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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 rtresses while in a state of
biaxial tension from internal pressurization. A review of
expetinehtal 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 Vc. ‘concrete contribution," and V' "steel contribution"
are provided. Results of teating programs are used to
formulate revised design provisions for diagonal tensile
strength. Significantly bhigher shear stresses can be allowed
without inclined reinforcement. Also, an analytical study
based on recent testing programs is used to define a
cor.ervarive maximum limit for tangential shear stress. The
maximum iimit is dependent on the relative amouits 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 i3 available in cracked reinforced concrete, the
teeting also demonstrates that shear stiffness reduces sigrifi-
mantly after cracking. The need to consider the reduced shear
gtiffness is discussed. Recoumendations for revised design

provisions are summirized and design examples are provided.

-1ii-




TABLE OF CONTENTS

Page

LIAZ OF PIGUREBS « . .. ¢ o s« s 5 5 4 2 4 8 s o % s s-s & &« Vg
FOREBMORD 5 ¢ 5.5 %' 5 % 5 & # 4. 5 » & o % ¢« 5 » 6.5 20 2 2 . %
INTRODUCTION 5 & ¢ ¢ « v 4 3 % ¢ @ 3 4 & % % & 5 05 » & -a 1
BAORQGEOUDE + : « o & @ @ 5§ o0 h & W G 8 b Y A s woa e 1
Review of Experimental Work . . . . . . . . . .+ . . . 2
NOMENCLATURE : : : s ¢ s & s & s s & & o % & @ % 2 & & & @ 6
STRENGTH PROVISIONS . . . ¢ ¢« ¢ ¢ o & o o e & o a s o s 7
Diagotll TORBIOA . .+ + 4+ & o 4 & & o % « = % & 5 & 4.8 8
Concrete Contribution . . . . . . . . .« + « « + + .+ 14
Maxinum SCLORQGER . . o « ¢ ¢ s 4 8 e e s e 8 8 e w8 e e 18
DEFPORMATION PROVISIONS . . . ¢« ¢ & ¢ ¢ o« s s s & o s s & 26
BUMBRARY . & . & s & 4 .« o 5 % 6. 5 % 5.8 35 % € a4 89w e 28
ACKNOWLEDOMENTS . ¢ o « o o o % s .8 % w o = s % & 6 & & & 30
POTATIONE v 5 v de Wil e ¥ s -4 ¢4 ae & als 8 8 %e =8 31

REFERENCEE . . . ¢ ¢ ¢ ¢ o s s s o 5 s % o & s o s o« 5 & » 33




LIST OF FIGURES

NO.

Planes Through Specimen For Diagonal Tension
Strength » & 8 ok A k€ & A&

Free-body Diagram for Diagonal Tension
Equilibrium P TP

Diagonal Tension Strength
Shear Strength of Specimens Tested in Japan

Variation of Shear Strength With Reinforcement
Parameter pf With and Without a Crack Along
the Shear Pane = A 5 % % & P a3 F a3

Principal Tensile Cracking Stress Versus
Cylinder Strength

Maximum Compressive Stress (normalized by f')
Versus Maximum Shear With Varying Amount§ of
Orthogonal and Diagonal Reinforcement Using
to = 0.0015% Ve e, : el

Maximum Compressive Stress (normalized by f.)
Versus Maximum Shear With Varying Anounti of
Orthogonal and Diagonal Reinforcement Using
‘o = 0.0015% % % W LA & 8 e

Maximum Shear Stress Versus Shear Stress Resisted

By Orthogonal Reinforcement . . . . .

11

12

16

16

24

24

25




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 %o
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 shea: stress while in a state of biaxial
te-s.on. This shear transfer capacity is required in the walls
of containments subjected to combined internal pressure and
geismic loading. Internal pressure produces membrane or
biaxial tension, and seismic loading produces tangential shear
stregges in the plane of the containment wall.

participants in the USNRC research program focusing on
tangential shear behavior included Cornell University, Con-
gtruction Technology Laboratories, and Magsachusetts Institute
of Technology. Cornell University was involved in testing of
intermediate scale models representing e)ements of containment
walle 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 organizatiecns are
contained in the reports listed on Page ii 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 Engineere, 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 synthegis
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 walle. Information contained in this report

provided the basis for draft revisions of ASME Code provisions
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that are currently under review within the ASME/ACI code
committees for possible inclusion in the 1588 Winter Addenda to
Section 111, 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 CONTAINMFNT WALLS

INTRODUCT ION

Background

Concrete structures in nuclear power plants have been used
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-
gure containments was started in the 1960's. Although concrete
had been used in safety-related structures for many y2ars, use
of concrete in pressure vessels was a new concept. The gize,
shape, and poseible stress states in containments produced mauy
unique problems for both design and construction. Because of
the importance of containmente, a high degree of reliability was
gought in solving rhese problers. 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 Lo
transfer shear stress while in a state of biaxial tension. Con-

crete containments in the United States are designed to resist a




combination of biaxial tension caused by internal pressure, and
tangential shear causel 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.

Re w0 i W

The capacity for force transfer across an open crack in
reinforced concrete has been the subject of a number of experi-
mental investigaticns conduciled during the past three decades.
These 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,
ind randomly induced cracks in reintorced concrete panels.

Some of the early testing programs were conducted to evalu-
ate the effectiveness of shear transfer by aggregate interlock
acroes open control joints in concrete pavement. Experimental
work by Colley and Humphrey!) included alternating lcads 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
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as a function of increase in joini opening width. As an exam-
ple, the effectiveness of a joint with a width of 0.035 in. was
reduced to approximately SO% of that of a closed joint after
500,000 cycles. !t should be emphasized, however, that effect-
{veness was judged by comparison of deflections across the
joint. Therefore, although the results of this study indicated
that cyclic 1oad reduced the joint stiffness, results did not
necessarily show strength experienced a similar decrease.

Several investiqatorg(2v3n4)

have tested unreinforced con-
crete specimens with predefined cracks restrained in very stiff
tegst frames. The objective was to evaluate aggregate interlock

across cracke with constunt width. Results of testing by Paulay

and Loeber(l) 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 wae greater than 1000 psi. This
is a very high stress for interface ghear transfer and not
likely to be encountered in real structures. A stress of 1000
pei is higher than allowable by the ACI Building Code.(s)
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,

-pecimens with 2 predefined crack in unreinforced concrete




restrained by external rods were used in a number of experimental
proqzans.(6'7'8) Initial crack widths up to 0.030 in. were
used. These Lests demonstrated that aggregate interlock is an
effective means of transferring shear stress across cracked
concrete surfaces. The testing by White and Holley(6 ig the
basis for the current ASME-ACI Code Provision(g) allowing a
conservative nominal tangential shear stress »f up to 160 psi
to be reeisted by orthogonal reinforcement acrsss open cracks
in containments. However, test apecimens with external rods
did not accurately model the coupled effects between aggregate
interlock and restraint from reinforcement embedded in the
concrete across the crack.

Other -soarchers(lo'11'12'13)

have used specimens with
embedded reinforcement crossing predefined cracks. Testing
programs included specimens esubjected to reversing load.

(12) determined that reversing load decreases the

Mattock
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

ck width of 0.015 in. However, the strength of the specimen
th an initial crack width of 0.025 in. still exceeded ACI

Buiiding Code(S)

allowable shear friction strength of 1.4 pty

Also, the strength of this specimen was 660 psi. This is a
very high stress for interface shear trznsfer and not likely to

be encountered in real structures.




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 perpendicu.ar
to the crack. Although these tests contributed greatly to
knowledge of the detailed behavior of interface shear transfer,
the test s~ecimens modeled a relatively artificial situation.
Containmant walls contain orthogrnally cracked elements result
ing from membrane tension caused by pressurizartinon. The
capacity ot shear transfer mechaniem in the concrete ' der a
atate of biaxial tension had not vet beenr verified +xpori-
mentally. Therefore, current ASME ACI Code proviaions(g)
gtill require all but a numinal erount (up to 160 psi) ¢t

tangential shear to be resisted by inclined reinforcoment. The

inclined reinforcement is difficult to fabricate. It also adds

gignificant congestion and innibits concrete placament.

To provide experimental verification of the behavior of
concrete containment walls subjected to biaxial tension and
tangential shear forces, test progtaams have been conducted by
the Construction Technology Laboratoriss (CTL) of the Portlaud

(14.15) (16.,17)

Cement Association Cornell University , and the

University of Toronto.(le)

Specimens were concrete panels
sontaining 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

gimulated in these specimens rather than applying a direct shear

gtresgs across one localized plane,




Results from these cc. crete panel tests and other testing
and analysis, conducted primarily in Japan.(19'27) indicate
that tnhe cv-rent ASH!-ACI(g) Code provisions for tangential
shear s'rength are very conservative,. Significantly higher
shear stresses can be :llowed without inclined reinforcement.
The purpose of this report is to present recommended 4esign

criveria for tangential shear based on availabie test gata.

NOMENCLATURE

The common approach to deeign for shea:r in reinforced con-
crete is to allocate some strength to the "concrete contribu-
tion. " Vc. The remairing required strength is provided by
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-
forcement directly provided for vc.

Nomenclature used in the curcrent ASME ACI Codo(g) is
.nconsistent with this apptoach and also inconsistent within

iteelf. Po: tangen.ial shear, V_ is defined in tae current

c

code as shear force carried by concrete. Houwever, V_ is

calculated as the strength provided by orthogonal (meridional

and hoop) reinforcement. The "steel ccatribution,” V‘. ie
pr~ided by ilu~lined re:nforcement and uo “"concrete contribution*
is concidered. However, for radial and peripheral shear, vc
is a "concrete contribution" in that no reinforcement is

required for this portion of shear strength.



Becizuse of inconsistency in terminology, there is some con-

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

clature be redefined to be consistent with other codes and with-

(9)

it the ASME-.Cl Code Toward this goal, it wae recommended

bv the Task Group oa Shear that the following definitions and
relationships be used.
Vc = Tangential shear sirength provided by concrete

V"° = Tangential shear strength provided by orthogonal

(meridional and hoop) reinforcement

Vni =« Tangential shear strength provided by inclined

reinforcement
V“l - V. + Vc
Ve * Voo * Vqi

Theee changes were included in Subgroup on Design Action
Item D83-1, Joint Committee Item JC 83-16. This item wae passed
by the ASME B&PV Committee in November 1983 2nd included in the

Summer 1984 Addenda to the Code.

STRENGTH PROV,SIONS

As stated under Review of Experimental Work in this report,
it ie not likelv that a localized plane subjecte’ 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.

Results of panel toott(l"l’) demonstrated that the inter-
face shear transfer across open cracks ie adequate to resist

loads up to a level «f stresc where diagonal cracking occurs.

V=




After diagonal cracking, a t:uc.‘ls; mode of sheay transfer
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 bilaxial 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.

Diagonal Tensicn
All specimens tested by CTL and cornell24-17) 1.4t 10ad

capacity by ylelding of reinforcement across a diagonal crack.
Figure 1 shows potential yleld planes a~r~se the specimens
tested by CTL. Using the free-body diagram shown in Fig. 2 the
following equilibrium equatione for ylelding of reirforcement

in the weaker of the horizontal or vertical directious are

derived.
A.ty = N + v-.x (1)
A E_ V'
o t s =B o _lll. (1a)
bt "y bt bt
Al

v - v-m p - A--‘- t - L

max bt ' bt'’ - A.

pfy - ﬂf. + Vn‘2 [2]

‘s
Yooo - pty(l . 'y) (2a)
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The design ~juatione for tangential shear in the current
ASME-ACI Codo"’ are based on equilibrium and are expressed
in a form similar to Bq. (1) with a strength reduction factor
of 0.9 for reinforcement yield astress. Figure 3 shows maximum
cbserved shear stress, Vaasx* for specimens tested by CTL and
Cornell, versus calculated effective diagonal tension strength.
The dashed line represents the simzple 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 fcr 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 lcading
system and should not be taken as indicative of the specimen
diagonal tensicn “trength.

Figure 4 indicates a summary of Japanese test :olultl.(z')
The diayonal line represents simple diagonal tension equilibrium.
As shown in thie figure, the equilibrium equation is confirzmed
by Japanese testing up to a shear stress level of approximately
20 té. Thae upper limit for she r stress is discussed under

Maximum 3trength in this report.
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1t is the recommendation of the Task Group on Shear that

the equilibrium equations similar to those currently in the

codo(’) continue to be used for design of tangeirtial shear

reinforcement with the following exception.

l.

The term \.'.° replaces the term Vc as discussed in the
gsection on Nomenclature in thie report. (Note: this
change is included in the Summer 1984 Addenda as
previously discussed)

The normal and shear forces resulting from earthquake
loading be combined with a Square Root of the Su. of
squares (SRSS) approach similar to that in the current

(29) This SRSS approsch is based on

code cade.
calculations for maximum combination of N and V that
can occur anywhere along the c'rcumference or the

containment as described in Appendix A of this report.

Required area of orthogonal (hoop and meridional)
reinforcement, with or witihout inclined reinforcement,
rrovided for combined membrane and tangential shear

strength shall be computed by:

h* [u’ N ‘ﬁz‘_]uz
Aeh * Mgy * 0.9 ¢t (3]
Y
Ny * ["2 . vzluz
Aem * Mgy ° 0.9 tY (4]

Any combination of orthogonal and inclined reinforce-
ment as required for s.rength according to Bq. [3) anrd
(4), a.ud as required to control shear deformations,

may be ueed. However, limits must be placed on maximum
s18e




shear s*renc’ . provided by the orthogonal reinforcement
V.o. and maximum total shear vu. 80 thet reinforce-
ment will yileld before crushing of the concrete in

compression can take place. These limits are discussed

under maximum gtrength in this report.

Concrete Contribution

Reinforced Concrete - Currently, there is no "concrete
contribution" allowed when designing tor 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

80
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 Fige. 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'ty(l-t./t ) (high levels of biaxial tension),

there is significant Zconctoto contribution,” Vc. However,

it is apparently reduced by reversing loads and by increasing
p'ty(l-t‘/ty) (decreasing biaxial tension). The apparent

loss of vc with decreasing blaxial tension is probably due to
the influence of boundary conditione and methods of loading rhe
test specimens. 28 blaxial tension is decreased, the diagonal

tension shear streng 'h increszes. Therefore, the level of

shear stresses cacried by the specimens increases. The



boundacry conditions and loading methods would have a larger
influence on measured s:rength at the higher levels of shear
gtress indicating an unrealistic loss of Vc' However, (0o stay
within the limits of experimental data, it is conservatively
recommended at this time that Vc «0 for load cases that
include membrane tension in reinforced concrete containmenis.

Prestressed Concrete In teinforced 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 Vc has tradi-
tionally been associated with the shear force causing diagonal
cracking, ‘the fact that a containment is precracked has always
been a reason for questioning the "concrete contribution" Vc
in reinforced concrete contairments. As stated above, although
there is some experimental evidence that a significant VC
existse., it is conservatively recommended that VC «0 for
reinforced concrete containment

A prestressed containment, however, should not crack
significantly during the structural integrity teet. The
structure will behave initially as uvacracked for further load.
Therefore, it ie reasonable to consider a “"concrete
contcribution® VC for prestressed containments.

(30)

Figure S demonstrates the difference in shear

gtrength between initially uncracked and initially cracked

. (31)
interface shear test specimens’ . An additioral strength

of approximately 250 psi or 4.0 /?; is observed in the uncracked
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specimens. However, as discussed in the introduction of this
report, interface shear test specimens model a relatively
artificial situation.

The wall panel specimens tested under combined biaxial and
shear stresses model the behavior more realistically. Of the
pane! tast programs cited in the Introduction, the initially
uncracked specimens tested at the University of To:onto(la)
are applicable to behavior of a prestressed containment.

Figure 6 shows the principal tensile stress at cracking,
tét' in the Toronto specimens. Except for two specimens, PV2
and PV24, all crasking stresses are close to or above the line
indicating 4 qu. specimen PV2 was precracked and specimen
PV24 had inadequately consclidated concrete. These test
results coniirm the diagonal cracking criteria in the ACI
Bullding Code‘®’.

The criteria for shear in prestressed concrete members
contained in Section 11.4.2.2 of the ACI Building Codo(S)
allows a principal tensile stress of 4 /?2 in the web of the
members. Therefore, it is recommended that initially a
principal tensile stress of tv/F; be carried by the concrete in
prestressed containments. This corresponds to following
"concrete contribution® derived from Mohr's Circle:

ft_ + f | R 4
V. « ¢/tipt/h .20, AR (%)
. . 'WiE (4 /@"7
Y ¢ c

where t. and th are poeitive for compression.
No additional reinforcement for shear reinforcement is required

if Vu is less than 0.8% Vc. The 0.85 factor is a strength reduc-

1%e



tion normally associated with shear. If the shear load Vu is
greater than 0,85 VC in Eq. [5) then the 2oncrete should be
considered cracked with no "concrete cont:zibution " The entire
shear should be resisted by reinforcement according to Equations

(3] and [(4)

Maximum Strength
For reinforced concrete containments with orthogonal steel
providing part of the shear strength, the current code(g)
limits shear strength vu. to 8 /?; bt for Factored Loads.
Limits on maximum shear strength are stated in building
codes °*?%) ¢or three reasons.
(a) Prevent a diagonal crushing failure ir the truss
mechanism of shear transfer.
Prevent a sliding shear failure (a local combined shear-
crushing failure alung a horizontal plane) in the shea:
friction mechanism of shear transfer.
Prevent large, unsightly shear cracks at the service

load level.

The ACI 318 Building Code'®’

. limits V_ to 8 /f bt, which

then limits V  to about 10 to 12¢/F; bt. These limits appear
tor crack control at sustained service load levels for non-
prestressed beame with Grade 60 tointorcolont(JJ). Since tan-
gential shear for sustained service loads is negligible, crack
control at service loads should not be a governing factor for
containments. Scrength and deformations at factored loads

should govern. In general, without longitudinal or transverse




steel ylelding, the diagonal compression strength or sliding

shear strength in reinforced containments should be significantly

higher than 8 /7; bt.

Por diagonal compression crushing, the CEB-FPIP Model Code' 2
allows Vu « 0.3 té bt for orthogonal steel arrangements and up
to Vu =« 0.45 té bt if diagonal shear reinforcement at 45° is
used.

k(j‘)

For sliding snear, Mattoc recommended a limit of

vu « 0.3 té bt based on monotonically loaded monolithic push-off
specimens and composite specimens with good bend between cast-
ings. This limit was reduced to Vu = 0,24 té bt for revereing
loads. Using large s~ale specimens similar to those tested by
Mattock, Aoyaqi(z;) derived a “"balanced" reinforcement ratlo
corresponding to a sliding shear strength limit of 0.27 té bt.

The Japanese had proposed a shear strength limit of 0.18 té bt(lg).

However, this limit is based on test results of specimens with
yielding horizontal reinforcement and significant shear distor-

(20)

tione occurring prior to a shear failure. A more recent

(28) is based on testing

proposed Japanese design criteria
of full cylindrical models varying up in size up to a 1/8 scale
nodol.(z”z"z7) These models exhibited maximum shear stress
ranging from 19.6 /TZ to 22 /?Z. Using a factor of safety of 1.5,
new maximum shear estrength limit of 13.2¢/?2 bt is recom“ended
by the Japanese, as shown in Fig. 4. For té = 4000 pei, this limit
is equal to 0.21 té bt.

Panel specimens tested in the experimental programs con-

(14,15) 1(1‘.17)

ducted by CTL and Cornel all lost load

-19-




capacity by ylelding of reinforcement across diagonal cracks.
Therefore, these data cannot be used to establish a limit on
maximum strength. However, specimene tested by Veschio and

Lolltno(l.)

contdined relatively high reinfurcement ratios.
Therefore, concrete crushing or sliding shear failures were the
observed failure moues in most of the specinens.

Results indicated that concrete shear strength decreases as
transverse and longitudinal tensile straine increased. With
both transverse and longitudinal strains at zero, shear strength
was 0.47 té bt. Howevar h both transverse and longitudinal
strain at 0.002, (typical yield strain for reinforcement) shear
strength was 0.30 té bt. The piesence of blaxial tension and
teversing shear load reduced shear strength to 0.25 té bt. With
4 strength reduction factor of 0.85 to account for uncertainty
normally associated with ohoaz(s’. shear strength would be
0.21 té 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 vu be limited tC 0.2 té bt when orthogonal
teinforcement is used to resist shear loads without inclined
reiuforcement present, i.e.

V.o < 0.2 té bt (6)

where V.o . Vu - 0.9 fy Ali

It should be noted that 0.2 té is nesr the maximum tangen-
tial shear stress that might ever oe expected in a containment.
However, it additional strength is needed, inclined reinforce-

ment can be used to increase the maximum shear strength.



When only orthogonal reinforcement {8 present, all the
diagonal compressive stresses of the truse mechanism of shear
transfer are resistod by concrete. Use of inclined reinforce-
ment provides steel to resist a significant portion of the
diagonal compression. When a symmetzical pattern of dliagonal
reinforcement is present, the strength of the inclined ctee: in
compression balances the strength of inclined steel in tension.

Because of this balance of strength, it might be arqgued 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 yleld of
reinforcement of 60,000 psi is approximately 0.002., This is a
very high compressive strain for conerete that is in tension in
the orthogonal direction.

In order to evaluate the relationship betweer maximum
concrete compressive strese and the amounts of orthogonal and
Alagonal reinforcement, a series «f analyses of membrane sle-
ments were carried out. These analyses were made to evaluate
parameters arfecting the maximum shear stress and compreseive
strags corresponding to full yield of reinforcement in the
#lement. The variables included orthogonal and inclined
teinforcement ratios, pp. Pp. and py, concrete strength, £, and
concrete strain at peak stress, €
Analyses were made vaing equations of equilibrium and com-

(3%)

patibility forzulated by Duchon. The eguations were modified

to account for ylelding of the orthogonal reinforcement. The

«21e



following nonlinear concrete stress-strain relationship based
2n panel tests at the University of To:onto(36) was used:
2
g € 3
L, » = |2-5.(-S5 (7)
4 8 o o

where B = 0.8 + 0.34 ‘I/‘o (8)

Equation 7 is a relationship for the effective strength of the
cencrete in diagonal compression, fa' as a function of the principal
tensile strain ¢y. Effective concrete strength fq. Of the
compression struts decreasas as the tensile strain in the rein-
forcement running perpendicular through the strut increases.
Solution was obtained using an iterative technique with an
elfective secant modulus for the concrete.

In the series of analyses, the orthogonal reinforcement was
varled to represent designe with V.° ranging from 0 to 0.2 té bt.
With Vgo = 0, the orthogonal reinforcement is designed to resist
only membrane forces from pressurization. With Vg, = 0.2 £, bt,
the orthogonal reinforcement wis designed to resist normal forces
from pressurization plus shear forces. V.° - 0.2 tébt cozresponds
to the recommended maximum allowable design shear discussed in
the preceding section for a cuntainment with only orthogonal
teintorcement

At a rarticular level of orthogonal reinforcement, the
aourt .f inclined reinforcement was increased in the analyses
until a ccncrete crusairg fa.lure was calculated to occur prior

to genecai yield of the reinforcement, i.e., o = td.
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Analyser were carried cut with two different peak concrete

0
g*iffnesa of the concrete and thereby affects the relative

strains, €, * 0.001% and €y ® 0.002. Varying ¢_ affects the

amounts »f stress carried by the concrete and steel in
compression.

Results of the analyses are shown in Figures 7 through 9.
F.1ute 7 shows the relationship between principal compressive
stress op and woximum shear for analyses made with €y * 0.0015.
% diagonal compression crushing was calculated to occur at
of/t, = 0.48. The maximum shear force at which crushing
occurred is dependent on the amount of orthogonal reinforcemant
aliocared to resist shear. Maximum shec: strength decreases as
v‘o increases.

Figure 8 presents data similar to Fig. 7 but with the prin-
cipal stress normalized by td. In these plots an/td = 1 repre-
sents a calculated diagonal cowpression crushing. The dashed
line in Fig. 8 represents a conservative design limit for the
soncrete compressive stresses. Il is drawn at cn/td « 0.72
which includee a strength reduction factor, @ = 0.85, normally
agsgociate! with shear, multiplied by another reduction of 0.85
to account for effects of load reversals.

Maximum shear strength as a function of V.o deternined
from the dashed line in Fig. 8 is shown by a daahed .ine in
Fig. 9 along with a similar line determined for atslyses with
€, ® 0.002. These dashed lines in Fig. 9 demonstr:te the
relationship between maximum sheatr strength ana concrete
stiffness. When inclined reinforcement is presant, maximum

strength decrasses 18 concre.e stiffrn:es increases.
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The solid liue in Fi-. 9 corresponde to “he followiny
tecommended design limit for shear with or without diagonal

teinforcement:

Vy € 0.4 5 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.o - 0.2 té bt, then
Vy, = 0.2 té 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.
It Voo = 0. then V, = V_, = 0.4 £ bt. 1In other words, a maxi-
mum shear corresponding to 0.4 té can be obtained if shear
forces are only carried by inclined reinforcement.

A coubtnatioq of orthogonal and inclined reinforcement can
be used to obtain intermediate strengths if Veo < 0.2 té bt. As
an example, say v.o = 0.1 té bt, Then Vu = 0.3 té bt with

v - 0-2 té bt-

si

DEFORMATION PROVISIONS

The strength provisions presented previously are intended
to insure against loss of shear load capacity. However, berause
of the importance of leak-tightness integrity of the liner and
interaction with attached equipment and piping, deformations
should also be considered in design.

Results of testing concrete specimens with plane shear

(1“0‘“'010‘1,022)

across a predefined crack, panel specimens



subjected to membrane shear, ‘14-18:21)

and full cylindrical
nodolc(za°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 K:aulnklo:.(ZS)
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 (consideratiors), Contain-
ment Design Apa'ysis Procedures of the ASME-ACI Codo.(’)

It is the opinien of the Task Group on Shear that the code
ghould not prescribe how shear distortions should be considered
other than to retain the current limit of 2 ty for maximum strain
in the reinforcement,

There are finite element methods available in current liter-
aruto(25'37’3"3’) for modeling cracked con.rete. Finite ele-
ment models have been used successfully to model deformation in
full cylindrical wmodels of contalnnonto(z"z“27"0).

Shear distortion is expected to reach the sum of the strains
in the meridional and hoop tointo:colont.(‘l) The shear dis-
tortion cac be limited approximately to the strain in the
inclined reinforcement by providing inclined reinforcement to
carry the entire tangential shear force, i.e., \I.° « 0. The
ghear strain can also be limited by providing an excess amount

of orthogonal reinforcement to carry tangential shear. Design

o3V




considerations using this approach are suggested by OOltOth(‘z)
based on observed shear deformations in panel tests. The criteria
for acceptable deformations should be established from requirements
of attached equipment and piping.

It should be noted that when a reducing shear stiffness model
under reversing load is considered in dynamic analyses, the
maximum shear stresses induced by seiemic 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 term v, in the design equation of the current

(9)

Code should be replaced by V.o.

2. For reinforced concrete containmente the “"concrete
contribution® Ve should be taken as zero.
Required area of orthogonal (hoop and meridional)

“

reinforcexent, with or without inclined reinforcement,
previded for combined membrane and tangential shear
strength shall be computed by:

3 211/2

N, +«+ [N + vV

Ren * Ay ° 0.3 1, (3]
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NOTATIONS

Area of bonded reinforcement in the hoop
direction (in?/ft)

Area of bonded reinforcement in the meridional
dirtection (in?/ft)

Area of bonded reinforcement in one diz,ction of
inclined bars at 45° to horizontal (in.“/ft along a
line perpendicular to the direction of the bars)

Membrane force in the hoop and meridional direction
respectively due to pressuce, prestress and dead
load. Np and Ny are positive when tension and nega-
tive when compressinn. The prestrese force shall be
the effective value.

Membrane force in the hoop and meridional direction
respectively from lateral load such as earthquake,
wind, or tornado .ocading. 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.

Tangential shear strength provided by concrete
tangential shear strength provided by reinforcement

Veo * Vsi
Tangential shear strength provided by orthogonal

(hoop and meridional) reinforcement

Tangential shear strength provided by inclined
reinforcement

The peak membrane tange.tial shear force resulting
from lateral load surh 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 horizonta) and
vertical earthquakes. The shear force shall be
considered as positive and the units are k/ft.

Unit length of section

Compressive strength of standard 6xl12-in. concrete
cylinders

Concrete membrane stress in the meridional direction
Concrete membrane stress in the hoop direction

Maximum orthogonal reinforcement tensile stress
from membrane forces Nh or Nn

3]«




Yield strength of reinforcement

Net wall thickness considering any reduction due to
tendon ducts

Maximum observed shear stress in test specimens

Vgo/bt = design shear stress for orthogonal
reinforcement

vu/bt = total design shear stress

Strain in concrete

Strain in concrete at peak stress

Yield strain of reinforcement

Principal tensile strain in the membrane element
Lesser of pp or pp

Effective reinforcement ratio for diagonal tension
equilibrium of test specimens

Horizontal reinforcement ratio A.n/bt

Vertical reinforcement ratio A../bt

Inclined or diagonal reinforcement ratio A.ilbt
Principal compressive stress in the concrete
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APPENDIX A
FORCE DISTRIBUTION

A concrete containment shell 18 generally a vertica) thin
walled cantilever structure with a circular cross section. Tan
gential shear forces are in tha plane of the containment shell
resulting from lateral loading such as wind or seismic loads.

Wind Load

The lateral wind load causeés an overall moment M and shear
V., borh of which are varying along the height of the containment
(Figure Al). The resulting stresses at an elevation of the
containment ace shown in Figure A2 corresponding to an uncracked
elastic condition. The maximum meridional force Nyy occurs
at the outermost fiber of the cross section while the maximum
tangential shear force Vyy occurs at the centerline of the
cross section. The maximum forces are given by:

N
vw

r = mean radius of the containment cross-gection
The forces at any locatiocn along the circuaference of the

containment are expressed as:

= N cosb
Vv

« V 8in®
uw

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

he maximum value of (Ng + Vg) occurs at 6, which can be

derived asn:




Earthquake Load

An earthquake has three orthogonal (two horizontal and one
vertical) componente which cause the fcllowing distributions of
stresses corresponding to an uncracked elastic cordition as

shown in Figure A3. The internal forces at a location defined

by angle O are expressed as:
e "t E cosd;  » e, 8in®; + E,

Vg = + T 8inB; 2 T cos®; 0

where
zh s ~53 « maximum mecridional force from a horizontal
ne component of the earthquake
E, - 5%? =« meridional force from the vertical component
T - ;¥— » maximum tangential shear from a horizontal
component
N = overall meridicnal force from the vustical component

M,V =« overall moment and shear from a horizontal component
It should be noted from Figure A3 thai at all locations
along the circumference, either the meridional force N’ or
the shear Ve from a horizental earthquake component hae an
opposite sign compared to those from tihe other horizontal com-
ponent,
The sum of meridional and shear forces 2t a location is

expressed as:
(Ne . Ve) - 4 (Bh cos® + T 8ind);

s (B, 8in® -T co3@); ’!v

A-2



Combining the responees from the three components by the

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

[!ﬁ (cosz 0 + ain‘ 0)

(Ne 9)

Tz (linz 0 + voﬂz 9) + Ei + ZlhT cos® siné

thT sin® cole)ljz

" TZ)l/Z

Thue, the total response (Ne . Ve) from the three
earthquake components are the same at all locations, i.e.,

independent of the angle 6.
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ACPENDIX B

b « 12 in.

t = 53.62%

V = 324 k/ft

(BEq.

3

- 15.0 in.%/¢¢

EXAMPLE CALCULATIONS FOR
DESIGN FOR TANGENTIAL SHEAR - MEMBRANE REGION
Design Parameters : 0.6g SSE, Pa = 52 psig
té = 1 ksi !y « 60 ksi
!c = 3150 ksl !. « 29,000 ksi
Load Combination : D + P. + 511
N. = 116 k/ft Nh = 480 k/ft
N.1 = 504 k/ft "hl « 17 k/ft
172
N, o+ (N2 4 v 2
WE PR .. u
sh sl 0.9 ¢
Y
: 2 1/2
L 480 + (A7° & 324°)
0.9 x 60
1/2
2 2
o N v
A oo Bt i SN
8m i 0.9 £
Y
2 1/2
s+ 3247)

0.9 x €0

0.2 té bt =« 0.2 x 3 x 12 x 53.623

VIO

« (V, = 0.9 A_) 0.2 2 bt

Yy

- 13.25 in.%/¢¢

= 386 k/ft

= Tangential shear provided by orthogonal rebars

(Eq. 6)

= 324 k/ft < 0.2 !é bt = 386 k/ft

No inclined shear rebar is required



Load Combination : D + 1.2% P‘fo 1.2% tg

N « 179 k/ft

m
Nll « 400 k/ft
Rem * A °

Considering both
follows'

A

A

sh

Ny = 598 k/ft
"hl - 13 k/ft
N N2y ? s
ot Tt Ty ) (Eq. 3)
0.9 ¢ .
y
: g M2
598 + (13 « 2557 ) . 2
0.9 x 60 15.8 in."/ft
1/2
2 2
N o+ (N2 . v ?
Wi o!% i (Eq. 4)
y
1/2

179 + (400 255°) 2
NEE R e 12.0 in.%/8t

load combinations, rebare required are as

2
+ A.l - 15.. 10. /tt

2
+ R.‘ = 13.25 in."/tt

Provide the following rebars:

Evample a)

Ren

Example a)

“lh « 16.25-3.2

Aen

A - I., - A

sl i

< 16.25 in. %/t A

. 13.08 in.%/¢¢ A

Without Inclined Seismic Rebars:

= 13.50 tn? /tt

s Rgg *= 0

Without Inclined Seismic Rebars:

A.- e 13.5-3.2

2
on °* 10.) in."/ft

. 3.2 in. %/t



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
calculavions for strain compatibility to check maximum rein-

forcemen. strain, make the following adjustments to the forces:

a. Load Combination : D « ’l,‘ !11

2 2 1/2
Np' @ Np ¢ (Npy" + V) -V,
: 2 1/2
480 + (177 + 3247) - 324 = 48] k/ft
2 2 1/2
N. - N. + (N.1 + Vu ) - Vu -
2 2 1/2
116 +« (5047 «+ 23247) - 324 = 391 k/ft

Vu = 324 Kk/ft

b. Load Combination : D « 1.254!1 + 1.25:!£

2 2 172
Ny' = 598 + (137 + 25%7) - 255 « 598 k/ft

1/2

Ng' = 179 (400% + 288%) - 255 = 398 K/ft

Vu - 255 k/ft
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Infitial results indicate incline tension reinforcement
will yleld. Therefore, the calculations must d>e repeated with
adjustments for effects of yielding of inclined seismic rein-

forcement :

Stresses in tensile dlagonal rebars are as follows:

t.3 (D + P. + !..) ™

87.49 kel » 0.9 ty (54 kei), ‘Il > ¢t

84.95 ksl > 0.9 fy (54 k8i), ‘Il > ¢

Restrict 1.3 to "4 kel and neglevt it for any further
load-carcying purpose. Readjust membrane axial forces and
tangential shear neglecting tensile inclined rebar (A.,) and

forces assoclated with it.

Adjusted forces:

a. Load Combination : D

-

Pa + Egg
N." s 391 - 54 x 3.2 x 0.5 =« 304.6 k/ft

Nh“ « 481 - 54 x 3.2 x 0.5% = 394.6 K/ft

V“' = 324 - 54 x 3.2 x 0.5% « 237.6 Kk/f0\

b. Load Combination : D + 1.25% 'n_f 1.2% !2

N_" « 398 - 54 x 3.2 x 0.5% « 311.6 k/ft

Y
Nn' « 598 - 54 ¥ 3.2 x 0.5% =« 511.6 k/ft
Vu' « 255 - 54 x 3.2 x 0.5" =« 168.6 k/ft

*$in4s « 0.8

R




Final straips in tensile diagonal rebars:

a. Load Combination : D «+ P. + !ll

!. + !n Y 54.12 + 48.9%9 00394
. ¢ 3

‘g3 T E, 2" 72 x 29,000 * 2 * 0.0037%
. 108.68 <2 ¢, 120
ll 'l

b. Load Combination : D + 1.25% P. + 1.25% !Q

fy + ¢ Y 47.34 + 51.70  .00373
PP | WAL W S T2 30000 ¢ —3— * 0.0038?

H - 2 - z
Equilibriva Checks: Ag 643.5 in.%/ft, A . = 10.3 in.“/f¢,

A n® 13.05 in. /ft, A

2
™ 1 - ‘.i e 3.8 1!. g4

a. Load Combination : D «+ ’l;‘ !ll(' - 44.21°, f::}- 0.707 ksi)

N_' = 10.3 x 52.12 + 2% (54.6.55) - 643.5 x

a 2

707 x $in’s « 391.% (391 k/ft)
"h‘ - 13-0‘ x ‘.0” + 1.3d (s“"ass) - “’-s X

707 x Cos’B = 481.5 (481 k/tt)

V' . 1;1 X (5446.55) + 643.5 x

.707 x 8in A Cos B = 324 (324 k/Lt)



Load Combination : D + 1.25 Py + 1.25 Eg
(B » 46.15°, £, «- 0,503 ksl)

l.' «= 10.3 x 47.34 151 (54-4.63) - 643.5 x

503 x Sin°A « 398.)

Ny' o+ 13,08 x 51.7 + 1;1 (54-4.63) - 643.5 x

(398 Kk/fL)

.503 x Cos’R « $98.3 (598 K/ft)

V' . 1;1 X (54+4.63) + 663.5 x

503 x Sin B Cos B « 255.6 (258 k/ft)

B-7
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(T SR AMAN AR NOTRE
Prepared in cooperation with the ASME/ACI Joint Committee on Concrete Pressure

- The purpose of the work accomplished in preparing this report was to
syn.hesize results of available research concerning the capacity of cracked reinforced
containment walls to transfer tangential shear stresses wiile in a state of biexial
tension from internal pressurization. A review of experimental work 1s presented.
Results of experimental work indicate thet the current ASME-AC! Code Provisions for
Tangential Shear Stresses are very conservative,

Recommendations for redefinition and revised use of the terms V. “concrete contribut:on#
and V¢ “steel contribution” are provided. Results of testing programs are used to
formulate revised design provisions for diagonal tensile strength, Sizn1f1cant1y
higher shear stresses can be allowed without inclined reinforcement. Also, an
analytical study based on recent testing p?o?rlnt is used to define a conservative
maximum 1imit for tangential shear stress, The maximum limit is dependent on the
relative amounts of orthogonal reinforcement and inclined reinforcement used to
provide the tangential shear strength in the cuntainment 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. Recommendations for revised design provisions a * summarized and design
examples are provided,
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