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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
G over nment . Neith2r the United States Government not any agency thereof, or any of the.r
employees, makes any warranty, ex pressed or imphed. or assumes any legal habioty of re-
spons<tphty for any third party's ese, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.
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'NOTICE

Availability of Reference Maternats Cited in NRC Publications

I Most documents cited in NRC pubbcations wuI be available from one of the fohomng sources ~
I

1. The NRC Pubhc Document Room 1717 H Street, N.W.,

' Washington. DC 20555
|

2. The Superinten.ient of Documents. U.S. Gowroment Prmting Of hce. Post Of hoe Box 37082
Washington, DC 20013 7082

3. The Navonal Tech acal Information Service Springfield V A 22161
|

Although the lit. ig that follows represents the mz;ority of documents cited in NRC pubhcations
it is not intended to be exhaustive.

Referenced documents available for inspection and c;p,ing for a fee from the NRC Public Docu
ment Room nelude NRC correspondence and internal NRC memoranda; NRC Office of Inspection
and Enforcement buHetins, circulars, information notices, inspection and investigat:un notices;
Licensee Event Reports, sendor reports and correspond se; Commission papers; and appbcant and
hcensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the GPO Sales
Progra m : formal NRC staff and contractor reports, NRC sponsored conference proceedings, and

i NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations :n the Code of
federal Regulation?, and Nuclear Regulatory Commi>sion issuances.

Documents available from the National Technical information Service include NUREG series
reports and technical reports prepared by other federal agencie<, and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical hbraries include all open hterature items,
such as books, journal and periodical articles, and transactions. federal Repsster notices, federal and
state legislation, and congress:onal reports can usually be obtained from these libraries

Documents such as theses, dissertations, foreign reports and translatiorv, and non NRC conference
proceedings are available for purchase from the organization sponsoring the pubhcation cited

Singte copies of NRC draf t reports are available free, to the extent of supply, upon written
reyuest to the Division of Informa' ion Support Services, Distribution Section, U.S. Nuclear
Regulatory Commission, Washington, DC 20555.

Copies of industr y codes nd standards used in a substantive manner in the NRC regulatory process
a*e maint3ir ed at the NRC Library, 7920 Norfolk Avenue, Bethesda,8/aryland, and are available
there for reference use by the pubiic. Codes and standares are usually copyrighted and may be
purchased from the originating organ;ntion or, if they are American National Standards, from the
American National Standards Institute,1430 Broadway, New York, NY 10018.
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ABSTRACT

The purpose of the work accomplished in preparing this

report was to synthesize results of available research

concerning the capacity of cracked reinforced containment walls

to transfer tangential shear stresses while in a state of

biaxial tension from internal pressurization. A review of

experimental work is presented. Results of experimental work

indicate that the current ASME-ACI code provisions for

tangential shear stress are very conservative.

Recommendations for redefinition and revised use of the

terms V ' concrete contribution," and V, "steel contribution",

are provided. Results of testing programs are used to

formulate revised design provisions for diagonal tensile

strength. Significantly higher shear stresses can be allowed

without inclined reinforcement. Also, an analytical study

based on recent testing programs is used to define a

con;ervative maximum limit for tangential shear stress. The

maximum limit is dependent on the relative amouats of

orthogonal reinforcement snd inclined reinforcement used to

provide the tangential shear strength in the containment walls.
While testing programs indicate that significant shear

strength is available in cracked reinforced concrete, the
testing also demonstrates that shear atiffness reduces sigrifi-

cantly after cracking. The need to consider the reduced shear

stiffness is discussed. Recommendations for revised design

provisions are summarized and design examples are provided.

-lii-
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FOREWORD

Concrete has been used extensively for containments and

other safety-related structures within nuclear power plants.
Because of the importance of these structures, a high degree of

reliability is sought in design. Therefore, the U.S. Nuclear

Regulatory Commission (USNRC) established a research program to

gain improved understanding of the behavior of cylindrical

concrete containment vessels. Results were intended to

facilitate an improved assessment of the level of reliability

being achieved by design practices.

A particular aspect of containment behavior addressed by

the USNRC research concerned the capacity of reinforced

concrete to transfer shear stress while in a state of biaxial
te sion. This shear transfer capacity is required in the walls

of containments subjected to combined internal pressure and

seismic loading. Internal pressure produces membrane or

biaxial tension, and seismic loading produces tangential shear

stresses in the plane of the containment wall.

Participants in the USNRC research program focusing on

tangential shear behavior included Cornell University, Con-
struction Technology Laboratories, and Massachusetts Institute

of Technology. Cornell University was involved in testing of

I intermediate scale models representing elements of containment
|

l walls and in analysis of containment behavior under combined

internal pressure and seismic loading. Construction Technology

Laboratoriec was involved in testing of large scale models of

!
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elements of containment walls. Massachusetts Institute of

Technology contributed with development of analytical models
,

and interpretation of testing results. Results of testing and

analysis programs accomplished by these three organizations are

contained in the reports listed on Page 11 of this report.
As the results of the USNRC research program became avail-

able, a Task Group on Shear was formed within the ASME/ACI

Joint Committee on Concrete Pressure Components-Subgroup on
Design. This subgroup is responsible for maintaining the

design provision Sections CB and CC 3000 within Section III,
Division 2, "Code for Concrete Reactor Vessels and Contain-
ments," of the ASME Boiler and Pressure Vessel Code. Members

of the Task Group on Shear included J. A. Curtin of Stone and
Webster Engineering Corporation, T. E. Johnson and

P. Shunmugavel of Bechtel Power Corporation, A. Walser of

Sargent and Lundy Engineers, and R. N. White of Cornell

University. R. G. Oesterle of Construction Technology

Laboratories served as Chairman of the Task Group.

The functions of the Task Group on Shear included synthesis

of the results of the USNRC research program, along with other

available research information, and formulation of recommenda-

tions for revised design provisions for the ASME Code. This

report represents the results of the work of the Task Group on
,

Shear as related to design provisions for tangential shear in,

containment walls. Information contained in this report

provided the basis for draft revisions of ASME Code provisions

-x-
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that are currently under review within the ASME/ACI code

committees for possible inclusion in the 1988 Winter Addenda to

Section III, Division 2 of the ASME Boiler and Pressure Vessel

Code. The report contained herein is published as a NUREG/CR

Report to facilitate dissemination of the integrated results of

the USNRC research program.

.



DESIGN PROVISIONS FOR TANGENTIAL SHEAR
IN CONTAINMENT WALLS

INTRODUCTION

|
|

)Backcround
l

,

Concrete structures in nuclear power plants have been used |
l
|extensively since the beginning of the nuclear power industry.

Initially, concrete was used for radiation shielding. However,

use of reinforced and prestressed concrete structures as pres-

sure containments was started in the 1960's. Although concrete

had been used in safety-related structures for many years, use

of concrete in pressure vessels was a new concept. The size,

shape, and possible stress states in containments produced many

unique problems for both design and construction. Because of

the importance of containments, a high degree of reliability was

sought in solving these problets. This philosophy has sometimes

led to cumbersome designs.

A primary example of difficulty is design and construction:

problems produced by the questioned capacity of concrete to

transfer shear stress while in a state of biaxial tension. Con-

crete containments in the United States are designed to resist a

i

i
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combination of biaxial tension caused by internal pressure, and
tangential shear caused by earthquakes. To resist internal '

pressure, reinforcement is generally placed in an orthogonal
pattern of vertical and horizontal bars. Use of the same

orthogonal reinforcement to resist earthquake forces requires

that tangential shear stresses be transferred across open
orthogonal cracks. The shear transfer capacity across the open
cracks requires experimental verification.

.

Review of Experimental Work

The capacity for force transfer across an open crack in

reinforced concrete has been the subject of a number of experi-
mental investigations conducted during the past three decades.

Thesa investigations can be categorized by the type of specimen
used. Specimens have included cracked joints in pavements,

predefined cracks in unreinforced concrete, predefined cracks

in concrete with internal reinforcement crossing the cracks,

and randomly induced cracks in reinforced concrete panels.

Some of the early testing programs were conducted to evalu-

ate the effectiveness of shear transfer by aggregate interlock
across open control joints in concrete pavement. Experimental

work by Colley and Humphrey(1) included alternating loads on

each side of an open joint which simulated a wheel load crossing
the joint. Parameters studied were aggregate size and joint
opening width. Results indicated that joints with opening widths

up to 0.065 in, work initially 80% as effectively as a closed
joint. Effectiveness was evaluated by comparison of joint
deflections. With cyclic loading, joint effectiveness decreased

-2-
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|

|

as a function of increase in joint opening width. As an exam-

ple, the effectiveness of a joint with a width of 0.035 in, was
I
' reduced to approximately 50% of that of a closed joint after

500,000 cycles. It should be emphasized, however, that effect-

iveness was judged by comparison of deflections across the

joint. Therefore, although the results of this study indicated

that cyclic load reduced the joint stiffness, results did not
necessarily show strength experienced a similar decrease.

Several investigators (2,3,4) have tested unreinforced con-

crete specimens with predefined cracks restrained in very stiff

test frames. The objective was to evaluate aggregate interlock

across cracks with constent width. Results of testing by Paulay

and Loeber(3) indicated that although the stiffness was defi-

nitely decreased as crack widths were increased from 0.005 in.

to 0.020 in., the maximum shear stress transferred across the

0.020 in, wide crack was only slightly less than the maximum

stress across crack widths of 0.005 in, and 0.010 in. Also, the

maximum stress in all specimens was gesater than 1000 psi. This

is a very high stress for interface shear transfer and not

likely to be encountered in real structures. A stress of 1000

psi is higher than allowable by the ACI Building Code.(5)

Also, by maintaining a constant width, the crack was essenti-

ally provided with an unrealistic "infinite stiffness" for
deformation normal to the crack.

To more realistically model the stiffness normal to cracks,

cpecimens with a predefined crack in unreinforced concrete

-3-
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restrained by external rods were used in a number of experimental
programs.(6,7,8) Initial crack widths up to 0.030 in, were

used. These tests demonstrated that aggregate interlock is an

effective means of transferring shear stress across cracked

concrete surfaces. The testing by White and Holley(6' is the

basis for the current ASME-ACI Code ProvisionII) allowing a

conservative nominal tangential shear stress of up to 160 psi
to be resisted by orthogonal reinforcement across open cracks
in containments. However, test specimens with external rods

| did not accurately model the coupled effects between aggregate

interlock and rest:aint from reinforcement embedded in the
concrete across the crack.

Other tcsearchers(10,11,12,13) have used specimens with

embedded reinforcement crossing predefined cracks. Testing

programs included specimens subjected to reversing load.
Mattock (12) determined that reversing load decreases the

strength of the interface shear transfer mechanism to approxi-
mately 80% of the monotonic strength. Also, increase in initial

crack width decreased shear transfer strength. A specimen with

an initial crack width of 0.025 in, showed a strength reduction
of approximately 15% compared with a specimen with an initial

et ck width of 0.015 in. However, the strength of the specimen

with an initial crack width of 0.025 in. still exceeded ACI
I)Building Code allowable shear friction strength of 1.4 pf y

Also, the strength of this specimen was 660 psi. This is a

very high stress for interface shear transfer and not likely to
be encountered in real structures.

-4-
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Test programs in References 2 through 13 were conducted to

evaluate shear transfer in the plane of one predefined crack

with an initial opening or with tension applied perpendicutar

to the crack. Although these tests contributed greatly to

knowledge of the detailed behavior of interface shear transfer,

the test specimens modeled a relatively artificial situation.

Containacnt walls contain orthogonally cracked elements result-

ing.from membrane tension caused by pressurization. The

*

| capacity of shear transfer mechanism in the concrete n_dct a

|
state of biaxial tension had not yet been verified 4xperi- 3

mentally. Therefore, current ASME ACI Code provisions ')I

still require all but a r0minal arount (up to 160 psi) of

tangential shear to be resisted by inclined reinforcoment. The

|
inclined reinforecuent is difficult to fabricate. It also adds ,

1 significant congestion and inhibits concrete placament.
*

To provide experimental verification of the behavior of
concrete containment walls subjected to biaxial tension and f
tangential shear forces, test programs have been conducted by

the Construction Technology Laboratorias (CTL) of the Portland r

II''16) , Cornell Univecsity(16,17) and theCement Association ,

University of Toronto.(18) Specimens were concrete panels

containing internal reinforcement in two or four directions.
Cracking was induced at random locations by tensioning the ele-

$
ments. A meabrane shear st ess in orthogonal directions was

simulated in these specimens rather than applying a direct shear

stress across one localized plane.
i

-S-
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Results from these concrete panel tests and other testing
and analysis, conducted primarily in Japan,(19-27) indicate

that the cc rent ASME-ACI('} Code provisions for tangential
shear strength are very conservativt. Significantly higher

shear strwsses can be allowed without inclined reinforcement.
The purpose of this report is to present recommended design
criteria for tangential shear based on available test data.

NOMENCLATURE

The common approach to design for sheat in reinforced con-

crete is to allocate some strength to the "concrete contribu-
tion," V The remaining required strength is provided byc.
reinforcement, V,. The "concrete contribution" consists of
snear through a compression zone, aggregate interlock, and dowel

action. Although the steel used for V, has some indirect
' ~

influence on V , because of dowel action, there is no rein-e

forcement directly provided for V,.
Nomenclature used in the current ASME ACI Code (' is

inconsistent with this approach and also inconsistent within '

itself. For tangential shear, V is defined in the currentc

code as shear force carried by concrete. However, V is <

3

calculated as the strength provided by orthogonal (meridionali
<

and hoop) reinforcemwnt. The "steel contribution," V,, is
'

] per'rided by luelined retnforcement and no "concrete contribution"

is concidered. However, for radial and peripheral shear, V
c

is a "concrete contribution" in that no reinforcement is

,

required for this portion of shear strength.

-6-
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Beccuse of inconsistency in terminology, there is some con-

fusion as to what V means. It is recommended that nomen-c

clature be redefined to be consistent with other codes and with-
in the ASME-#,CI code II) Toward this goal, it was recommended.

by the Task Group on Shear that the following definitions and

relationships be used.

Tangential shear strength provided by concreteV =
c

Tangential shear strength provided by orthogonalV,, =

(meridional and hoop) teinforcement

Tangential shear strength provided by inclinedV,g =

reinforcement

V V, + V=
u c

V, V,, + V,g=

These changes were included in Subgroup on Design Action

Item D83-1, Joint Committee Iten JC 83-16. This item was passed

by the ASME B&PV Committee in November 1983 and included in the

Summer 1984 Addenda to the Code,

t

STRENGTH PROVISIONS

As stated under Review of Experimental Work in this report,

it is not likely that a localized plane subjected to only shear

stress in one direction and of the magn!.tude measured in some of

the shear test specimens (600 to 1000 psi) would be encountered

in a real structure.

I14-17)Results of panel tests demonstrated that the inter-

face shear transfer across open cracks it adequate to resist

loads up to a level cf strase where diagonal cracking occurs.

-7-
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After diagonal cracking, a truss (15) mode of sheae transfer j

takes over and orthogonal cracks are closed by the resulting
diagonal compression. Testing of reinforced concrete panels

indicates the interface shear transfer strength is adequate in

specimens subjected to a biaxial tension steel scress up to 90%
of specified yield. These specimens were subjected to cyclic

shear with initial orthogonal crack widths up to 0.040 in.

After diagonal cracking, shear strength is limited by either

yield of the reinforcement in a diagonal tension mode or crush-

ing of the concrete from diagonal compression.

Diaconal Tension

All specimens tested by CTL and Cornell I14~17) lost load
,

capacity by yielding of reinforcement across a diagonal crack.

Figure 1 shows potential yield planes actnss the specimens

tested by CTL. Using the free-body diagram shown in Fig. 2 the

following equilibrium equations for yielding of reinforcement

in the weaker of the horizontal or vertical directions are

derived.

A,f N + V,,, (1)=
y

H_
A A V
_1 e _t _mia. . (1 )'bt y h1 bt

A
s

- III bfy = p = =
max bt bt' s*

A,

Af of, V,,g (2)+=y
f
1pfy(1 - 7 ) (2a)v,,, =

Y
r

-8-
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J

The design oquations for tangential shear in the current
i

ASME-ACI Code ') are based on equilibrium and are expressedI

in a form similar to Eq. (1) with a strength reduction factor I

of 0.9 for reinfqrcement yleid stress. Figure 3 shows maximum

observed shear stress, v,,,, for specimens tested by CTL and {

Cornell, versus calculated effective diagonal tension strength. |

The dashed line represents the simple diagonal tension equilib-

rium equation in the form of Eq. (2a] with the strength reduc-
tion factor of 0.9. Figure 3 shows that there is significant
shear strength under biaxial tension. No specimens failed due

to sliding shear or dowel splitting. Shear transfer across the
orthogonal cracks was adequate for the shear stresses sustained

by the specimens up to a diagonal tension failure.

The equilibrium equation with a reduction factor of 0.9

encompasses all but one data point. The first reversing load

specimen tested in the large-scale program lost shear capacity

at a load lower than that predicted by simple equilibrium. This
,

failure was attributed to stress concentrations in the leading
system and should not be taken as indicative of the specimen
diagonal tension 7trength.

Figure 4 indicates a summary of Japanese test results.( 8)

The diagonal line represents simple diagonal tension equilibrium.
As shown in this figure, the equilibrium equation is confi.:med

by Japanese testing up to a shear stress level of approximately

20 /f}. Tha upper limit for she r stress is discussed under

Maximum Strength in this repott,

,

-10- g

- ..



_ _ .. . ._ - .

l

|

)
l

500 -

f
/ i.

~

Maximum e 8[Observed
OS O

Shear Stress, 300 e ao-

*
max , psi jv

/ ao g
[N v,o = 0.9p' f ( 1- f, / f )T

y y

e Cornell Monotonic Tests

[ o Cornell Reversing Tests|o0 _

0 CTL Monotonic Tests/ a CTL Reversing Tests

' ' ! ' ' '
0
O 100 300 500

p'f (1- f,/f ) , psiy y

,

Fig. 3 Diagonal Tension Strength

-11-

._ ._
- 1



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

i

|

30 -

Vmax ,

O = 19.8

* .^O20 _

--- -------09
U ymoX 0 o O *l3.2x

O oVf i

-___________ ______

p s,i
O10 -

o PC Torsion
O 8 PC Loteral Looding

u RC Lateral Looding
a 1/8 PCCV Model(without internol pressure)
A I/15 PCCV Model(with internal pressure)

4 k /#*QI I I f EO
O 10 20 30

P'f(I-f/f] , psiy s y

Shear Strength of Specimens Tested in Japan (28)Fig. 4

,

I

i

-12-



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

|

It is the recommendation of the Task Group on Shear that

the equilibrium equations similar to those currently in the
II)code continue to be used for design of tangential shear

!

reinforcement with the following exception. |
1
'

The torn V,, replaces the tora V, as discussed in the1.

section on Nomenclature in this report. (Note: this )

change is included in the Summer 1984 Addenda as

previously discussed)

2. The normal and shear forces resulting from earthquake

loading be combined with a square Root of the Suu of

Squares (SRSS) approach uimilar to that in the current

code case.(29) This SRSS approach is based on

calculations for maximum combination of N and V that
can occur anywhere along the ci.rcumference of the

,

containment as described in Appendix A of this report.

3. Required area of orthogonal (hoop and meridional)

reinforcement, with or without inclined reinforcement,

provided for combined membrane and tangential shear
1

strength shall be computed by:

2 2'1/2
N .y

Nh+ I33Ash + Asi " 0.9 f
Y \

1
,.

2 2 1/2 i

. al
yNNn+ u,

I43Asa + Asi * 0.9 f'

Y
e

| 4. Any combination of orthogonal and inclined reinforce- ;
1

'

ment as required f or s';tength according to Eq. (3) and

(4), aad as required to control shear deformations,

may be used. However. linie.s must be placed on maximum

-13-
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shear strength provided by tha orthogonal reinforcement

V,,, and maximum total shear V , so thet reinforce-u

ment will yield before crushing of the concrete in
compression can take place. These limits are discussed
under maximum strenq1h in this report.

Concrete contribution

Reinforced Concrete - Currently, there is no "concrete

contribution" allowed when designing for tangential shear in

reinforced concrete containments under combined membrane tension
and shear. The V, in the current ASME-ACI Code is actually a

V,, as discussed under Nomenclature in this report. Also, it

is noted that recommended Eq. [3] and (1) do not include any
"concrete contribution" term.

The difference between observed strength and calculated

diagonal tension strength shown in Figs. 3 and 4 represent

additional strength due to a "concrete contribution" and strain

hardening of reinforcement. Figure 3 suggests that at low

levels of p'fy(1-f,/fy) (high levels of biarial tension),
there is significant "concrete contribution," V,. However,

it is apparently reduced by reversing loads and by increasing

p'fy(1-f,/fy) (decreasing biaxial tension). The apparent
'

'

loss of V with decreasing biaxial tension is probably due toc

the influence of boundary conditions and methods of loading the
test specimens. As biaxial tension is decreased, the diagonal
tension shear strength increenes. Therefore, the level of

shear stresses carried by the specimens increases. The

-14- <
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boundary conditions and loading methods would have a larger

influence on measured strength at the higher levels of shear

stress indicating an unrealistic loss of V . However, to stayg

within the limits of experimental data, it is conservatively

recommended at this time that V -0 for load cases thatc

include membrane tension in reinforced concrete containments.
Prestressed Concrete - In reinforced concrete containments,

orthogonal cracks generally occur during the structural integrity

test. Therefore, reinforced concrete elements will behave as

cracked sections for any further loading. Since V, has trad'i-

tionally been associated With the shear force causing diagonal

cracking. 4the f act that a containment is procracked has always

been a reason for questioning the "concrete contribution" V,

in reinforced concrete contairments. As stated above, although

there is some experimental evidence that a significant V,

exists, it is conservatively recommended that V, =0 for

reinforced concrete containment.

A prestressed containment, however, should not crack

significantly during the structural intogrity test. The

structure will behave initially as uncracked for further load.

Therefore, it is reasonable to consider a "concrete

contribution" V for prestressed containments.
c

Figure 5 (30) demonstrates the difference in shear

strength between initially uncracked and initially cracked
interface shear test specimens I31I. An additional strength

~

ofapproximately250psior4.0/f' is observed in the uncracked

-15-
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i
.

i

specimens. However, as discussed in the introduction of this

report, interface shear test specimens model a relatively

j artificial situation.
1 The wall panel specimens tested under combined biaxial and'

shear stresses model the behavior more realistically. Of the

panel ts'st programs cited in the Introduction, the initially
uncracked specimens tested at the University of Toronto (18)

are applicable to behavior of a prestressed containment.

Figure 6 shows the principal tensile stress at cracking,
l

fEr, in the Toronto specimens. Except for two specimens, PV2 !

t,

and PV24, all cra?, king stresses are close to or above the line'

~

indicating 4/fj. Specimen PV2 was procracked and specimen
;

!PV24 had inadequately consolidated concrete. These test

results confirm the diagonal cracking criteria in the ACI f

Building Code ( } .

The criteria for shear in prestressed concrete members

contained in Section 11.4.2.2 of the ACI Building Code (5)

allowsaprincipaltensilestressof4/ffinthewebofthe
~

;

members. Therefore, it is recommended that initially a

principal tensile stress of 4 [f'; be carried by the concrete ini
g

(

prestressed containments. This corresponds to following'

"concrete contribution" derived from Mohr's Circle:

1+ h, [g[h
4p[fybt a (5)V =

4 [g (4[f}#
l

are positive for compression.where f,and th
No additional reinforcement for shear reinforcement is required

if V is less than 0.85 V . The 0.85 factor is a strength reduc-
u c

|

j -17-
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tion normally associated with shear. If the shear load V is

greater than 0.85 V in Eq. [5] tb.en the concrete should bec

considered cracked with no "concrete contribution." The entire

shear should be resisted by reinforcement according to Equations

(3) and (4).

Maximum strencth

For reinforced concrete containments with orthogonal steel
providing part of the shear strength, the current code III

8/f'ybt for Factored Loads.limits shear strength V , t
u

Limits on maximum shear strength are stated in building
codes ( 32) for three reasons.

(a) Prevent a diagonal crushing failure in the truss

nochanism of shear transfer.

(b) Prevent a sliding shear failure (a local combined shear-

crushing failure along a horizontal plane) in the shear

friction mechanism of shear transfer.
.' c ) Prevent large, unsightly shear cracks at the service

load level.

I} ~

The ACI 318 Building code limits V, to 8 /ff bt, which, y

10 to 12 /f; bt. These limits appear
'

then limits V to about gu

for crack control at sustained service load levels for non-
prestressed beams with Grade 60 reinforcement I33) Since tan-.

gential shear for sustained service loads is negligible, crack
control at service loads should not be a governing factor for

containments. Strength and deformations at factored loads
I

should govern. In general, without longitudinal or transverse

i

-18-
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steel yielding, the diagonal compression strength or sliding

shear strength in reinforced containments should be significantly

higherthan8[fbt.
For diagona1' compression crushing, the CEB-FIP Model Code ( 2)

allows V - 0.3 ff bt for orthogonal steel arrangements and upu

to V - 0.45 ff bt if diagonal shear reinforcement at 45' isu

used.

For sliding shear, Mattock (34) recommended a limit of

V 0.3 ff bt based on monotonically loaded monolithic push-offu

specimens and composite specimens with good bond between cast-

ings. This limit was reduced to V = 0.24 ff bt for reversingu

loads. Using large scale specimens similar to those tested by

Mattock, Aoyagi(2".') derived a "balanced" reinforcement ratio.

corresponding to a sliding shear strength limit of 0.27 ff bt.
,

II')The Japanese had proposed a shear strength limit of 0.18 ff bt .

However, this limit is based on test results of specimens with

| yielding horizontal reinforcement and.significant shear distor-

tions occurring prior to a shear feilure.(20) A more recent

I 0)proposed Japanese design criteria is based on testing
1
'

of full cylindrical models varying up in sizo up to a 1/8 scale

model.(23,24,27) These models exhibited maximum shear stress

ranging from 19.6 to 22 [g. Using a factor of safety of 1.5,

new maximum shear strength limit of 13.2 [ bt is recos? ended
by the Japanese, as shown in Fig. 4. For ff = 4000 psi, this limit
is equal to 0.21 ff bt.

Panel specimens tested in the experimental programs con-

ducted by CTI.I14'1 ) and Cornell (16,17) all lost load
.

-19-
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capacity by yielding of reinforcement across diagonal cracks.

Therefore, these data cannot be used to establish a limit on
maximum strength. However, specimens tested by Vecchio and

collins (I8) contained relatively high reinforcement ratios.

Therefore, concrete crushing or sliding shear failures were the

observed failure moues in most of the specimens.

Results indicated that concrete shea. strength decreases as

transverse and longitudinal tensile strains increased. With

both transverse and longitudinal strains at zero, shear strength

was 0.47 ff bt. However "h both transverse and longitudinal.
,

strain at 0.002, (typical yield strain for reinforcement) shear

strength was 0.30 ff bt. The presence of biaxial tension and

reversing shear load reduced shear strength to 0.25 ff bt. With

a strength reduction factor of 0.85 to account for uncertainty ,

normally associated with shear (5) shear strength would be,

0.21 ff bt.
Based on review of the available test data, it is recom-

mended by the Task Group on Shear that maximum shear strength

for factored loads V be limited tG 0.2 ff bt when orthogonalu

reinforcement is used to resist shear loads without inclined
reinforcement present, i.e.

V,, 1 0.2 ff bt (6)
where V,, = V - 0.9 fy .\, gu

It should be noted that 0.2 ff is near the maximum tangen-
tial shear stress that might ever ce expected in a containment.

However, it additional strength is needed, inclined reinforce-

ment can be used to increase the maximum shear strength.

-20- I
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When only orthogonal reinforcement is present, all the

diagonal compressive stresses of the truss mechanism of shear
4

transfer are resistod by concrete. Use of inclined reinforce-

ment provides steel to resist a significant portion of the

diagonal compression. When a symmetrical pattern of diagonal

reinforcement is present, the strength of the inclined oteel in

compression balances the strength of inclined steel in tension.

Because of this balance of strength, it might be argued that

the shear strength of a containment reinforced with inclined

steel should only by limited by the amount of reinforcement that

can be placed practically in the walls. However, compatibility

must also be considered. The strain associated with yield of

reinforcement of 60.000 psi is approximately 0.002. This is a

very high compressive strain for concrete that is in tenJion in-

the orthogonal direction.

In order to evaluate the relationship between maximum

concrete compressive stress and the amounts of orthogonal and '

diagonal reinforcement, a series of analyses of membrane ele-'

ments were carried out. These analyses were made to evaluate

parameters affecting the maximum shear stress and compreerive

stress corresponding to full yield of reinforcement in the )
Ielement. The variables included orthogonal and inclined

reinforcement ratios, #ne Ph. and pi, concrete strength, ff,and
: concrete strain at peak stress, c,.

Analyses were made vaing equations of equilibrium and com-

patibility formulated by Duchon.(35) The equations were modified

to account for yielding of the orthogonal reinforcement. The

-21-
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following nonlinear concrete stress-strain relationship b4 sed
on panel tests at the University of Toronto (36) was used:

2'

f' c /c T '
E E

2c, 1 E'gd. 8 (7)(c j 4

o, _

where 8 = 0.8 + 0.34 c /c
7 o (8)

Equation 7 is a colationship for the effective strength of the
concrete in diagonal compression, f as a function of the principalg.

tensile strain cg. Effective concrete strength f of thed,

compression struts decreasos as the tensile strain in the rein-
i

forcement running perpendicular through the strut increases.

Solution was obtained using an iterative technique with an

ef*ective secant modulus for the concrete.
In the series of analyses, the orthogonal reinforcement was

varied to represent designs with V,, ranging from 0 to 0.2 ff bt.
With Veo = 0, the orthogonal reinforcement is designed to resist

only membrane forces from pressurization. With Veo - 0.2 ff bt,
the orthogonal reinforcement was designed to resist normal forces

from pressurization plus shear forces. V,,=0.2ffbtcorresponds
to the recommended maximum allowable design shear discussed in

the ptoceding section for a containment with only orthogonal

reinforcement.

At a 5 articular level of orthogonal reinforcement, the

a;?ount 0f inclined reinforcement was increased in the analyses

until a concrete crushing failure was calculated to occur prior

to general yield of the reinforcement, i.e., og=fd*

I
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Analyses were carried cut with twts different peak concrete

strains, c, = 0.0015 and c, = 0.002. Varying c, affects the
stiffnesa of the concrete and thereby affects the relative

amounts of stress carried by the concrete and steel in

compression.

Results of the analyses are shown in Figures 7 through 9.

F11ute 7 shows the relationship between principal compressive

and waximum shear for analyses made with c, = 0.0015.stress o g

A diagonal compression crushing was calculated to occur at

og/ff = 0.48. The maximum shear force at which crushing

occurred is dependent on the amount of orthogonal reinforcement

allocated to resist shear. Maximum sheat strength decreases as

V,, increases.

Figure 8 presents data similar to Fig. 7 but with the prin-

In these plots o /fd = 1 repre-cipal stress normalized by fd. g

sents a calculated diagonal compression crushing. The dashed

line in Fig. 8 represents a conservative design limit for the

|
concrete compressive stresses. It is drawn at o /fd = 0.72g

which includes a str ength reduction f actor, 9 - 0.85, normally

associated with shear, multiplied by another reduction of 0.85
!

to account for effects of load reversals. |

Maximum shear strength as a function of V,, determined

from the dashed line in Fig. 8 is shown by a dashed line in

Fig. 9 along with a similar line determined for ar.elyses with

c, = 0.002. These dashed lines in Fig. 9 demonstr,tte the

relationship between natinum shear strength and concrete

stiffness. When inclined reinforcement is presant, maximum

strength decreases as concrete stiffnass increases.i

-23-
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The solid line in Fi". 9 corresponds to +,he following
recommended design limit for shear with or without diagonal

|reinforcement:

V 1 0.4 ff bt - V, , (9)

This limit is conservative even for very stiff concrete but

will allow containment wall design for all practical situations.

Equation (9) implies that if V,, = 0.2 f hen,c
V = 0.2 ff bt - V,,. No inclined reinforcement can be added
to increase strength because the orthogonal reinforcement has

used up all available concrete strength in diagonal compression.
If V,, =0, then V *Ysi = 0.4 ff bt. In other words, a maxi-u

mum shear corresponding to 0.4 f; can be obtained if shear
forces are only carried by inclined reinforcement.

A combination of orthogonal and inclined reinforcement can

be used to obtain intermediate strengths if V,, < 0.2 ff bt. As

an example, say V,, = 0.1 ff bt, Then V = 0.3 ff bt with
V,g = 0.2 ff bt.

REFORMATION PROVISIONS

The strength provisions presented previously are intended

to insure against loss of shear load capacity. However, because

of the importance of leak-tightness integrity of the liner and

interaction with attached equipment and piping, deformations r

should also be cor.sidered in design.

Results of testing concrete specimens with plane shear

across a predefined crack,(1-4,6-8,10-13.22) panel specimens

-26-
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subjected to membrane shear,(14-18,21) and full cylindrical

models(23-25,27) demonstrate that shear stiffness reduces sig-

nificantly after cracking. As an example, in full cylindrical

models tested with monotonic shear load by Bader and Krawinkler,I $}

shear stiffness after cracking was 7.5% of the uncracked stiff-

ness. Open cracks due to pressurization and abrasion from

cyclic load will further reduce the shear stiffness.

Although this behavior of shear stiffness reduction has

been known for some time, it is the recommendation of the Task

Group on Shear that a statement regarding shear distortions be
included in Section CC-3310 General ( co ns ide r a tior.s ) , Contain-

ment Design Analysis Procedures of the ASME-ACI Code.III

It is the opinion of the Task Group on Shear that the code

should not prescribe how shear distortions should be considered

other than to retain the current limit of 2 c for maximum strainy

in the reinforcement.

There are finite element methods available in current liter-
ature(26,37,38,39) for modeling cracked concrete. Finite ele-

ment models have been used successfully to model deformation in

full cylindrical models of containments (24,26,27,40) ,

Shear distortion is expected to reach the sum of the strains
in the meridional and hoop reinforcement.I41) The shear dis- |

,

tortion can be limited approximately to the strain in the'

|
i
; inclined reinforcement by providing inclined reinforcement to

carry the entire tangential shear force, i.e., V,, = 0. The !

shear strain can also be limited by providing an excess amount
i

of orthogonal reinforcement to carry tangential shear. Design

-27-
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,

considerations using this approach are suggested by Oesterle(42)
| based on observed shear deformations in panel tests. The criteria
!
I for acceptable deformations should be established from requirements

of attached equipment and piping.
|
l

It should be noted that when a reducing shear stiffness model l

under reversing load is considered in dynamic analyses, the I

maximum shear stresses induced by seismic loading will probably
be lower than the stresses normally calculated. Research is

needed to develop simplified analytical procedures to effi-

ciently incorporate shear deformations into design criteria.

SUMMARY

The purpose of this report is to present recommended design

criteria for tangential shear based on available test data.

The following is a summary of the recommendations by the Task

Group on Shear:
,

1. The tern V, in the design equation of the current
II)Code should be replaced by V,,.

2. For reinforced concrete containments the "concrete

contribution" V, should be taken as zero.
3. Required area of orthogonal (hoop and meridional)

reinforcement, with or without inclined reinforcement,'

provided for combined membrane and tangential shear

strength shall be computed by:

2' l/2
Nh+ N +V

Ash + Asi * 0.9 f
~

I33
y ,

.
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2 2' 1/2
N" + N .y

I4}A,,+ A,g = 0 .' 9 f -

y

4. For prestressed concrete containments V should be
e

basedonaprincipaltensilestressof'4/f carried

by the concrete. If V exceed 0.85 V , the entire
c

shear should be resisted by reinforcement designed

according to Equations (3) and (4).
>

5. Any combination of orthogonal and inclined reinforce-

ment as required for strength according tc Eq. [3] and

(4), and as required to control shear def ormationa may
be used with the following limits on maximum shear

force:

V,, 1 0.2 ff bt (6)

where Veo = Vu-0.9 fy Asi

V $ O.4 fy bt - V,, (9)

6. A statement regarding considerction of shear distor-

tions should be included in the Codes '}I statements

on containment design and analysis procedures in

Section CC-3310.

7. Further research should be conducted tt ''velop simpli-.

fled analytical procedures to efficiently incorporate

shear deformations into design criteria.

Example calculations to determine required areas of

reinforcement and to check maximum reinforcement strains with
and without the use of inclined reinforcement are presented in

Appendix B of this report.

-29- .

l
. .

. . _ . --



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

;

l

| ACKNOWLEDGMENTS
* 1

, A significant amount of current research referenced in this
!

report, including Ref. 14-17, 38 and 40, was supported through
contract research funding by the U.S. Nuclear Regulatory

Commission (USNRC). This research was accomplished within a

USNRC program directed specifically to investigate safety
| related issues regarding tangential shear in nuclear

containments. Dr. B. S. BroWein was the technical

representative for the Nuclear Regulatory Commission.

As disucased in the forward, this report represents the
results of the work of the Task Group on Shear within the

ASME/ACI Joint Committee on Concrete Pressure Components -

Subgroup on Design. Members of the Task Group included J. 'A.

Curtin of Stone and Webster Engineering Corporation. T. E. -

Johnson and P. Shunmugavel of Bechtel Power Corporation. A. '

Walser of Sargent and Lundy Engineers, and R. N. Whito of
Cornell University. R. G. Oesterle of Construction Technology
Laboratories served as Chairman of the Task Group.

'

|
-

|

|

l
-30-

.



._.

|

|

|
t

NOTATIONS

1

A = Area of bonded reinforcement in the hoopsh direction (in2 gt)/

Asa = Area of bonded reinforcement in the meridional
direction (in2fgt)

A = Area of bonded reinforcement in one dirg/ftetion ofsi
inclined bars at 45' to horizontal (in. along a
line perpendicular to the direction of the bars)

N and - Membrane force in the hoop and meridional direction

N*b respectively due to pressure, prestress and dead
load. Nh and Nm are positive when tension and nega-
tive when compression. The prestress force shall be
the effective value.

N and = Membrane force in the hoop and meridional directionh1
respectively from lateral load such as earthquake,N

ni wind, or tornado loading. When considering earth-
quake loading, this force is based on the square root
of the sum of the squares of the components of the
two horizontal and vertical earthquakes. The force
is always considered as positive and the units are
k/ft.

V = Tangential shear strength provided by concrete

V,, - tangential shear strength provided by reinforcement

= V,, + V,g
V = Tangential shear strength provided by orthogonals (hoop and meridional) reinforcement

V,g = Tangential shear strength provided by inclined
reinforcement

V" = The peak membrane tangential shear force resulting
from lateral load such as earthquake, wind, or tornado
loading. When considering earthquake loading, this
force is based on the square root of the sum of the
squares of the components of the two horizontal and
vertical earthquakes. The shear force shall be
considered as positive and the units are k/ft.

b = Unit length of section

ff = Compressive strength of standard 6x12-in concrete
cylinders

f, = Concrete membrane stress in the meridional direction

t - Concrete membrane stress in the hoop direction
h

f, = Maximum orthogonal reinforcement tensile stress
from membrane forces N

h r N,

-31-
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f = Yield strength of reinforcementy
t = Net wall thickness considering any reduction due to,

tendon ducts

v,,, = Maximum observed shear stress in test specimens
so = Vso/bt- = design shear stress f or orthogonalv

reinforcement
v = V /bt = total design shear stress

Strain in concretec =
c

c, = Strain in concrete at peak stress

c = Yield strain of reinforcementy
c = Principal tensile strain in the membrane elementg
p = Lesser of ph or pm
p' = Effective reinforcement ratio for diagonal tension

equilibrium of test specimens

p - Horizontal reinforcement ratio A /bth sh
p, = Vertical reinforcement ratio A,,/bt

g Inclined or diagonal reinforcement ratio A,g/btp =

o - Principal compressive stress in the concreteg

:

i

#

'

i-32- '-
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APPENDIX A

FORCE DISTRIBUTION

A concrete containment shell is generally a vertical thin-
walled can*.ilever structure with a circular cross section. Tan-
gential shear for.ces are in the plane of the containment shell

'

resulting from lateral loading such as wind or seismic loads.

Wind Load

The lateral wind load causes an overall moment M and shear
V, both of which are varying along the height of the containment
(Figure A1). The resulting stresses at an elevation of the
containment are shown in Figure A2 corresponding to an uncracked
elastic condition. The maximum meridional force Nyv occurs
at the outermost fiber of the cross section while the maximum
tangential shear force Vuw occurs at the centerlint. of the
cross section. The maximum forces are given by:

N,= 2y
r

V,=fry

where

r = mean radius of the containment cross-section

The forces at any location along the circumference of the

containment are expressed as:

NO = N ,cosey

VG"Yuw'i"e
where

0 = angle from the direction of wind (Figure A2).

The maximum value of (NO+V) occurs at 01 which can beO

derived as:

" ){N(N0+YI0 max. + Vy y

-1 IVnv_Ie1 Tan
Nk yy j

A-1
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Earthouake Load
i

An earthquake has three orthogonal (two horizontal and one
|

| Vertical) components which cause the following distributions of
|

stresses corresponding to an uncracked elastic condition as

shown in Figure A3. The internal forces at a location defined
by angle 0 are expressed as:

N "i E cos0; i E a no; 1EO h h y

V = 1 T sic.0; 1 T cose; OO

where

E- = maximum meridional force from a hocizontalE =
h 2wr component of the earthquake

= noridional force from the vertical componentE =y 2r
:

yf = maximum tangential shear from a horizontalT =

component

N = overall meridional force from the vertical component

M.V = overall moment and shear from a horizontal component

It should be noted from Figure A3 that at all locations

along the circumference, either the meridional force NO '#
the shear V from a horizontal earthquake component has anO

opposite sign compared to those from the other horizontal con- '

ponent.

The sua of meridional and shear forces at a location is

expressed as:;

(N0*Y) = 1 (E c se + T sine);
O h

1 (E sine -T cose); tEh y

A-2
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Combining the responses from the three components by the

square-root-of-the-sum-of-squares (SRSS) method,

(NO+Y) = 1 (E (cos 0 + sin 8)
O

2 2+T (sin 0 + cos 9) +E + 2E T cose sineh

- 2E T sine cose)1/2h

+ T ]l/2= 1 (E +E

(NO+YI "i e+YO e

where

N,=E +E

V, =Ty

Thus, the total response (Ng+V) from the threeg

earthquake components are the same at all locations, i.e.,

independent of the angle 8.

,

A-3
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APPENDIX B

EKAMPLE CALCULATIONS FOR

DESIGN.FOR TANGENTIAL SHEAR - MEMBRANE REGION

Design Parameters,: 0.69 SSE. Pa - 52 psig

ff = 3 kai f = 60 kai b 12 in.=y

3150 ksi E, = 29,000 kai tE 53.625= =
n

Load Combination : D + Pa + Ess

N, = 116 k/ft N = 480 k/fth

N,1 = 504 k/ft Nhl - 17 k/ft V 324 k/ft=

2)1/2N + (N +Vh h1 y
Ash * Asi * 0.9 f (Eq. 3)

Y

2)1/22, 480 + (17 + 324 = 15.0 in.2fgg .

0.9 x 60

N' + (N 2,y 2)1/2
A,, + A,g = O9f (Eq. 4)

Y

2)1/22, 116 + (504 4 324 = 13.25 in.2/ft0.9 x 60

0.2 ff bt = 0.2 x 3 x 12 x 53.625 386 k/ft=

V,, = Tangential shear provided by orthogonal rebars

= (V, - 0.9 A,g) 1 0.2 ff; bt (Eq. 6)

V 324 k/ft < 0.2 ff bt - 386 k/ft=
jy

No inclined shear rebar is recuired

i

8-1
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Load Combination : D + 1.25 Pa + 1.25 Eo
|

N, = 179 k/ft N = 598 k/fth

N,g - 400 k/ft Nh1 = 13 k/ft
1/2

N + (N +Y Ih h1 u
(Eq. 3)Ash + Asi " 0.9 f

Y
,

1/2
2, 598 + (13 + 255 )

= 15.8 in. /ft0.9 x 60
.

1/2
2 2

(N,1 +Vu)N, +
(Eq. 4)A,,+ A,; = 0.9 f

Y

2)1/2, 179 + (400 + 255 2.0 h.2jg=
0.9 x 60

Considering both load combinations, rebars required are as
follows1

,

Ash * Asi = 15.8 in.2jgg

A,,+ A,g = 13.25 in.2fgg

Provide the following robars:

EyanPle a) Without Inclined Seismic Rebars:
I e

Ash = 16.25 in. /ft A,,= 13.50 in /ft A,g = 0

! Example a) Without Inclined Seismic Rebars: ,

1
'

Ash = 16.25-3.2 A,, = 13.5-3.2

fgg g = 10.) in.2/ftsh = 13.05 in.2A en

A,g = A,3 = A,4 = 3.2 in.2 /ft

B-2
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Required reinforcement areas are determined based on a SRSS|

of normal and shear forces resulting from earthquake loading as

discussed in Appendix A. To determine membrane forces to use in

calculations for strain compatibility to check maximum rein-

forcement strain, make the following adjustments to the forces:
,

1

i

a. Load Combination : D + Pa + Ess l

*Y I -YN' =Nh + (Nhl u u"h

2)1/22 - 324 = 481 k/ft480 + (17 + 324

N,' = N, + (N,g2+V 2)1/2 -Vy u"

2)l/22 324 391 k/ft116 + (504 + 324 --

V = 324 k/ftu

b. Load Combination : D + 1.25 Pa + 1.25 to

1/2
2 2

j Nh' = 598 + (13 + 255 ) - 255 = 598 k/ft

179 + (4002 + 2552)1/2- 255 = 398 k/ftj N,' =

!
V = 255 k/ftu

!

:

I

|

|

|

|

;

1
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Initial results indicate incline tension reinforcement

will yield. Therefore, the calculations must be repeated with

adjustments for effects of yielding of inclined seismic rein-

forcement:

Stresses in tensile diagonal rebars are as follows:

|

f,3 (D + P, + E,,) =

l

87.49 kai > 0.9 fy (54 k91), c,3 > cy

f,3 (D + 1.25 Pa + 1' ) *

84.95 kai > 0.9 fy (54 kei), c,3 > yc

Restrict f,3 to 54 kai and neg16et it for any further
load-carrying purpose. Readjust membrane axial forces and

,

tangential shear neglecting tensile inclined rebar (A,3) and
forces associated with it.

Adjusted forces:

a. Load Combination : D + Pa + Est

N," = 391 - 54 x 3.2 x 0.5* - 304.6 k/ft

N " - 481 - 54 x 3.2 x 0.5* = 394.6 k/fth

V " = 324 - 54 x 3.2 x 0.5* = 237.6 k/fty

b. Load Combination : D+ 1.25 Pa + 1.25 to

398 - 54 x 3.2 x 0.5* = 311.6 k/ftN," =

'

N" = 598 - 54 x 3.2 x 0.5* = 511.6 k/ft
n

V" = 255 - 54 x 3.2 x 0.5* = 168.6 k/ft |

u

___

2* Sin 45 = 0.5

B-5
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Final strains in tensile diaconal rebars:
| a. Load Combination : D + Pa + Ess

fu + fh Y 54.12 + 48.99 .00394,

*s3 2 E, +2" 2 x 29,000 2
* + = 0.00375'

108.68 <2c lig
E Y"

Es a

b. Load Combination : D + 1.25 Pa + 1.25 Eo

fu + fh Y 47.34 + 51.70 .00373g s3 , 2 E, +2" 2 x 29.000 2
+ = 0.00357

103.61 < 2 c 112
E Yi

*
Es a_

!

iEouilibrium Checks: A = 643.5 in.2fgg' A = 10.3 in.2fgg,
9 sa

Ash = 13.05 in. /ft, A,g = A,g = 3.2 in.2jgg

a. Load Combination : D + Pa + Ess(8 = 44.21*, fe -- 0.707 kei)

10.3 x 52.12 + l A (54-6.55) - 643.5 xN,' y=

2.707 x Sin 8 = 391.5 (391 k/ft)

= 13.05 x 48.99 + l 1 (54-6.55) - 643.5 x| N ' yh

2
.707 x Cos 8 = 481.5 (481 k/tt)

! V' =A1y x (54+6.55) + 643.5 x
.

.707 x Sin 8 Cos 8 = 324 (324 k/ft)

. ,

5

m
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l

b. Load Combination : D + 1.25 Pa + 1.25 Eo
| (S = 46.15*, to -- 0.503 kei)
!

N,' = 10.3 x 47.34 + l E (54-4.63) 643.5 xy -

.503 x Sin 8 = 394.3 (398 k/ft)
i

N' = 13.05 x 51.7 + A 1 (54-4.63) 643.5 xh y -

2
.503 x Cos 4 = 594.3 (598 k/ft)

=Ap1 x (54+4.63) + 643.5 xV'y

.503 x Sin 2 Cos A = 255.6 (255 k/ft)

i

)

|
|

'

]

,

!

;

|

|
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syn hesize results of available research concerning the capacity of cracked reinforced
containment walls to transfer tangential shear stresses while in a state of bicxial
tension from internal pressurization. A review of experimental work is presented.
Results of experimental work indicate that the current ASHE-ACI Code Provisions for
Tangential Shear Stresses are very conservative.

Recomendations for redefinition and revised use of the terms Ve "concrete contribution' ,

and Vs "steel contribution" are provided. Results of testing programs are used to
formulate revisert design provisions for diagonal tensile strength. Significantly
higher shear stresses can be allowed without inclined reinforcement. Also, an
analytical study based on recent testing programs is used to define a conservative
maximum limit for tangential shear stress. The raximum limit is dependent on the
relative amounts of orthogonal reinforcement and inclined reinforcement used to
provide the tangential shear strength in the containment walls.
While testing programs indicate that significant shear strength is available in cracked
reinforced concrete, the testing also demonstrates that shear stiffness reduces
significantly after cracking. The need to consider the reduced shear stiffness is
discussed. Reccmmendations for revised design provisions a'. ' sumarized and design
examples are provided.
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" ' " " ' ' 'Containment structures, shear tests, seismic design, biaxial tension,

shear strength, shear stiffness, shear deformation, yield strength,
Unlimitedcyclic loads, design procedures.
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