91/2 14 4060 360 3.75 3.10 W4.7 0244 4x4 88100 1.95 en

; 13 SA3 13/4 13 % 5275 515 3.65 3.00 W4.7 0.244 4x4 80500 134 Q
14 SBI 21/4 11 5660 450 3.60 2.55 W8.6 0331 8x8 78900 1A2 $!$ SB2 31/2 12 4470 370 395 3.25 W8.6 0331 8x8 78400 1.63 g

4

| 16 SCI 33/4 9% 4270 470 3SS 2.90 W4.7 0.244 8x8 80600 2.16 us

._ _

. .... ... .._ ..

17 SC2 51/3 12 4500 470 3.60 2.60 W4.7 0.244 8x8 82700 234 g
18 SDI 21/2 11 5340 515 4.10 3.50 WSA/ 0.263/ 6 x 12 94200 1.46

:g
n

W23 0.192

19 SD2 3 13 5300 540 4.00 3.40 WSA/ 0.263/ 6 x 12 95700 1.50 m

W23 0.192 $
20 SE1 3 12 5530 510 4.10 1.80 W8.6 0331 4x4 84200 1.95 g;

21 SE2 71/2 11 3810 410 4.10 3.75 W8.6 0331 4x4 77600 138 W
22 SE3 61/2 !! 4340 505 4.10 3AS W8.6 0331 4x4 82100 1.22

4 edges restrained, uniform loading Clear spans 5'0" x 5'0" r-
n

23 WS! 8 86 3300 280 3DO 2A5 D4.6 0.242 4x4 83500 1.40 g
24 WS2 8 80 3300 280 3.00 2AS D4.6 0.242 4x4 83500 1.48 o

25 WS3 3,1/2 42 4870 535 3DO 2.56 D2D 0.159 4x4 86300 1.18 $
26 WS4 31/2 50 4870 535 3D0 2.69 D2D 0.159 4x4 86300 1.52 0

27 WS5 2 32 5880 570 3.00 245 - D2D 0.159 4x4 86300 1S4 %
28 WS6 2 41 5880 570 3DO 130 D2D 0.159 4x4 86300 1.50 g,

29 WS7. 8 64 2830 335 3DO 2.56 D2S 0.191 4x4 93000 1.46 r-
30 WS8 8 64 2830 335 3.00 2.56 D23 0.191 4x4- 93000 138

31 WS9 7 53 4170 450 3.00 2.25 D2S 0.191 4x4 93000 1.63
i

! 32 WS10 7 53 4170- 450 3.00 2.25 D23 0.191 4x4 93000 1.68

! 33 WSI1 7 55 4400 470 3.00 2.62 D4.6 0.242 8x8 67500 134*

34 WS12 7 55 4400 470 3.00 2.62 D4.6 0342 8x8 67500 1.42

35 WS13 ~ 7 55 4070 410 3.00 1.75 W8.6 0331 8x8 83500 2.52

L 36 WS14 7 55 4070 410 3DO 2D0 W8.6 0331 8x8 83500 2.60

| 37 WSIS 71/2 40 3930 420 3.00 1.94 W2.1 0.162 4x4 72000 2.54

' 38 WS16 7 48 4530 420 3.00 232 W2.1 0.162 4x4 72000 1,72

~ 39 WS17 7 48 4530 420 3DO 232 W2.1 0.162 4x4 72000 1A8

40 WSI8 71/2 40 3930 420 3.00 1.87 W2.1 0.162 4x4 72000 1.96

41 WS19 6 49 4850 500 3DO 1.81 D2D 0.159 3x3 81900 1.54

42 WS20 7 44 4420 440 3DO 2.25 D2.0 0.159 3x3 81900 1.58 44

.

-- , , , ---------,----,-.--.,,_-,_n- , , -,-.w,.,w,,,,, , - - - - - - . , , - - ,-------,py., - - -

.
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TABl.E 1.A1-GENERAL FKOPERTIES OF SLAB TEST SPECIMENS (CONT.)
8 s' g

Cylinder Cfinder Total Reinf.D Reinf. Reinf. CenterSlab Ave- Age compres. split. center Cen- wire Reinf. spac. yield deflec.Test des- age at strength samgth thick. ter gage dia. ing strength, at ult.no. Igna. slump, test, f', ness, d, or bar 4/$2, s xs , 0.2% load,i,
gtion in. days psi pi in. in. size in./m. in.2 offset, in.

in.
43 WS21 7 45 4420 .r.20 3DO 2.25 D2.0 0.159 3x3 81900 13744 WS22 6 49 4850 520 3DO 134 D2D 0.159 3x3 81900 1.4245 WS23 7 45 4190 40 3DO 2.25 D2.0 0.159 4x4 81900 1.5546 WS24 7 45 4190 40 3DO 1.75 D2D 0.159 4x4 81900 IS247 WS25 91/2 33 3800 360 3DO 1.87 D4.6 0.242 4x8 67500 2.4648 WS26 91/2 32 2800 3i0 340 1.87 D4.6 0.242 4x8 67500 134 '

| 49 WS27 10 34 3550 290 340 2.12 D4.6 0.242 4x8 67500 1.92'

50 WS28 10 34 3550 50 3D0 2.00 D4.6 0.242 4x8 67500 1.80
51 WS29 8 26 3800 .C5 3DO 1.75 D4.6 0.242 6x6 67500 2.2452 WS30 8 27 3800 .C0 3D0 1.62 D4.6 0.242 6x6 67500 1.76 n53 WS31 9 28 3780 50 3D0 1.25 D4.6 0.242 6x6 67500 1.84 @54 WS32 9 65 3780 Juo 320 1.25 D4.6 0.242 6x6 67500 1.76 n55 WV1 5 21 5590 5!0 2.50 2.00 D4.6 0.242 4x4 68300 2.22 E56 WV2 5 28 5590 SO 2.50 2.00 D2.9 0.191 4x4 68900 2.03 $57 WV3 51/2 28 4810 520 2.50 2.00 D4.6 0.242 8x8 68300 2.20 m
58 WV4 6 32 5590 50 2.50 2D0 D2.0 0.159 4x4 68700 2.05 559 WV5 6 27 4990 530 2.50 2D0 D2.9 0.191 4x4 68900 2.04 g60 WV6 6 34 4990 SO 2.50 2D0 D4.6 0.242 6x6 68300 2.14 <
61 WV7 61/4 28 5660 f0 2.50 2.00 #3 0375 9Ex9% 41600 2.04 h!

s
. . _ . . _ . . _ . _ .

3 edges restrained,one edge hinged,uniroim!=fiq Clea: spans 5'0' x 5'0" 2
x

62 WV8 61/4 22 5590 50 2.50 2.00 D4.6 0.242 4x4 68300 2.02 5\

'

63 WV9 51/2 28 5590 50 2.50 2.00 D4.6 0.242 8x8 68300 2.20 g
64 WV10 51/2 30 6080 6ic 2.50 2.00 D2.9 0.191 4x4 68900 1.94 m

65 WV11 6 36 6080 6i0 2.50 2D0 D4.6 0.242 6x6 68300 2.04 5
66 WV12 7 26 5660 550 2.50 2D0 #3 0375 9%x9% 68300 2.20 g

2 edges restrained 2 edges hinged, uniform bag Clear spans 5'0" x 5'0" $

67 WV13 71/2 32 4100 410 2.50 2.00 #3 0375 9%x9% 41600 2.56 E

68 WV14 6 34 4100 4IO 2.50 2.00 D4.6 0.242 4x4 68300 2.82 5
69 WV15 6 31 5200 50 2.50 2.00 D4.6 0.242 8x8 68300 230 Q
70 WV16 61/4 33 5200 50 2.50 2D0 D4.6 0.242 6x6 68300 2.58 n

! 71 WV17 61/4 17 4780 SO 2.50 2.00 D2.9 0.191 4x4 68900 ,2.28,

4 edges restrained, uniform loading Clear spans 5' 0" x 3' 6" g
F

72 WV18 4 7 3370 390 2.50 1.83 D9.2 0342 8x8 62000 2.10

73 WVl9 4 83 4200 40 2.50 1S2 D2.9 0.191 4x4 68000 1.77

74 WV20 7 24 3750 400 2.50 131 D2.5 0.177 3x3 91000 1.41

75 WV21 7 58 4280 3!0 2.50 1.66 D2.5 0.177 3x3 91000 1.64

76 WV22 61/2 53 5700 470 2.50 1.88 D4.6 0.242 6x6 91000 1.70

77 WV23 61/2 59 5700 ED 2.50 1.83 D9.2 0342 12 x 12 76000 2.28

78 WV24 51/2 18 5490 500 2.50 1.21 D9.2 0342 8x8 62000 1.90

,
79 WV25 71/4 37 4780 530 2.50 2DO #3 0375 9%x9% 41600 1.86

| 80 WV26 6 35 5770 590 2.50 2D0 D4.6 0.242 8x8 68300 1.62

81 WV27 6 38 5770 590 2.50 2.00 D4.6 0.242 4x4 68300 1.56

82 WV28 6 22 5020 540 2.50 240 D2.9 0.191 4x4 68900 1.70

83 WV29. 7 23 5020 540 2.50 2D0 D4.6 0.242 6x6 68300 1.70

2-

|
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TABLE l Al-GENERAL PROPERTIES OF SLAB TEST SPECIMENSa (CONT.) O

Cylinder Cylinder Total Reinf.b Reinf. Reinf.Slab Ave. Age CenterCen. Reinf. yieldcompres. split. center , , , ,p,,,Test des. age at strength stren,gth thick. ter dia. strength, deflee.g,g, j,g at ult.no. igna. slump, test, ge g ,, d,g or bar $1/4
p g, in. m./m.'

2 s xs , load,tion in. days g, pf,,
-

g, 2 o[fset, in.,gg, ,,
In.

3 edges restrained, I edge hinged, uniform loading Clear spans 5'0" x 3'6"
e %Y30 7 25 3930 440 2.50 2.00 D2.0 0.191 4x4 68900 2S585 WV31 6 26 39 4 440 2.50 2D0 D4.6 0.242 8x8 68300 1.8086 WV32 6 21 4950 520 2.50 2.00 D4.6 0.242 4x4 68300 1.8087 %Y33 6 22 4950 520 2.50 240 #3 0375 9%x9% 41600 1.88

2 edges restrained,2 edges hinged, uniform loading Clear spans 5'0" x 3'6"
88 %V34 61/2 21 4320 490 2.50 240 D4.6 0.242 8x8 68300 1.7889 %V35 61/2 22 4320 490 2.50 2.00 D2.9 0.191 4x4 68900 2.00 m90 WV36 61/2 14 4350 470 2.50 240 #3 0375 9%x9% 41600 2.00 @

n'Lige support described in footnote to Table 1 1.

N = Smooth wire sage. D = Deformed wire sage. Number after letter W or D indicates area of crossgection in 0.01 in.2a = Rebar size. [
Vote: lo slabs restramed at boundaries, the same pattern and amount of rusnforcernent used for the positive moment was also used for the negativehmoment.

ts

E
4
IE
to

.._ _. __. _ . _ .

TABLE 1 A2-PROPERTIES OF CONCRETE STRETCHED CRACKED ZONES y
=
:;l

; Concr. Conct. Active Active Grid Grid RiControl. p
l 'ailure stret. stret. steel steel index index uutial m

,

'

Nt Slab load area area ratio ratio 1= 1,
3 2

4 'lsw. des. pu. A. A' P, i2P. 2
g 2 3 2 patte nttt t R

Ib ' in. in. % % Pt Pt 0;YL' g3 2
t-

1 CSF1 49700 1858 2236 1.50 1.407 1.155 94.1 114.7 O o

2 CSF2 57600 18.49 2234 1A0 1A33 1.189 92A 112.6 0 5
3 CSGI 43400 17.67 21.84 1.20 .730 .598 35E.2 445.2 YL Q
4 CSG2 40600 12.15 16.20 1.10. 1473 .808 248.1 329.6 YL b
i CSHI 41500 15.65 18.29 1.20 .881 .755 110 3 1289 0

6 CSH2 41000 14.68 17.61 1.20 .940 .770 110.1 126.6 O M
7 CSil 37000 12.50 ISAI 1.10 .556 .452 3473 427.6 YL 5
8 CSJ1 41300 13.72. 16.63 1.10 393 A13 196.1 235.7 0.YL t~

9 CSJ2 41000 19.72 22.64 130 .706 303 257.1 321.1 YLO
'D CSKI 309c0 1190 15.05 1.10 S02 .191 349.7 603.1 YL

13 sal 25000 18.52 21.45 1.20 .755 .652 129.1 150.0 0
12 SA2 23900 18.52 21 A5 1.20 .755 .652 129.1 149.4 0

13 SA3 27000 18.52 21A5 1.20 .755 .652 129.1 149A O

lo SBl 18000 29.17 33.14 1.50 442 389 598.6 740.7 YL

15 SB2 22000 20.77 24.74 1.20 .621 .521 432.4 508J YL
16 SCI 13000 28.12 3145 1A0 .249 .225 783.6 865D YL

17 SC2 12200 26S2 29.85 1A0 .260 .234 750.1 831.7 YL

IB SDI 12000 16.70 18.16 1.20 .648 .159 486.1 722.7 YL
19 SD2 14300 18A1 19.85 1.20 .588 .146 535 9 790.1 YL .

* * N 6 N W RFX1 /R0 TLDBA D988 @ M
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TABLE l A2-PROPERTIES OF CONCRETE STRETCHED CRACKED ZONES (COST.) y

Coner. Coner. Active Active Grid Grid
Coel-FaDure stret. stret. steel steel andex andex ..

]',Test Slab load area area ratio ratio I= 1*
2

no. des. pu. A A' P, P. 4s 4ssp t R 12 2l
in.2

pattern
Ib in.

pt, Pt 0;YL'
2

21 SE2 53500 1237 1634 1.10 2D87 1.579 63.5 83 2 0
22 SE3 41000 19.57 23.54 1.20 1J19 ID96 108.9 131.0 0
23 WSI 119600 13.20 18 S6 130 145 .73 92.4 1323 0
24 %32 1M100 13.20 18.96 130 1DS .73 92.4 132.8 0
25 %33 98600 10.56 7.44 130 .57 .81 111.6 78.4 0
26 %34 79600 7.44 10.56 1.20 .81 .57 78A 111.6 O
27 %35 104800 2230 26.40 1.50 .26 33 244.8 276.8 O-YL
28 WS6 105000 26.40 22.80 1.50 .23 36 276.8 2443 0-YL
29 %37 81200 10.56 15.12 1.20 1.17 .58 65.2 131.6 O
30 %38 84000 10.56 10.56 1.20 1.17 .58 65.2 131.6 0 Q
31 %39 73700 18D0 24.00 1.40 .48 36 159.2 212.4 O-YL z

032 WSIO 82900 18D0 24.00 1.85 .48 36 159.2 212.4 0-YL
h33 WS11 85400 9DO l'! >l 1.20 .77 .51 251.2 379.2 YL

34 %312 81000 9DO 13.51 1.10 .77 .51 251.2 379.2 YL en

35 %313 105900 30D0 36.00 2D0 .43 36. 616.0 736.0 YL r2
36 %314 109500 24DO 30.00 1.90 .54 A3 489.6 616.0 YL $
37 %315 74100 25.51 30.00 1.80 .25 .21 259.2 3082 YL O m

h
38 %316 631D0 1630 18.00 130 39 35 166.4 185.2 0-YL
39 %317 65300 1630 18.00 1.30 39 35 166.4 135.2 0-YL .

40 %318 65300 27D0 31.49 1.70 .23 30 281.6 324D YL m
41 %319 68300 28.49 33.00 1.80 30 .24 159D 1989 YL

- . . . - -

42 WS20 73000 18DO 15DO 130 .44 .53 I08.6 90D 0 ''n

43 % 321 73000 18DO 15.00 1JO A4 .53 108.6 90.0 0 E

44 WS22 71900 25.51 22A6 1.60 31 36 153S 132.6 0 :1

45 % 323 68300 18D3 24D0 1.40 33 .25 192.8 254.4 YL Fi
*

46 WS24 62700 30D3 33.00 1.80 .20 .22 318.0 298.2 YL nj

47 WS25 84700 27D 21D0 1.20 .26 .66 372.4 290.4 YL p

48 WS26 74500 27D3 24.00 1.60 .26 .58 372.4 333.6 YL W

49 %327 79200 21DO 18.00 1.40 J2 .78 266.0 231.0 YL E

50 %328 84000 24D3 18.00 1.40 39 .74 339.0 261.6 YL >

51 %329 73000 30D0 27.00 1.80 31 34 468.6 427.2 YL E

52 WS30 70800 3300 30.00 1.90 .28 31 518.4 468.6 YL g

53 %331 68300 1800 15.00 130 .51 .61 285 D' 238.2 YL n

54 WS32 77000 18DO 15.00 130 .51 .61 285D 238.2 YL X

55 WV1 81700 1490 20.71 1JS 326 .666 104.5 1453 O 8

56 %Y2 67700 1429 18E8 130 .601 .455 127.1 1679 O $

57 WV3 63200 1490 20.71 130 A63 333 418.1 581.4 YL M

58 %V4 63200 13 S1 17.72 130 A27 336 149.1 189.2 0.YL @

59 WV5 69500 1429 18.88 1JO .601 .455 127.1 167.9 O

60 %Y6 73000 1490 20.71 130 .617 444 235.1 327.2 0.YL

61 WV7 84000 16.50 25.50 1JS .842 .545 423.1 653.7 YL

62 WV8 70500 1490 20.71 135 326 .666 IM.5 145 3 0

63 %V9 57000 1490 20.71 130 .463 333 418.1 581.4 YL

64 %Y10 66700 1429 18.88 130 .801 .455 127.1 167.9 YL

65 WVil 76500 14S0 20.71 130 .617 444 235J 327D O.YL

66 WV12 70000 16.50 25.50 IJS .842 .545 423.1 653.7 YL

67 WV13 65000 16.50 25.50 135 .842 .545 423.1 653.7 YL

68 WV14 74200 14SO 20.71 135 326 .666 104.5 1453 0

69 WVIS 59000 1490 20.71 130 A63 333 418.1 581A YL

- 'n WV16 64000 ROEi) 20.71 130 .617 444 2353 327D O.YL- O
- -- , * * ma n.Y1 . _
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TABLE 1.A2-PROPERTIES OF CONCRETE STREKHED CRACKED ZONES (CONT.) y

Coocr. Coner. Active Active Grid Grid
Control.

Failure stret. stret. steel steel index index
Cover uutial

,

Test Stab load area ares ratio ratio I= 1,
g 2 "

P. P 4 /s 4sno. das, pu. A A. t 1 2 23
2 3 tftf t p,ttern

Ib ;,, _ go, g g, pt Pg 0;YL'
3

72 WV18 93200 16.10 2431 lAS .857 .567 3193 482.5 YL
73 WVl9 74300 14.29 1838 1.40 401 ASS 127.1 167S O-YL
74 WV20 73600 14.12 1837 130 .694 .533 76.5 99.6 O
75 WV21 70800 20.12 2437 1.65 A87 .402 109.0 132.1 O
76 WV22 75600 14 S0 20.71 1.40 .617 .444 2353 327.0 YL-
77 WV23 70600 16.10 2431 1A5 .571 378 718.7 1085.7 YL
78 WV24 83400 31.10 3931 2.50 .443 351 617.6 779.5 YL
79 WV25 77300 16.50 25.50 1.35 342 .545 423.1 653.7 YL
80 WV26 67900 1430 20.71 130 .463 333 418.1 581.4 YL
81 WV27 80900 14 S0 20.71 1.35 S26 .666 104.5 145 3 O n
82 WV28 75800 14.29 18.S8 130 .601 A55 127.1 167S O O
83 WV29 73300 14SO 20.71 130 .617 A44 2353 327.0 0.YL $

h84 WV30 51200 14.29 1838 130 .601 A55 127.1 167S 0.YL
' 85 WV31 47400 14 S0 20.71 130 .463 333 418.1 581.4 O YL en

"86 WV32 72100 14SO 20.71 135 326 .666 104.5 145 3 O
h87 WV33 65500 16.50 25.50 135 342 .545 423.1 653.7 YL

88 WV34 44300 14 S0 20.71 1.30 .463 .333 418.1 581.4 YL m
89 WV35 45600 14.29 1848 130 .601 .455 127.1 167S O.YL d
90 WV36 59600 16.50 25.50 135 342 .545 423.1 653.7 YL ;;|
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Fig. 3 4-Crack width vs. reinforcement steel stress. (a) Centrally loaded square

'
'

L . ' g. . e1 siab, simpiy suppo,ied o., an edge,. (b> ceniraiiy ioaded square srabs |-==-'-

restrained on all edges. (c) Uniformly loaded square slabs restrained on '

all edges. (d) Uniformly loaded square slabs restrained on three(*) (r} edges. hinged on one.

Fig.13-Typical controll;ag cracking patterns. (a) Orthogonal: centrally loaded
i

|

square slab. (b) Yield-line: centrally loaded square slab. (c) Orthogonal: |

uniformly loaded square slab. (d) Yicid-line: uniformly loaded
rectangular slab. (e)Orthogonal: uniformlyloaded rectanFular ,

slab. (f) Stab at rupture, i
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