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Before the Atomic Safety and Licensing xgpgal Board

In the Matter of )
)

LOUISIANA POWER & LIGHT COMPANY ) Docket No. 50-382 OL
)
)

(Waterford Steam Electric Station,
Unit 3)

AFFIDAVIT OF JOSEPH L. EHASZ

Ql. Please state your name, address, and occupation.

Al. My name is Joseph L. Ehasz. I am employed by Ebasco
Services Incorporated (ESI), Two World Trade Center, New York,
New York 10048, as Chief Civil Engineer. A statement of my

educational and professional qualifications is attached.

Q2. What has been your involvement in the Waterford 3
project?

A2. ESI, as Louisiana Power & Light Company's (LP&L)
architect-engineer for the Waterford 3 project, has designed
the plant structural system and has general management respon-

sibility for construction, including the placement of all
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safety~-related concrete. [ have been involved in the Waterford

3 project since the inception of the design of the plant.

Q3. Has ESI analyzed the effects of the cracking in the
Waterford 3 on the structural integrity of the basemat?

A3. Yes. Ebasco has studied closely and evaluated the
results of the surface mapping and non-destructive testing
(NDT) of the cracks. Ebasco has carefully studied the physical
evidence of the cracks and evaluated this in light of the
knowledge of soil properties and construction sequence to
develop an understanding of the causes -¢ :cracking.

Ebasco has developed, from the NDT, a theoretical model of
the cracks which was used in evaluating the effect of the
cracks on the structural integrity of the basemat. Using this
model and mathematical analyses, ESI evaluated the effects of
‘he cracks on the flexural and shear transfer capabilities of
the basemat and the effects of the cracks on the dynamic re-
sponse of the structure.

The results of Ebasco's studies and analyses are described
in the attached "Summary Evaluation - Structural Significance
of Basemat Nondestructive Testing Results," Revision 2,

November 27, 1984 (Attachment 1).



Q4. Has ESI come to a conclusion regarding the adequacy
of the Waterford basemat?

A4. Yes. The Waterford 3 basemat cracks have been inten-
sively studied for the past year and a half. Ebasco, as well
as several consultants, have studied the physical location and
geometry of the cracks and any ramifications on the structural
integrity of the base mat which they could have. All have
found them to be of no significance to the structural integrity
of the basemat. The cracks have been mapped, measured and
identified at depth by nondestructive testing means, the proba-
ble mechanism of their generation has been identified, and cal-
culations have been made to predict their effect on the perfor-
mance of the mat. All of these studies and investigations have
led to the same conclusion that the cracks are of no signifi-
cance to the structural integrity of the basemat and hence none
to the safety of the plant under any of the postulated loading
conditions.

As stated at page 23 of Attachment 1:

[We] conclude that the cracks in the
Waterford 3 basemat, as defined by the
nondestructive testing, have no adverse in-
fluence on the structural integrity of the
basemat. It is fully capable of func-

tioning as required by the design in accor-
dance with the pertinent codes.

Q5. Have you reviewed the affidavits submitted by the NRC
Staff and Brookhaven National Laboratory to the Appeal Board on
December 17, 1984, including the affidavit of John S. Ma and
the views of John T. Chea as presented in Attachment 1 to the
affidavit of James P. Knight?



AS5. Yes, I have.

Q6. Are you in agreement with the conclusions of the NRC
Staff and those of BNL?

A6. Yes, I agree with the conclusions of basemat adequacy
presented by the Staff and the Brookhaven National Laboratory
(BNL). In so doing, I concur with both the Staff and BNL in
their disagreements with some of the views of Dr. Ma and Dr.

Chen.

Q7. To what extent do you disagree with the views of
Dr. Ma?

A7. Dr. Ma makes a number of statements which are incon-
sistent with the literature and the conventional body of engi=-
neering knowledge, including papers he himself has cited. How-
ever, my principal disagreement is with what appears to be his
primary concern, that the cracks may significantly impair the
capability for shear transier of forces and the dynamic re-
sponse of the basemat might be significantly changed.

With respect to shear transfer, Dr. Ma does not quantify
the extent to which he believes that shear transfer will be im-
paired by the cracks, or even state positively that it will be
a problem. Rather, he asserts, in general, with no attempt to
relate his concern specifically to the characteristics of the
basemat, that a crack will reduce the ultimate shear transfer
strength and increase the slip due to load (Ma affidavit,

page 26), and that "there has not been enough evidence to



conclude that the existing cracks can be safely ignored" (Ma

affidavit, page 31). The specific design aspects of the
basemat, however, preclude such effects, a conclusion which is
reflected in the expert views of the NRC Staff, BNL, and Pro-
fessor Myle J. Holley, Jr.

The basis of Dr. Ma's concern appears to be a mis-
reading of a paper which he cites by A. H. Mattock, et al.,

published in the PCI Journal, March-April 1972 (Ma affidavit,

page 26). The paper is attached hereto as Attachment 2.1/ The
basis cited by Dr. Ma is a quote from that paper that "'[a]
pre-existing crack along the shear plane will both reduce the
ultimate shear transfer strength and increase the slip at all
levels of load.'" (Attachment 2, page 74.) That quotation,
however, applies "¢ a case where there is no compressive force
on the crack, which is definitely not the situation for the
Waterford 3 basemat.

Dr. Ma stopped short of noting that the Mattock paper
also reports on results of testing for shear transfer across a
crack when there is compressive force on the crack, such as ex-
ists at Waterford 3. The Mattock paper states:

In a heavily reinforced shear plane, or one

subject to a substantial externally applied

normal compressive stress, it is possible

for the theoretical shear resistance due to
friction and dowel effects to become

& Dr. Ma has cited the wrong title of the paper. The title
cited is a paper by Mattock, et al., which appeared in the
July-August 1975 issue of PCI Journal, and which is not
germane to this situation. Dr. Ma is clearly referring to
the 1972 paper (Attachment 2).
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greater than the shear which would cause

failure in an initially uncracked specimen

having the same physical characteristics.

In such a case, the crack in the shear

plane "locks up" and the behavior and ulti-

mate strength then become the same as for

an initially uncracked specimen.

(Attachment 2, page 70; see also page 75.)

The key element here is that the behavior in an ini-
tialily cracked section can be the same as in an uncracked sec-
tion if there is sufficient compressive force across the crack.
The behavior referred to in the conclusion quoted by Dr. Ma is
valid only in a section in which there is little or no com=-
pressive force across the crack. Then there must be initial
slip to engage the reinforcing steel and develop tension in it,

which is the very basis of shear-friction action. As noted at

page 22 of Attachment 1 and at pages 21-22 of the July 18, 1984

BNL Report, the Waterford basemat has substantial compressive

force across the cracks due to the externally applied soil and

water pressures. Calculations were performed which showed that

the maximum postulated shear was easily transmitted across the
cracks utilizing the friction resulting only from the com-
pressive force present on the crack faces. No utilization of
extra compressive force brought by the reinforcing steel being
engaged due to slight slipping of the crack faces is required.
Thus, little or no slip will occur on the cracks due to trans-
fer of shear under any of the design factored load conditions.
Dr. Ma's stated concerns with the lessons learned in

the 1971 San Fernando earthquake regarding effect on bridges



(Ma affidavit, pages 17-18) has no bearing on the case at hand.

The problem with the bridges had to do with expansion joints
which were unreinforced and which were responding to large rel-
ative displacements high on a structure. The Waterford 3
basemat in no way resembles this situation, as it is an inte-
grated reinforced concrete structure which is structurally con-
tinuous, with no expansion joints, and is supported on soil.

Similarly, Dr. Ma also provides a misleadingly par-
tial quotation from a paper by Price to indicate that the
basemat should be free of cracks:

"[T]he primary requirement involved in mass

concrete construction is that the completed

structure is a monolithic mass that is free

from cracks . . ." (Ma affidavit, page 30).
However, the complete quotation, and indeed, the article
itself, clearly indicates that the statement applies to dams
(which are not reinforced concrete structures), where freedom
from cracks is important. The statement has no applicability

to reinforced concrete structures, such as the basemat, where

cracking is anticipated.

Q8. How do you disagree with Dr. Ma's concerns expressed
at pages 16-18 and 31 that the cracks will cause deviations
from the predicted seismic response of the basemat?

A8. Dr. Ma's concern that the seismic response will devi-
ate because of the cracks, and that the significance of such

deviation is not known (Ma affidavit, page 18), appears to

arise from his asking us to assume "that the crack is wide and




there is no contact between concrete surfaces across a crack.”

(Ma affidavit, page 17). Such an assumption is clearly errone-

ous, as discussed above, because of the substantial compressive
force across the cracks in the Waterford 3 basemat. Moreover,
Dr. Ma does not identify the forces which would separate the
faces of the crack to eliminate contact. In fact, there are no
such forces. Further, actual measurements of cracks at surface
and at depth show them to be of modest width.

Since it has been demonstrated that the shear behav-
ior of the mat will not be significantly affected by the

cracks, and since no significant increase in the flexure of the

basemat will be caused by the cracks (Attachment 1,

pages 15-16), it follows that the dynamic response of the mat
will not be significantly affected by the presence of the
cracks.

Dr. Ma has noted that the dynamic response of the
basemat was determined using a model which assumed that the mat
behaved as a single monolithic structure. (Ma affidavit,
page 16.) He noted that the model was valid with shallow
cracks present, but questioned the validity of the model if the
deeper cracks in the basemat are present. In fact, the basemat
cracks do not invalidate the model. As discussed above, the
cracks do not affect the shear and flexural behavior of the
mat. The cracked mat therefore can be correctly assumed to act
monolithically. Hence, the cracks have no significant effect
on dynamic response of the basemat. See Attachment 1,

pages 16, 22-23.



A dynamic analvsis performed by BNL is a demonstration of
the small effect that total elimination of the shear transfer
capability in one element of the basemat could have. (Affida-
vit of Reich, et al., Attachment 1, Appendix D.) The analysis
shows that the response of the structures above the mat is vir-
tually unaffected, even by the assumption of such a fictitious

loss of mat rigidity.

Q9. Do you share Dr. Ma's concerns expressed at page 28
of his affidavit about steel corrosion and durability?

A9. It is not clear to me that Dr. Ma has actually ex-
pressed such a concern about the Waterford 3 mat specifically.
He discusses the general concepts of rebar corrosion and con-
crete durability, but does not define any specific concerns ap-
plicable to the basemat. In any event, the record is clear
that we have no problems with corrosion and durability in the
Waterford 3 basemat.

The cracks as they exist at present are not leaking
any appreciable amount of water. At some spots, a dampness
marks the location of the crack, but otherwise the cracks are
dry at the surface. This indicates that there has been a
healing or filling of the crack sufficient to prevent about a
50-foot head of water from forcing water through them. Any
water in the cracks has become stagnant and alkaline in nature,
which makes it noncorrosive. Nevertheless, extensive studies

were performed to identify the corrosion hazard to the




reinforcing steel in the mat and to ascertain if there would be
any hazard to it during the life of the plant.

In his affidavit of September 27, 1983, submitted in
support of LP&L's answer to the earlier motion to reopen on the
basis of basemat cracks, William Gundaker, ESI Director of Cor=-
rosion Engineering, reviewed and summarized these studies and
the results and conclusions. He stated at page 6 of his affi-
davit that ". . . I can state that there is no reason for me to
believe that corrosion of the reinforcing steel in the concrete
mat at Waterford 3 Nuclear Plant would occur to a degree that
would have any significance." This statement was made after a
series of chemical tests on the water which was extracted from
a crack and from water which was extracted from the ground ad-
jacent to the mat, and an examination of the results of these
tests in light of a clear understanding of the potential causes
of corrosion in reinforcing steel embedded in coacrete.

We have also looked at the experience with concrete struc-
tures in the vicinity of the plant. Ebasco has put in place
many concrete structures and foundations in the general area of
the Waterford Plant in the last 50 years with no reported fail-
ures due to corrosion of reinforcing steel. In all of these
structures the general design and stress levels are about the

same as those at Waterford.

Q10. Do you find any significant disagreement among the
various views presented, including those of Dr. Ma and Dr.
Chen, on the cause of the basemat cracks?
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AlO0. No, I do not see any significant disagreement among

the current views put forth as to the cause of the cracks. All
who have expressed their views appear to agree that the primary
cause was differential settlement of the basemat during con-
structicn, as well as the normally expected thermal shrinkage.

The causes for the cracking in the Waterford basemat
have been determined to be from two interrelated reasons -- the
highly compressible nature of the soil beneath the plant and
the segquence of construction of the basemat.

The soil beneath Waterford is a normally consolidated
clay, silt and sand mixture which was laid down by water in the
Pleistocene Age. It is horizontally bedded and generally quite
compressible when loads in excess of those which it has experi-
enced in the past are impressed upon it. The Waterford mat,
during the early comnstruction phases, imposed such loads upon
it and hence consolidation was :ipected and was experienced.
The method of impressing this load was controlled under engi=-
neering direction by strict control of the construction
scquencing of the mat and superstructure.

The basemat, which is 267 feet by 380 feet, was nec-
essarily constructed by the zequential placement of 60-foot by
70-foot blocks. The blocks are structurally continusus. The
construction sequence resulted in a staged consolidation of the
Pleistocene soils such that the north and south ends of the mat
have settled more thar the center where the construction

started. Much of the settlement of each block occurred soon
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after concrete placement, with the rate of settlement tapering

off with time. Thus, the first block of the basemat placed had
experienced an initial settlement by the time an adjacent block
was placed. The adjacent block was placed level with the pre-
viously placed block, and then underwent settlement starting at
the level of the already partially settled first block. Thus,
the second block had to undergo all of its settlement while the
first block only had a percentage left to go. While the total
settlement for each block was about equal, because placement of
the basemat was done from the center outward to the north and
south ends, the result was a mat which was finally convex up
with the highest portion being at the center of the reactor
building. Figure 2 of Attachment 1 illustrates this shape of
the basemat.

The convexity of the basemat resulted in tensile
for-es due to flexure at the top of the basemat in the middle
section early in the life of the mat. This resulted in the
cracking. As illustrated in Figure 2 of Attachment 1, the
flexure was greatest around the reactor building centerline and
was quite symmetric to the north and south. The cracking is
predominantly in an east-west orientation and concentrated
around the east-west reactor building centerline.

With the add‘ “ion of superstructure loads, the
flexure of the mat was reduced as it was stressed more in
accordance with the final loading conditions. This put the top

of the mat in compression and closed up the cracks.
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Both Dr. Ma (Ma affidavit, page 1) and Dr. Chen have
expressed disagreement with BNL on the cause of the cracking.
This is apparently because each of them has referred to an
early conclusion of BNL (July 18, 1984, BNL Report, page 26)
that the cracking was largely due to the placement of loads on
the constructed basemat by construction of the plant super-
structures prior to the placement of backfill. However, from
discussions with BNL, it became apparent that BNL was initially
under a mistaken impression about the sequence of construction.
After learning that the soil backfill was not placed after con-
struction of the superstructures, BNL modified its conclusion
and now agrees that the cause of the cracking was primarily due
to differential settlement during placement of the basemat (Af-
fidavit of Reich, et al., Attachment 1, page 3).

With all parties agreeing fundamentally on the cause
of the cracking, the only remaining difference of opinion seems
to be related to the precise soil mechansim which caused the

differential settlement to occur.

Qll. What is the difference of opinion regarding the soil
mechanism leading to the differential settlement?

All. Contrary to the positions of Ebasco, the NRC Staff,
and BNL, Dr. Ma and Dr. Chen suggest that the differential set-
tlement may have been due to non-uniformity of the soil beneath
the basemat. Soil non-uniformity, however, is not necessary

for differential settlement of the mat to have occurred. In



fact, as I discussed in my answer to Question 10 above, even
though the soil was relatively uniform, differential settlement
was anticipated, and the construction sequences was planned to
minimize and maintain symmetry of the differential settlement.

The postulation of non-uniform soil is contrary to
the objective evidence. First, extensive preconstruction soil
tests showed the soil beneath the basemat to be uniform. At
the Waterford site, 74 soil borings were drilled. Of these, 22
were in the area of the basemat. Numerous soil tests were per-
formed on the Pleistocene clays, giving results that show simi-
larity in grain size distribution and relative uniformity in
strength, permeability, and compressibility. Following excava-
tion, which exposed the upper several feet of the Pleistocene
formation, the soil was mapped in detail. The formation at
foundation level consists of horizontally bedded layers of
silts and clays. The conditions eincountered compare very
favorably with the data taken from the site borings. Mapping
of the excavation disclosed no abnormalities or discontinuities
in the foundation materials.

Second, the relatively symmetric differential settle-
ment experienced by the basemat is indicative of relatively
uniform soils. Non-uniform soils would not lead to the
symmetric settlement pattern exhibited by the basemat with its
carefully sequenced construction. It is not conceivable that
such symmetric settlement would have occurred with non-uniform

soils.



Finally, the cracking pattern itself was consistent %
with the symmetric settlement which could not have occurred
over non-uniform soils. The pattern of cracking in plan is not

a random one, but rather a pronounced east west alignment

reactor building and somewhat symmetric with the centerline.
The cracks are predominantly near or emanating from the top
surface of the mat and are all vertical as defined by non-

strongly concentrated around the east west centerline of the
destructive testing (NDT) methods.

Ql12. Does it really matter whether the differential set-
tlement occurred over uniform or non-uniform soils?

Al2. No, I do not believe so, because the differential
settlement has essentially stopped. Dr. Ma agpears to agree:

the possible major contributing fac-
tors to the cause of the cracks would have
vanished and would not appear again. Ther-
mal stress due to the cement hydration pro-
cess, which might have produced the cracks,
would not appear again. Stress resulting
from concrete block construction sequences
has leveled off. Stress associated with
differential settlements decreases as the
settlements of soils became stabilized
through soil consolidation process. The
significant groundwater level changes dur-
ing construction would not reappear. (Ma
affidavit, page 31).

While Dr. Ma prefaced these observations with a recommendation
that the cracks be repaired, his stated reasons for believing
that the causes of the cracks had vanished are unrelated to

whether or not the existing cracks are repaired.
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Similarly, Dr. Chen at page 9 concluded that
The plant foundation design, the "compen-
sated" foundation concept, is sound and
acceptable. The soil bearing capacity is
adequate and the future settle.ent should
be negligible.

Our analyses, as confirmed by our monitoring of basemat
settlement, show that future settlement of the basemat, if any,
will be insignificant, irrespective of the uniformity or
non-uniformity of the underlying soils. The existing cracks,
caused primarily by the differential settlement which resulted
in a convexity at the top of the basemat with commensurate ten-
sile stresses over the top surface, have been closed by the
placement of the plant superstructure deadload on the basemat.
The significance of these cracks on the structural adequacy of
the basemat has been determined, and it is no longer of signif-

icance what the exact causes of the cracks were, other than to

determine that the causes are no longer active.

Ez / Jt’ff‘a
OSEPH L. EHASZ

lh
Subscribed and sworn to before me this 2 ~ day of

January, 1985.

NOTARY P

Josephine R. Bambara
Notary Pubiic, State of New York

" No. 525166015

My Commission Expires: Qualidied m Sutfolk County
Ceortiticate tieg n Naw York Countv
Commistion Exgires March 30, .Qﬂ.




JOSEPH L. EHASZ
Chief Consulting Civil Engineer
EXPERIENCE SUMMARY

Registered Professional Engineer in sixteen states with seventeen years of
experience in civil engineering, design ano construction aspects of major
hydroelectric, fossil-fueled and nuclear generating stations. Major field of
interest is in civil and geotechnical related aspects of power plant
structures; in particular the soil and rock mechanics design, analysis and
construction of earthworks and foundations for dams, embankments, and major
plant facilities.

Responsible to the Vice-President of Consulting Engineering for all technical,
administrative and personnel aspects of the Consulting Civil Engineering and
Earth Sciences Oepartments. Responsibilities have included direction of civil
engineers as well as the soils engineering grow working on foundation
engineering and design features of hydroelectric and steam power stations;
swervision of engineers working on all civil aspects of power stations as
well as directing engineers with respect to soils and field recomnaissance
investigations, establishing foundation design criteria, establishing
earthquake design criteria, engineering on design drawings and construction
specifications.

Office assignments have included lead civil engineer on various hydroelectric
and steam electric power stations. Geotechnical experience includes design
and analysis of difficult foundations, detailed stability and sectlement
analyses for unusual subsurface conditions designing and analyzing large earth
and rockfill dams and developing observation systems for earth and rockfill
dams. Work includes sstablishing foundatio) design criteria for nuclear power
plents, entailing both static and dynamic factors and considerations; the
analysis of the various foundation types and the effects on the dynamic
considerations of the building components. Job engineering includes civil
engineering features such as channels, dikes, general fuundation layout of
steam electric stations, transmission lines and river crossings. Responsible
for the engineering of a 15-mile makew pipeline and associated reservoir and
river pumping facilities, including site {investigation and reservoir
embankment and spillway design. Responsibilities also included engineering on
fore.gn hydroelectric projects involving detailed geotechnical studies, dam
foundation evaluation and associated foundation treatments for a 500-foot arch
dam and a 580-foot high rockfill and concrete gravity dam complex.

Fleld assigwents have included supervision on fleld investigation, borings
and test pits for hydroelectric nuclear and steam electric plant sites;
inspection of construction associated with waterfront docking facilities;
swervision and inspection on caisson construction, pile driving and pile load
testing on various plant sites. Fleld swervision to establish criteria for
controlled compacted backfill for soil bearing foundations and responsible
charge of detailed seepage studies for punped storage projects, including
field assignments during initial filling of upper and lower reservoirs.
Responsible for site evaluation and grouting programs developed for varied
embanikment dams as well as concrete dams.



Client

Arizona Public Service
Company

Dallas Power & Light
Company

Houston Wignting &
Power Company

Pennsylvania Power &
Light Company

Portland General
Electric Company

United Illuminating
Company

Carolina Power & Light
Company

Florida Power & Light
Company

Houston Lighting &
Power Company

Lowdisiana Power &
Light Company

washington Public Power
Swpply System
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JOSEPH L. EHASZ
REPRESENTATIVE EXPERIENCE

Project

Cholla Unit Nos.
1, 2, 3&4

Lake Hubbard Unit
No. 1

Cedar Bayou Unit
Nos. 1 & 2

Brunner Island Unit
No. 3

Montour Unit

Nos. 1 & 2

Sethel Unit No. 1
Harborton

Beaver

Bridgeport Harbor
Unit No. 3

Shearon Harris Unit
Nos. 1, 2, 2 & 4

St. Lucie Unit
Nos. 1 & 2

Allens Creek
Unit No. 1

waterford Unit No. 3

WPPSS Unit Nos. 3 & 5

100 Mw
200 Mw
450 Mw

400 MW

960 MW ea.

890 MW ea.

1200 Mw

1165 MW

1300 MW ea.

Fuel

Gas

0i1/Gas

Nuclear

Nuclear

Nuclear

Nuclear
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JSEPH L. EHASZ
EMPLOYMENT HISTORY

Ebasco Services Incorporated, New York, N.Y.; 1965 - Present

Chief Consulting Civil Engineer, 1980 - Present
Corporate Chief Civil Engineer, 1979-1980
Assistant Chief Civil Engineer, 1977-1979
Swervising Engineer, 1971-1977

Engineer, 1965-1971

Rutgers University, Cecllege of Engineering, Graduate School, New Jersey;
1964~1965

o Graduate Student and Teaching Assistant;

0O0oo0O0O0O

Burns & Roe, Inc., Engineers and Constructors, New York, N.Y.; 1963-1964
(¢} Engineer

EDUCATION '

Rutyers University, New Jersey - BSCE - 1963
Rutgers University, New Jersey - MSCE - 1965

REGISTRATIONS

Professional Engineer - New Jersey, Alaska, Arizona, California, Florida,
Georgia, Louisiana, Michigan, Minnesota, New York, North Carolina, Pennsylvania,
Texas, Washington and west virginia.

PROFESSIONAL AFFILIATIONS

American Society of Civil Engineers

American Concrete Institute

International Society of Soils & Foundation Engineers
International Commission on Large Dams

Committee on Earthquakes

New Jersey Society of Professional Engineers

Rutgers Engineering Society

Who's Who In Engineering (1582)
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TECHNICAL PAPERS

*Static and Dynamic Properties of Alluvial Soils in the Western Coastal Plain
of Taiwan®; co-suthored with K.Y.C. Chung; 7th Southeast Asian Geotechnical
Conferernce; Hong Kong, November 1982

"txperierce with Upstream Impermeable Membranes"™ l4th ICOLD Congress, Rio de
Jareiro, May 1982

"Ash Pond Construction to Meet Performance Requirements"; co-authored with M
Temchin, ASCE Convention & Exposition, New York, NY, May 1981

"Foundation Movements - Prediction and Performance®™; co-authored with M
Pavone; 10th International Conference on Soil Mechanics and Foundation
Engineering; Stockholm, Sweden, 1981

"Oynamic Properties of Weathered Rock"; co-authored with I H Wong & K H Liu,
7th World Conference on Earthquake Engineering; Istanbul, Turkey; Sept 1980

"Probability of Liguefaction due to Earthquakes”, co-authored with I H Chou,
7th World Conference on Earthquake Engineering; Istanbul, Turkey; Sept 1980 -

" iquefaction Considerations in Nuclear Power Plant Design" ASCE Specialty
CorfmrcI, _g\ Structural Design of Nuclear Power Foundations, New Orleans,

"Experience on Dams with Upstream Impermeable Membranes”, Conference on Recent
Developments in Design, Construction and Perfommance. of Embaniment Oams,
University of California at Berkeley, June 1975.

"Compatibility of large Mat Design to Foundation Conditions," ASCE National
Structural Engineering Convention, New Orleans, April 1975.

"The Effects of Foundation Conditions on Plant Design,” Atomic Industrial
Forum, San Diego, December 197a.

"Implementation of Foundation Design Criteria™, ASCE Specialty Conference on
Structural Design of Nuclear Plant Facilities, Chicago, Oecembe: 1973.

*Foundation Design of the Waterford Nuclear Plant", ASCE Specialty Conference
on Structural Design of Nuclear Power Facilities, December 1973.

"Civil Engineering Aspects of the Montour Steam Electric Station",
Pennsylvania Electric Association, October 1970.

"Civil Engineering Aspects of Brumner Island Unit No. 3, Foundation and
Circulating water System”, Pennsylvania Electric Association, May 1967.
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November 28, 1984

Urees

WiP84-3319
3-Al.16.07
A0S
Director of Nuclear Reactor Regulation
ATIN: Mr. Dennis M. Crutchfield, Asst. Director Sotentlil
for Safety Assessment NUCLLAR AoLuaDs
Division of Licensing )
U.S. Nuclear Regulatory Commission 6 Y
Washingtom, D. C. 20555 OFC & b 7/
SUBJECT: WATERFORD 3 SES ILN:
ADDITIONAL INFORMATION ON BASEMAT
HAIRLINE CRACKS

Refearences: Latter W3P84~3142, K. W. Coock to D. M. Crutchfield, dated
November 7, 1984,

Dear Mr. Crutchfield:

The purpose of this letter is ro supplement the additiomal informationm provided
in the referenced letter. This information was requested by the NRC and Brookhaven
National Laboratory persomnel at a ®esting in Bethesda, Maryland on November 20, 13784,

Attached is Revision 2 of the report entitled "Summary Evaluation Structural
Significance of Basemat Nondestructive Testing Results”. This revision addresses
questions discussed amoug partiee at the November 20, 1984 aeeting. Purther infor-
3ation regarding the degree of confidence in NDT results, probable causes of cracks,
dechanisms for deep narrow cracking, comstruction comtrols, shear considerations,
slip resiscance, etc.

Louisiana Power & Light remains firmly convinced that the cracks, as defined by
NDT have 120 adverse affect on the structural integrity of the basemat. The basemac
is fully capable of functioning as required by the design in accordance with the
pertinent codes.

Very truly yours,

K w. Co:é"“

K. W. Cook

Nuclear Support & Licensing Manager
KdC:ple
ATTACHMENT
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* _'Mr. D.M. Crutchfield
Page 2

¢c: E.L. Blake, W.M. Stevenson, G.W. Kaightou, J.M. Knight, J.H. Wilson
G.L. Constable, Project Files, Administrative Support, Licensing Library -



LOUISIANA POWER AND LIGHT COMPANY
WATERFORD STEAM ELECTRIC STATION
UNIT NO. 3 -

SUMMARY EVALUATION
STRUCTURAL SIGNIFICANCE OF BASEMAT
NONDESTRUCTIVE TESTING RESULTS

REVISION 2%

Noveaber 27, 1984
Ebasco Services Iacorporated
Two World Trade Center
New York, NY 10048
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1.0 PURPOSE
The purpose of this report is to review the results of nondestructive
testing (NDT) of Nuclear Plant Island Structure (NPIS) basemat cracks
and to evaluate their significance with respect to the structural

integrity of the NPIS.

2.0  scoee
The scope of this report covers the following:
1. Review and interpret data and results of NDT related to basemat as
presented in the Muenow and Associates, Inc. Report of October 1984

and Appendix 6 of that report which was issued November 13, 1984,

2. Evaluate the significance of the cracks on the structural integrity
of the NPIS basemat.

3. Study the crack patterns as defined by NDT, such as inclination,
depth, spacing, and width in order to determine the probable causes
of basemat and wall cracks.

3.0 BACKGROUND

4a NDT program of the basemat cracks was performed by Muenow and
Associates, Inc. to determine the following:

1. Inclination nf the cracks = whether the basemat cracks are vertical
and/or diagonally inclined.
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2. Estimate depth, length, and width of the basemat cracks.

As an auxiliary study, the depth of some cracks of the Reactor
Containment Building (RCB) wall surfaces above the basemat was
evaluated. |

This NDT examination was performed at the Waterford 3 Site mainly
during the months of July and August 1984,

NDT RESULTS SUMMARY

CRACKS IN BASEMAT (Tables 1, 2 and 3)

The majority of the cracks are oriented in an east-west direction and
located within a distance of thirty (30) feet from the east-west
centerlice of the RCB. Based on their appearance and nearness to each
other they are grouped into 10 families:* 4 on the east side of the
RCB and 6 om the west side of the RCB. Seven cracks beneath the RCB
were also identified by NDT, four of these cracks (Numbers 1, 4, S5 and
7) appear to coincide with east-west cracks om either side of the RC3
and probably are interconnected (Figure 1).

Cthar cracks are oriented in a northeast/southwest or sorthwest/
southeast direction (diagonal cracks) aand they are grouped into a total
of 7 families. Of these families, 4 were evaluated by NDT: 3 {a the
gortheast and 1 in the northwest corners of the RC3. These cracks are
also referred to as East or West Diagomal cracks ia the Muenow and
Associates, Inc. Report. Two of the cracks beneath the AC3 (Numbers 2
and 6) appear to coincide with the East or West Diagonal cracks and
probably are interconnected (Figure 1).

*The grouping . families is somewhat arbitrary and i{ntended only to present

an overview of the mat cracking. No analyses or conclusions are dependent
upon the grouping.
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4.1.1

HAIRLINE CRACKS OF BASEMAT (Comt'd)

One crack, number 3, appears to be independent of all others and is
relatively short in length.

Ebasco review indicates that within the above families of cracks, the
data show most cricka originate from the top surface of the basemat
(top cracks), that a few noncontinuous cracks originate from the bottom
surface of the basemat (bottom cracks), and a small number lie within
the siddle portion of the basesat (middle cracks).

Tables 1 and 2 present a summary of the NDT examination of the bDasemat
cracks on each side of the RCD. This includes lengtn, depth, group
spacing and inclination of cracks which originate from the top surface
of the basemat. In cddition. a summary of cracks in the middle or near
the bottom of the basemat i{s included.

Table 3 presents a summary of cracks beneath the RCB. These cracks are
oriented mainly ia the E~W directionm.

Depch

East-West Cracks Outside RCS

The depth of the top cracks varies depending on the locations of the
cracks. Generally, individual cracks do not extend iatc the bettom
region of reinforcing steel located approximately tem (10) feet depth
from the top surface.

The neutral axis for positive bemding (tension at top surface of the
basemat) is calculated to be approximately 10'-6 from the top surface.
The total basemat thickness is 12'-0.

The bottom cracks are found mostly in the vicinity of the east-west
canterline of the RCB and their depths range from 2 to ) feet, measured
from the bottom of the basemat. Within this area a possible local
interconnection between top and bottom cracks is indicated for Cracks J
and Ke.



4.1.1 Depth (Comt'd)

4.1.2

4.1.3

East-West Cracks OQutside RCB (Cont'd)

The middle cracks are randomly distributed. Ia general, thay are not
interconnected with top or bottom cracks.

Cracks Beneath the RCB

The interpretation of the crack depths bemesth the RCB raeflects the
difficulties of extending the NDT technique to such long distances.
Differing interpretations have identified these cracks as being
soncontinuous and variable in depth, and also as being contiznuous and
rather continuously exteading to near the bottom of the basemat.

Diagonal Cracks (Northeast/Southwest and Northwest/Southeast)

The depth of these cracks, which ia plan view run diagounally to the
plant grid, is generally less than six (6) feet. A few bottom and
middle cracks are present, however, there are no indications of
interconnection between the top ard bottom cracks.

Inclination

AllL cracks in the basemat evaluated by NDT are essentially vertical.
In Page 2, of the Muenow and Associates, Inc. report it is stated that
“there 1s no evidence of diagonal (shear) cracks; either occurring
singularly or as a counection between two individual cracks withins the
areas investigated.”

Length

The cracks are variable in their length. The east-west cracks outside
the RCB extend betwe-a the exterior wall of the RCB and the wet cooling
tower walls. Ino the one case where visible and accessible for NDT
examination, family VI-cracks U, V, X, the cracks extend to the area of
the external walls of the NPIS. The diagonal cracks extead from the
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4.1.4

4.1.3

4.1.6

Langth (Cont'd)

exterior wall of the RCB but end well before they reach the exterior
vall of the NPIS. When the cracks intersect with a comstruction joint
they go through the construction joint. It appears that there are

6 cracks that extend from the east to the west side of the NPIS basemat
since many of the individual families located in three areas (east,
west and beneath the RCB) coincide and are probably joined.

Spaciag

The east-west crack families have an average spacing of approximatelv
11'-0. The diagonal (north-east/southwest or sorthwest/southeast)
crack families have an average spacing of approximately 15'-0 at the
exterior wall of the RCB.

Width

The NDT evaluation has estimated the crack width to be less than

.007 in. and all the cracks are tight. Our receant field surface
measurement of crack L, dome coincidentally with NDT examinations found
the maximum crack width to be .003 in. The crack was observed to be
filled with laitance and there was no actual open crack. Our field
surface measurements in 1977 found the crack widths bemeath the RCB to
be between .002 and .005 i{n. Cracks of this width are commonly
referred to as “hairline” cracks. Field L2asurements were made using a
Bausch & Lomb optical comparator.

Evaluation of Confidence in NDT Results

As a result of a consideration of the techniques used in perforuing the
NDT examination of the basemat cracks and the procedures utilized in
evaluating the data derived from the NDT with respect to confidence in
the accuracy of the reported crack information we coaclude:

1. Outside RCB

The ability to work close to the surface crack indication leads to
a high confidence level in the location and orieatation of the

b



s 4.1.6 Evaluation of Can!ig‘gco in NDT Results Cont'd)

tested cracks. A somevhat lower, but still high, confidence level
is associated with the location of the bottom of the cracks and a

slightly lower confidence in the crack width seasurements.

b.

Location and Orientation of Crack

The locaticn and orientation of the cracks is dependent upon
the accuracy of the location of the transcucer and the accuracy
and precision of the measurement of time. Since both of these
can be, and were, closely controlled and not subject to great
variation or subjective interpretation there is high confidence
that the location and orientation of the cracks are as defined
by the NDT.

Depth of Cracks

Due to the divergence of the sound vaves used in the testing, a
precision of 1 ft in the location of the dottom of the cracks
is recognized by Hucuov(l). This, since the cracks generally
extend down from the top of the mat, leads to a comclusionm “hat
the actual bottom of the crack can be as much as one foot abova
the bottom as defined in the Muenow Report, where the latter is
defined at the center of the diverging cone. Therefore, the
depth of the cracks outside the RCB are no deeper than and

could be as much as one foot less than the values reported by
Muenow.

Width of Crack

The measurement of crack width is not an exact measuresent
according to the Muenow report, but {s an estisate only.
Muenow assigns an accuracy of 20% to the value he reports

($7 l‘ill). which essentially means he is reporting the cracks

(1) Muenow Report, p. 16




4.1.6 Evaluation of Confidencs ia NDT Results Cont'd)

2.

C.

Width of Crack (Comnt'd)

to be less than 8~1/2 mils. This together with the independent

~ measurement of the surface crack width of 3 mils gives

confidence that the cracks are all quite narrov (on the order
of S mils).

Beneath RCB

The technique used beneath the RCB involving greater distances from
transducer to crack and requiring several reflections from the top

and bottom of the mat results in a lower confidence level for some

of the results derived therefrom.

b.

Location and Orientation of Cracks

The location and orientation of cracks using a 60° transducer
and several reflections from the mat top and bottom is
deperdent upon the accuracy of the location of the transducer
sod the seasurement of time. Since these were closely
controlled, the confidence in the NDT defined location and
orientation is high.

Depth of Crack

The confidence level in the validity of the data defining the
depth of cracks beneath the RC3 {s substantially below that for
the cracks outside the RCB. There appears to be a large
measure of subjective analysis and intuition injected ianto the
iaterpretation of the raw data to determine the crack depth.



4.1.6 Evalu.cion of Confidence in NDT Results Cont'd)

2. Beneath RCB (Cont'd)
b. Depth of Crack (Cont'd)

As with the 45° transducer data, the divergence of the sound
wvaves causes a diminishing of the precision of the data. A

2 to 2-1/2 ft precision is quoted by Muenow which may be
enhanced by interpretation of frequency content and amplitude.
The precision quoted is open to question and the nature of the
enhancements 1s oot clearly defined. While such r. finements
are theoretically possible, they are not demounstrated, and
hence must be discounted, resulting in less confidence in the
accuracy of the depth of cracks as reported is valid. This
lack of confidence renders uncertain whether tr- cracks are
truly as deep as reported.

However, for reasons cited earlier, whatever the uncertainty
regarding iaterpretation of the crack depths, the cracks are
never deeper than reported.

In summary, the location and orientation of the cracks, which
are the aspects of greatest significance, are koown with a high
degree of confidence. The width and depth, which are of lesser
significance, are known with a lesser confidence.

4.1.7 Crack Model for Evaluation

As a result of this evaluation of the confidence in the reported NDT

tasting and evaluation, the following sodel of the basemat cracks can
be drawn:



4.1.7 Crack Model for Evaluation (Comt'd)

4.2

5.0

The basemat cracks ars vertical, or nearly so, and senerally extend
down from the top of the mat at locations where there are top surface
indications of a crack. This orients them generally in an east-west
direction. They appear to extend in many cases almost completely
&cross the mat. They extend down a variable depth, in some cases to
the region of the bottom reinforcing steel. The actual depth of the
cracks is questionable along much of the length beneath the RCB, and
hence an assumpiion for comservatism will be made, in the evaluation of
their significance, that they extend from the top to the bottom of the
mat. It is cautioned that this simplifying conservative assumption is
demonstrably not the case for a significant portion of each crack and
such assumption is sade simply for purposes of ease of evaluation. The
crack widths are quite narrow, on the order of 5 mils, and, by visual
observation at the top of the mat, filled with a laitance material and
not open.

CRACKS IN RCB WALL

Four hairline cracks on the exterior surface of the RC2 wall near the
basemat (Elev =35.0 ft) were evaluated using NDT. All of them were
found to penetrate less than one (1) ft of the 10 £t wall thickness
(Table 4).

PROBABLE CAUSES OF CRACKS

The causes of the top cracks wers evaluated ia 1977 and 1983

(Reference 1) and the conclusion was that they were mainly due to
flexure of the basemat from initial loading (prior to the completion of
superstructure). The NDT evaluation has determined that all of the top

cracks are vertical, extremely narrow and do not generally extend delow
the neutral axis.

Although the predominant cause of cracks has been concluded to be
flexure, other factors such as thermal and/or shrinkage strains
probably contributed to their development. Also, the early placement
of the lower portion of the RCB ring wall apparently influenced the
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cracking orientation as evidenced by the ra’.al nature of the most
northerly and southerly cracks.

CRACK PATTERN

From the summary of NDT results, it is clear that the top cracks are
greater in oumber than the bottom cracks. This reflects that the crack
pattern generally followed the basemat flexure, which was found to be
predoainantly convex shape throughout the construction stages. The top
cracks are located primarily in an east-west band centered on the RCB
centerline. This matches closely the area of maximum convex flexure of
the basemat in the early stages of coustruction as shown on Figure 2.

The causes for the couvex flexure of the basemat during comstruction
wvere the sequence of construction of the basemat blocks for the basemat
and the different rates of settlement of the foundation soil beneath
each placement block. While the soil beneath ¢he entire basemat is
uniforas, the loading imposed upom it was placed in segments at
different times (each placement block being a loading segment). Thus,
the soil bemeath each placesent block followed the same time-
consolidation curve but at a different location on the curve because of
the different placing times. As a result, the differential settlement
between the last block placed and the first placed wvas greater than
that between those placed earlier and the first. This caused a convex
shape to the cat with the earliest blocks placed, at the center of the
RCB, being at the top of the convex shape (see Fig. 2). The present
convexity is very small being 2-1/2 iaches over 380 feet. To prevesat
any excessive or eccentric differential settlement of the basemat,
engineering controls on the placement sequence of the superstructure
vere utilized. This assured nearly uaiform superstructure dead loading
ca the mat at all times during coostruction.
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5;2 CRACK WIDTH AND DEPTH

The present crack widths are well within the allowable crack width of
the ACI Codes. Section 1508.6, ACI 318~63 Code for control of cracking
states that "....the average crack width at service load at the
concrete surface of extreme tension edge, does not exceed 0.010 {a. for
exterior members...” Section 10.6.4, ACI 318-83 Code Commentary for
control of flexure cracking states that “...for interior and exterior
exposure respectively, ... limiting crack widths of 0.016 and 0.013 {n."

The NDT examination performed at swrvice load conditions has
established the estimated crack width to be less than .007 {a. and the
actual field measurements of crack "L" less than .003 ia. When the
Basesat cracks vere first observed under the RCB ia uid~1977, the crack
widths were observed to be between .002 and .005 in. The tensile
stress ia the top reinforcing steel which would correspond to these
observed crack widths (approximately .005 ia.) is small, on the order
of 11 ksi, well within the allowable design limits (Appendix 1). The
design yield strength of the reinforcing steel is 60 ksi.

In Reference 1, it wvas stated that “...The mat, as are all other
reinforced concrete structures, is designed to carry loads and ia so
doing depends ounly on the compressive and shear strengths of comcrete
and the tensile strength of reinforcing steel. No credit is takea in
the design for the tensile strength of concrete, ...... Thus, as
loading on the foundation mat causes flexure and resultant tension of
the concrete, cracks are expected to form. This cracking enables
transfer of the tensile load from the concrete to the embedded
reinforcing steel #s conteamplated in the design of all steel reinforced
concreta structures.”

The positive and negative bending capacities of the mat are in no way
diainished by the presence of the flexural cracks which are essentially
vertical and which are of very modest width., Neither are the bending
capacities in any way diminished by the depth of cracks, even Lif the
cracks are assumed tn extend completely thr.ugh the mat thickness.

u
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PROBABLE CAUSES OF CRACKS (Comt'd)

A single application of bend.ng moment sufficient to crack the mat from
the top surface down and to the small observed crack width would not of
itself, produce as deep a crack as has been observed. Mechanisams
exist, however, which in combina:ion with flexural strains, can produce
deep, narrow cracks. Oune such mechanisy is the combination of flexural
and thermal strains. The mat, a placement of concrete of substantcial
volume, will experience considerable temperature increase in the aiddle
due to hydration of cement followed by cooldown over a lengthy period
of tize. This thermal cycle can result in substantial (om the order of
several hundred psi) concrete tensile stresses in the aiddle and
compression stresses at the top and bottom. These stresses in
combination with flexural stresses can create a narrow crack extending
to substantial depth.

Curing the early stages of comstruction the mat experienced
tinse-varying relative displacements; i.e., tize-varying flexural
curvatures. As shown by Figure 2, flexural curvature of the sense that
is associated with temsile strain at the top of the mat wvas of a larger
magnitude at an earlier time than when the cracks vere first observed
and seasured. Corresponding to these earlier larger mat curvatures,
there may have been larger crack widths than have been measured at any
time since the cracks were first discovered. Presently observed crack
depths say reflect these possidle earlier crack widths. As
construction continued, the mat relative deflections changed,
decreasing the curvature and tending to close the cracks.

If, as reasoned above, crack widths at the top of the mat were larger
at an earlier time, present crack widths serve only to indicate the
maxisum possible value of the present rebar teasile stress. If earlier
crack width and associated rebar temsile stresses were substantially
larger, and particularly if any rebar tensile yield strain wvas
experienced, the present actual tensile stress sust be less than
iaplied by the present modest crack width and as estimated in

Appendix 1.

12
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There is no reliable ’«sis for deteraining what actual maxisus values
of crack widths and associated rebar strain may have occurred during
early stages of the mat construction. Different mechanisas have been
identified which could account for the presently observed very modest
crack widths together with substantial crack depths. A mechanism
iavolving thermal strains cas explain the presently observed condition
without postulating earlier crack widths wider than at present. The
other mechanisa favolves only flexure and postulates larger crack
widths at an earlier time in the comstruction sequence. The actual
sequence of events probably involves both of these mechanisas but the
stress/strain conditicas during constructiom are of no consequence to
the safety of the structure in its complseted state.

The validity of the counstruction process, including the mat
displacement monitoring program, is evidenced by the coapleted
structure oot by crack widths and associated rebar stresses during the
early construction stages. The earlier conditions are not relevant to
the structural integrity of the completed structure, but they serve to
explain, qualitatively, the depth of cracking.

WALL CRACKS

The cracks {n RCB walls are found to be superficial by NDT and,
therefore, appear to be caused by shrinkage. These cracks are
&pparently not related to adjacent basemat cracks, which wers caused by
mat flexure.

SIGNIFICANCE OF CRACKS AND EFFECTS ON STRUCTURAL INTEGRITY
M

The following conclusions are of importance in the determination of the
significance of the cracks in the Waterford 3 basemat and their effect
upon the structural integrity of the basemat:

1. The cracks are flerural cracks probably influenced i{n some cases

with thermal strains. The consistent vertical orientation of the
cracks is the evidence of this.

13
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SIGNIFICANCE OF CRACKS AND EFFECTS ON STRUCTURAL INTEGRITY (Cont'd)
S —————————————————————————————————————————

2.

3.

4,

3.

There are no inclined cracks within the basemat. This provides
evidence that no excessive diagonal temsion, hence no excessive
shear, exists or has existed within the basemat.

There are no through cracks from top to bottom of the basemat with
the possible exception of a very few localized areas. The cracks
aTe primarily extending down from the top surface of the basemat.
This i{s evidence that the cracks are primarily the result of
flexure and that the flexure was of an upward convex nature which
agrees with the observed deformations of the basemat during
construction.

Presently there is virtually no wvater seepage Or wetness present at
any of the observed cracks and the amount of water seepage in the
past has been ainimal causing only a wetress of the basemat in the
immediate vicinity of the cracks. The cracks are believed to have
filled with a laitance derived froa the pareat councrete material.
The general stress condition at the top of the basemat has decome
compression since the occurrence of the original cracking. This
condition will oot change during cormal operation, hence, the
continued minimal water seepage condition during the operation of
the plant is assured. Therefore, the amount of vater seepage
Presently meets, and will continue to meet, the original design
intent for minimal water leakage.

The width of the cracks indicates a low present rebar stress

(Appendix 1).

The crack pattern is predominantly in an east-west direction
(Figure 1), localized in a band running east-west and centered near
the RCB centerline. This band is within the region subjected to

14
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the most extreme conveX curvature during the early stages of
construction (Figure 2). This evidence indicates that the cracks

res:lced from early settlements of the basemat occurring during
piscement or shortly thereafter. The cracks lying in a
northeasterly or northwesterly direction were influenced by the
rigidity of the early placements of the RCH wall.

7. Tha cracks in the RCB wall are shallow, shrinkage induced and are
not related to the cracks in the basemat. The existence of cracks
in the basemat and the wall at the same, or nearly the sanme,
location appears to be coincidence.

8. Tha concrete quality is uniform and there are no significant voids
and/or homeycombs within the mat. This indicates that the concrete
cuonolidation wvas more than adequate during construction. The
consvete strength is incdicated to be 5,000 to 7,000 psi by NDT,
which is higher than the required design strength of 4,000 psi and
which is consistent with the strengths measured during the
construction inspections.

FLEXURAL CONSIDERATIONS

"It is veil known that load-induced tensile stresses result in cracks
i{ia concrete members. Thls point {s readily ackoowledged and accepted
in concrete design. Curreut design procedures.... use reinforcing
steel, not only to carry the tensile forces, but to obtain an adequate
crack distribution and a reasonable limit oo crack vidth.'(l)

The cracks in the Waterford 3 foundatict basemat are to be expected
cousiderin, the flexural situation. They have nc negative effect on
the structural i{ntegrity or streng:’ of the basemat or on the ability

(1) Causes, Evaluat.on, z2d Repair of Cracs in Concrete Structures = ACI
224 ACI Journzl - May-June 1984, Paragraph 1.3.9.

15
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SFICANCE OF EFFECTS ON STRUCTURAL INTEGRITY (Comt'd)

¢f the basemat to resist adequately any design load combinations, nor
can they significantly alter the design response of the structure to
seisaic vibrations. The cracks, being quite narrow and tight, will not
increase the flexure of the basemat and hence will not cause any
additional transfer of load to building members than that already
accounted for iz the design.

Reinforced concrete membars subjected to flexural loads are designed to
accept cracking of the comcrete in the tension zone. The ACI code for
design of reinforced concrete structures states that “tensile strength
of concrete is to be neglected in flexural culcnlatious.'(z) and that
all tensile stresses are to be divected to the steel reinforcing. This
is normal coocrete :racked section andlysis and the concrete must crack
8ince it has a low tensile strain at fracture. Therefore, the steel is
the structural component in the cracked tension zoue.

When reversal of stresses occur and a previously cracked temsion zone
becomes subjected to compressive forces, the cracks close and the
&djacent sides of the cracks bear against each other. The concrete
crack surfaces in the Si:erford 3 basemat are well able to bear agaiast
each other since they are tight and have been filled with laitance aczd
under flexural loading the basemat will react the same as a sormal
concrete cracked section. Therefore, the flexural streangth has
experienced no degradation for bending in either direction and no
significant increase in the flexure of the basemat will occur.

SHEAR CONSIDERATIONS

“If a (vertical) plane under comsideration is an existing crack or
interface, failure usually involves slippage or relative movement along

(2)

Building Code Requirements for Reinforced Concrete, ACI 318-63,
Paragrapk 1503(e).
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the crack or plaao.'(s) "If an initially cracked specimen is tasted,
shear can be transaitted only 1f lateral counfimement or transverse
Steel exists. The irregularities of the surfaces of the two sides of
the crack ride up on each other and this tends to open the crack and
Create forces in the transverse steel ...... in & heavily reinforced
shear plane or one subjected to a normal compressive stress, the shear
resistance due to friction and dowel aciion may reach the shear
corresponding to failure of an initially uncracked specimen having the
same characteristics. Ia such a case the crack locks and the behavior
and st th are similar to those for an initially uncracked
section.” 4)

The Waterford basemat vertical cracks are both heavily reinforced and
under “compressive strusa.'(S) Iz addition they are very narrow, do
oot extend through the dasemat, and are filled with laitance.
Essentially they are “locked.” Ia antuality, they resemble
comstruction joints and respond similarly.

The Potential for “Shear S1ip” on Mat Crack Planes

It vertical shear on the basemat crack planes could produce “shear
slip” (ie, a step change in vertical deflection across the crack
plane), and 1if such shear slip were large, it would be appropriate to

(3) The Shear Strength of Reinforced Members - ACI-ASCE 426R=74, ACI Manual
¢f Concrete Practice, 1983, Part 4, Paragraph 2.2.2.

(4) Ibid = Paragraph 2.2.2b.
(S) Review of Waterford ] Basemat Analysis Structural Analysis Division,

Dept. of Nuclear Energy, Brookhaven National Laboratory, July 18, 1984,
p. 21.
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SIGNIFICANCE OF CRACKS AND EFFECTS ON STRUCTURAL INTEGRITY (Cont'd)
\

investigate its possible significance to the dynamic response of the
structure. For the reascas discussed below there is zo basis for
telieving that slip will occur.

ck Re Shear Strength and Shear S1lip on Crack Planes

The matter of shear strength along a crack plane, or a potential crack
plane, has been relevant to reinforced conmcrete design. This is of
interest primarily at the junctions of precast comcrete seabers (whers
large shear forces sust be transferred across such places), ia short
reinforced concrete (R/C) brackets (where large shear forces sometimes
accompanied by tensile forces msust be transmitted across such plunes),
and in R/C membranes subjected to comcurrent large shear and rensile
forces acting on transverse crack planes. Ia comtrast, for beams and
slabs designed to resist internal transverse shear force and bending
mcments rather than sembrase forces, the question of shear strength
4cToss potential transverse crack planes normally does not arise.
Also, the evaluation of shear resistance across these planes {3 not
gormally a part of the design process. This {s true even though
transverse (flexural) cracks can develop ia beams and slabs,
particularly vhen there are bending mowent reversals. It may be noted
that provisions for shear reinforcement focus on inclined crack
planes. The requirements for such reinforcement may be satisfied by
transverse bars (which do sot cross any poteantial transverse crack) and
such a reinforcing pattern is acceptzble for very substantial
sagnitudes of transverse shear stress. The validity of this practice
for conventional beavz and slabs reflects (a) the absence of large
tension forces om actual or potential crack planes, which could iaply
large crack widths; and (b) the great shear strength and slip
resistance along a crack plane if the crack is closed (or of small
fnitial width), and {f “clamping” (compression) force of adequate

18



magnitude is available. This compression force may be provided either
by the compression component of a bending moment scting om the section,
by temsion (flexural) steel crossing the sectionm, by both, or by an
externally applied compressiouc force.

Much 6! the present understatding of shear strength and slip om crack
planes was developed by research studies stimulated by the design of
R/C coutainment shells for nuclear power plants. Such shells are

sub jected to very large membrane forces ({.e., large tension and shear

forces) acting on transverse crack planes. The tensile forces can
cause cracks of substantial width, and both shear strength and shear
slip are matters of design interest. This is a very different
condition than exists in the Waterford ] basemat, but some of the
results of the research on the membrane problem are ralevant to this
discussion of the basemat. In particular, we refer to a report of
tests conducted at Cornell University (Reference 3), which for crack
planes with initial crack widths of 0.01 ia., and subjected to cycles
of shear stress reversals of about + 180 psi, demounstrated the
following results:

1) clamping forces developed in the bars that were used to restrain
crack width growth did not exceed 20 percent of the applied shear
force; and

2) total slip, after 25 cycles of shear reversal, did not exceed 0.01
in.

It should be noted that the clamping forces developed here were from
reinforcing steel responding to the shear slip displacement, an active

clamping force only present when slip occurs.

Basemat Strength and Slip Resistance on Crack Plaues

The cracks in the basemat are predominantly east-west oriented, and are
everywhere less than 0.0l inch ian widcth. Of major i{mpo.vance is the
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fact that the crack planes are not subjected to any tensile force.
Indeed there is a very substantial compression force (exerted by soil
and vater pressure on the north and south boundaries of the mat and the
wvalls above), which is conservatively neglected for purposes of
computing shear strength on the crack plane. With regard to its
iafluence on slip, the effect of this compression force, conservatively
ignored for strength, is particularly relevant and will be accounted
for. Any north-scuth bending moment, whether positive or negative,
wvhich may be acting on the crack plane does not diminish the shear
strength of the crack plane. Bending moment which causes tension force
in the bottom rebars must cause an equal and opposite compression force
in the top few feet of the section. Similarly, bending moment which
causes tension force in the top rebars sust cause an equal and opposite
compression force in the bottom few feet of the section. Thus,
diainished resistance in the bottom (or top) is offset by an enhanced
resistance in the top (or bottom).

In the regions of interest the top rebars are #11 @ 6", {.e., 3.12
1n/ft, and the minimus bottom rebars are 11 @ 67 + 411 @ 127, 1.a.,
4.68 1az/2t4 Over a representative crack plane lemgth (50 ft) the
saxigum total shear forces om any . rack plane are found at either end
of the East-West running cracks. The saxizum total shear forces on
these 50 ft representative lengths correspond to the followiug values:

Total Unit
Loading Coundition Shear Force Shear Force
1.5 x Gravity Load 42 X/ fe 27 psi
1.1 x E-W EQ* 96 K/ft 61 psi
1.1 x Vert EQ S K/fe 3 psi
1.1 (Vert EQ + E-W EQ) 101 K/ft 64 psi
1.5 Gravity + 1.1 (Vert EQ + E~W EQ) 143 K/f: 91 psi

"N-S EQ (earthquake) gives smaller shear forces.
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SIGNIFICANCE OF CRACKS AND EFFECTS O STRUCTLR. INTEGRITY (Conmt'd)
———————————————————————————————

It should be noted that averaging of forces over a 50 ft crack lemgth
is very comservative since this is only about 4 times the mat
thickness. The average shear forces would decrease rapidly with
increase in the crack length considered. It also should be noted that
the corresponding shear forces on any other 50 ft lemgth of any o%her
cracks are less than the values tabulated above.

Shear Capacities

Using shear provisions of Section 11.7.4, ACI-1983, shear strength of
the entire section is given by:

V= o V‘ - ‘.A'f !y “
vhere V ® available shear strength at section
B ® strength reduction factor = 0.85
Vn * nominal shear stremgtih
Ay¢ = area of shear-frictiom reinforcement
1’ * specified yield strength of reinforcesent * 60 ksi
- ® coefficient of friction = 1.4 A
A

® correction factor related to unit weight of
concrete * 1.0

therefore,
V=0.85 (3.12 + 4.68) 60 x 1.4 x 1.0 = 356.3 X/f¢
which corresponds to aa average unit shear strength of:

v = 556,900 = 352 pei
12x11x12

Because the rebars are concentrated near the top and bottom of the
section, rather than distributed throughout the depth of the section we
conservatively reduce the above shesr capacity by 50 percent, i.e., to
278 K/ft. This is 1.9 tizes the 143 K/ft shear demand.



6.C

SICNIFICANCE OF CRACKS AND EFFECTS ON STRUCTURAL INTEGRITY (Cont'd)

It is clear that the shear strength along the crack plane, even
ignoring the inescapable active compression force, is much in excess of
the demand.

Slip Resistance

As reported in Reference 3, for an initial crack width of 0.01 inches,
and cycles of shear stress reversal to 180 psi a slip of about 0.004
ia. was developed at the end of tne first cycle increasing to 0.01 {ia.
after 25 cycles. Moreover the maximum clamping force developead during
this cycling was only 20 percent of the applied shear force. In the
@At we are interested in an applied shear stress of 91 psi, for which a
20 percent clamping force would be 18 psi.

The compression acting ou the cracked sectiom, due to horizomtal soil
and water pressure on the mat and walls, is 50 psi. Based on the
finite element model, this compression exists in all areas of the
basemat during earthquake loading conditions with the small exception
of a very narrow band immediately adjacent to the sorth and south
walls. It is not credible that this compression stress, reduced as may
be reasonable for the effect of an earthquake, would not still be
substantially in excess of 18 psi. This seans that more than the
required clamping pressure of 18 psi is available from the outset;
i.e., 20 rebar tension is required to provide the required clamping
force. Since, the clamping force 1y a passive force, the frictionm
resulting from it is available without shear slip and is a static
friction.
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Sadissaceiee U5 SSWAD AW SIfiead UN JMBRULLURAL INTEGRITY (Cont'd)

The conclusion thes is drawn that the shear resistanc. across the crack
is a state of static friction wherein the availahle static frictionm
sust be overcome prior to the occurance of any shear slip. Since the
available friction is at least equal to and undoubtedly fir in excess
of the applied shear stress we conclude that the shear resistance would
develop without any significant slip. Therefore, there is 2o change in
the rigidity of the mat and oo effect upon the dynamic response of the
basemat to the earthquake.

CONCLUSION

Considering each of the above items findividually and in concert, we
conclude that the cracks in the Waterford 3 basemat, as defined by the
nondeitructive testing, have no adverse {nfluence on the structural
integrity of the basemat. It is fully capable of functioning as
required by the design in accordance with the pertinent codes.
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TADLE 1 - SUMMARY OF CRACKS WEST SIDE OF RCH

Top Crack Presence of Subsurface Cracks (See Notes)
Bottom Crack Middle Crack
Test Length Depth (fz.) Family Below Through
Family Crack 1.D. Lines (exposed) Spacing Bottoa Re-bar Bottom Re-bar e
Min Max Average
| A 7 '~ 6 1 2 2 . . ~ v
R 7 9~ 0 2 3 k| . * . v
c 12 16'- 6 1 3 2 . . . -
+10° . e - v
1 D 5  6'-0 . 4 . ana T v
E 1 2°- 0 3 3 3 . . an v
¥ 6 9'-0 “ 10 ) L “ ‘ . v
G a 6'- 0 1 5 “ a . b v
+16°
188} 1 - 5'-0 7 10 L] s s . v
H 6 9'- 0 S 10 i e s : . v
J 20 28°- 0 k| 12 9 s akas as v
K 10 13'~- 0 3 11 8 as aas . v
+10°
v L 10 28°- 0 6 10 8 .k s . v
+8*

Notes: *None
*spresence of crack 18 not probable since only at one or two test line location(s).
astpregence of crack 1s probable since indication at several test locations but not interconnected with top cr:
assaSimilar to *** gycept probably Intercommnected with top crack.

(9heet 3 of 2)



TABLE 1 - SUMMARY OF CR’CKS WEST SIDE OF RCB (Cont'd)

Top Crack Presence of Subsurface Cracks (See Notes)
. Bottom Crack Middle Crack
Test Length Deoth (ft.) Family Below Through
Family Crack 1.D. Lines (exposed) Spacing Bottom Re-bar Bottom Re-bar Inclinati
Min Max Average

v H 4 6' -0 4 5 4 . ! K vertical
N 3 5'-0 2 6 3 ® L * vertical

2 k| 5'- 0 1 3 2 . . . vertical

3 Rl 12°- 0 1 5 2 . . * vertical

P 9 14°~- 0 8 10 9 * x - vertical

R 1 2'- 0 2 2 2 . L " vertical

Q 3 8'- 0 3 5 4 . L . vertical

S 3 4~ 0 4 4 4 . * L vertical

T 14 20'- 0 3 10 6 . Ll L * vertical

Y 3 6'- 0 1 1 1 . L . vertical

e

'} U 9 14'- 0 2 10 b - A . vertical
v 3 13- 0 2 5 3 * . * vertical

X 22 25'- 0(+) 1 5 3 . L] . v rtical

VII West Dlagonal 19 27'- 0O 1 4 3 Ll ke . vertical

Notes:

*None

s*presence of crack is not probable since only at one or two test line locat
aaspregence of crack is probable since indication at several test locations
sasaSimilar to *** except probably interconnected with top crack.

(Sheet 2 of 2)

ton(s).

but not interconnected with top crack.



TABLE 2 - SUMMARY OF CRACKS EAST SIDE OF RCB . .

Top Crack Presence of Subsurface Cracks (See Notea)
Bottom Crack Middle Crack
Test Length Depth (ft.) Family Below Through ;
Family Crack 1.D. Lines (exposed) Spacing Bottom Re-bar Bottom Re-bar In
Hin Max Average
Ae “ 6'~ 0 1 1 1 . . . v.
le Be-Ce 5 6'- 0 1 - k] . . . .
e 2 -9 1 1 1 . . . v
le 2 3'- 0 k) k) 3 . . . v
+10°
Ile Ee 4 '~ 6 1 1 1 . L . 7
Fe 8 12'- 0 2 10 6 . aan . v
+13°
Ille te 5 6'~- 0 2 k) 2 e . as v
Je 5 -0 . 4 3 aae . " ve
Le 8 13'- 0 3 i2 7 ass . u Vi
+11°
ive Ke 15 26'- 0 - 12 8 s taas ® Vi
+16°
Del 3 4'- 0 1 1 1 . B . -
Ve Del 15 23'- 0 1 6 3 * e . ve
Ded 5 10'- 0 1 1 1 . . A ve
+15°

Notes: *None
t4presence of crack 1s not probable since only at one or two test 'ine locatlion(s).
ssspresence of crack le probable since indicgtion At several test locations but not intercomnected with top crs

sasssimilar Lo *** except probably interconnected with top crack.

(Chanar 1 AF )
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TABLE 2 - SUMMARY UF CRACKS EAST SIDE OF RCB (Cont'd)

Top Crack Presence of Subsurface Cracks (See Notes)
Bottom Crack Middle Cratk
Test Length Depth (fr.) Family Below Through
Family Crack 1.D. Lines (exposed) Spacing Bottom Re-bar Bottom Re-bar Inc
Min Max Average
Vie De5 17 24'-0 1 10 | as . LAl ve
Deb 5 7'-3 3 6 4 Ll . . ve
+ 15°

De? 9 12°- 0 1 6 3 . an e ve

Vile De8 8 10'- 0 1 ] 2 . aan ane ve
De9 11 15'- 0 1 5 2 an « aas ve

Notes: *None
*spresence of crack is not probable since only at one or two test line location(s).

saspresence of crack is probable sface indicarion at several test locations but not laterconnected with top cra

sassSimilar to *** except probably intercomnected with top crack.

(Sheet 2 of 2)




TABLE 3 - SUMMARY OF CRACKS BENCATH RCB

Caorrelation Spacing
Crack 1.D. with 1577 Mapping Depth Inclination . A C.L. RCB
None
6 (Note 1) Variable Vertical
18*
None
2 (Note 1) n >
12*
1 Yes . 4
- ’.
7 Partial o -
‘l
3 Yes . =
’l
5 Partial " -
. 13.
4 Yes o "
Average Spacing = 11’

Note 1 - This crack was not identified during
1977 wmapping of cracke beneath RCH.

(Sheet 1 of 1)



TABLE 4 ~ SUMMARY OF CRACKS IN RCB WALLS .

Crack 1.D. Test Lines Maximum Dept of Penetration (ftr.) Inclination _ Remarks

RCB 1 3 i Perpendicular Wall thickness = 10
to wall surface

RCB 2 3 1 Perpendicular Wall thickness = 10
to wall surface

RCB 3 3 1 Perpendicular Wall thickness = 10
to wall surface

KCB 4 3 1 Perpendicular Wall thickneas = 10
to wall surface

)
‘

(Sheet 1 of 1)




APPENDIX L
NFORCING STEEL STRESS AS DEFINED BY CRACK WIDTH

Gergely & Lutz Equation ("Causes, Evaluation and Repair o
Concrete,” ACI 224, ACI Journal May-Jume 1984, p. 218).

3
“ =0.0% 8 ¢ JZAT z 1073
A1 “6x8.5=351 iuz
8 =10.5 =1.04
10.125
d. = 4.25 {n

@ = 5 gails (crack width)

£ = 10,500 psi = 10.5 kst

(Sheet 1 of 1)

£ Cracks in
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the extruded concrete. The ma-
chine is unlocked from the strand
at a joint and locked on to strands
at the beginning of the next slab.

8. Tiehars are depressed into the
concrete with a wheel type device
and a plastic parting strip in-
stalled to form a longitudinal
joint. After the finishing machine
passes, metal caps are placed on
the top of the I-beam and the an-
gle to build them up to the 6 in.
pavement thickness. The adjacent
concrete is  hand finished and
curing applied.

9. The concrete is then allowed to
gain strength. 1f the pavement is
expected 1o shrink or contract it
may be necessary to apply more
than one step of post-tensioning
to prevent tensile cracks from oc-
curring. Il the concrete remains at
close to its placement temperature
for several days it is possible to
apply full post-tensioning  when
the concrete reaches 3000 psi
compressive strength (2 to 3
days).

10. A gang of four iacks with 10-in.
throw is lowered from a mobile
cart into the blockouts at the end
of a slab and a jack is positioned
on the end of each strand in one
lanc. Each strand is then pulled
to 40 kips. Since this load will
elongate the strand approximately
40 in. m a 500 ft. slab, the jacks
would have to be regripped sev-
eral times. The gang would then
be moved to the adjacent lane
and that completed. Next the
jacks are moved to the other end
of the slab and the strands are
pulled just a few inches to bring
that end to full force since about

Discussion of this paper is invited.

20 percent of the force from the
other end was lost due to friction.
The adjacent lane is also done and
the jacks moved to start on a new
slab.

11. With the stressing completed, the
24 ft. long angle is removed. A
second I-beam 6 in. high is fitted
into place adjacent to the one al-
ready there and connected via
dowels. Extension rods are con-
nected to the strand chucks which
are exposed on the opposite side
where the angle used to be. The
3-ft. length of blockout is then
concreted and after it gains ade-
quate strength is post-tensioned
against the main slab with torque
nuts on the ends of the extension
rods,

12. After the blockouts are filled and
post-tensioned  only one  small
opening between the two I-beams
is all that remains to accommo-
date length changes of the slabs.
Foamed-in-place polyurethane is
used to fill the opening.

Overall a very efficient operation can
be effected. The two major areas of
concern are getting well consolidated
comerete at the joints and in determin-
ing the time for teusioning. The ten-
sioning operation is relatively simple
and poses no problems. Filling the gaps
with eomcrete will require some care
but it should be fairly simple since each
requires only about 1% cu. yd. of con-
crete

Other agencies are encouraged to
place additional slabs in order to im-
prove paving techniques and to de-
velop additional design criteria. The
FITWA is developing specifications for
constructing  additional  sections  and
these will be available upon request.

Please forward your discussion to PCI Headquarters by July 1
to permit publication in the July-August 1972 issue of the PCI JOURNAL.

— —

SHEAR TRANSFER IN
REINFORCED CONCRETE-
RECENT RESEARCH

Alan H. Mattock
University of Washingtlon
Seartle, Washington

Neil M. Hawkins

University of Washington
Seattle, Washington

Shows how concrete strength, shear plane
characteristics, reinforcement, and direct stress
affect the shear iransfer strength of reinforced
concrete. Fundamental behavior of test specimens
under load is reported, and hypotheses to explain the
hehavior are developed. 1t is coneluded that
shear-friction provisions of ACI 318-71 give a
conservative estimate of shear-transfer strength
below the stated limit of 800 psi. A design equation
to develop higher shear transfer strength

is presented.

Test program

Shear transfer across a definite plane
must frequently be considered in the
design - of  precast  concrete connec-
tions 12, A continning study of the
factors affecting shear transfer strength
is in progress at the University of
Washington. Factors so far included in
the study are as follows:
1. The characteristics of the shear
plane
. The characteristies of the rein-
forcement
3. The concrete strength

2

4. Direct stresses acting parallel and

transverse to the shear plane.

The influence of the first three fac-
tors has been studied in tests'® of mon-
olithically cast “push-off” specimens as
scen in Fig. 1(a). Tests'*® to study the
influence of direct stresses acting paral-
lel and transverse to the shear plane
were made on the “pull-off” and mod-
ified push-off specimens shown in Figs.
1(h) and 1(c) respectively. In all cases,
the shear transfer reinforcement
crosses the shear plane at right angles
and is securely anchored so that it can
develop its yield strength in tension,

¢ INIWHOVLLY
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Type A Type B : TypeC
Shear Transfer P
P P& Reint ' Rollers
|

P P

() (b)

Steel
Bracket Y

(c)

Fig. 1. Shear transfer test specimens: (a) pusiv-off; (b) pull-off; (¢) modificd push-off

Additional reinforcement i provided
away from the shear plane, to prevent
failures other than along the shear
plane. The length and width of the
shear planes were 10x5 in, 12x4%
in., and 12 x6 in. (approx. 25x 13 cm,
30x12 em, and 30x15 cm) in the
push-off, pull-off and modified push-off
specimens  respectively. When  loaded
concentrically by a force P, the shear
along the shear plane is equal 1o P in
the push-off and pull-off specimens. In
the modificd push-off specimens, the
concentrie force Poproduces a shear
force P oos @ along the shear pline and
oo s llulnLll 'l'lH r s f
Siv dhitferemt

NUE R thae shaoar |b‘.||u

values of @ were used to give differemt
ratios of shear stress 1o transverse nor-

mal stress, The test program is sum-
marized in Table 1

The specimens were  subjected  to
monotonic  loading o faillure. In all
cases, slip along the shear plane was
measured, and in some instances the
lateral separation at the shear plane was
also measared. Cracks were marked on
the faces of the specimens as they de-
veloped. Detailed data for Series 1 to 6
have alrcady been published ™. The
data for Series 7 to 10 are summarized
in Tables 2 and 3. For eomvenience, the
ultimate shear strengths are expressed
as average shear stresses v, obtained
I diwviding the ultimate shear force
V. by the area of the shear plane bd
(el s the length of the shear plane and
L its width).

. a— —

Table 1. Test program

Test
series

Description

Specimen
type

Number
of tests

1

10

Push-off tests of initiaily uncracked
specimens. Reinforcement size con-
stant, spacing varies. ° ~4000 psi,
1,‘%50 ksi.

Push-off tests of initially cracked spec-
imens. -Reinlorcement size constant,
spacing varies. f ~4000 psi, f, =50 ksi.

Push-off tests of initially cracked spec-
imens. Reinforcement size varies,
spacing constant. f ~.4000 psi, f, 50
ksi.

Push-off tests of initially cracked
specimens. Higher strength reinforce-
ment, f ~66 ksi. Reinforcement size
constant, spacing varies. {’ ~-4000 psi.

Push-off tests of initially cracked
specimens. Low strength concrete,
f' ~.2500 psi. Reinforcement size con-
stant, spacing varies. f, .50 ksi.

Push-off tests of both initially cracked
and uncracked specimens. Dowel ac-
tion destroyed by short rubber sleeves
on reinforcement across shear plane.
f: =4000 pSi, f’ ~ 50 k=i,

Pull-off tests of initially uncracked
specimens. Reinforcement size and
spacing varies. f_ ~5000 psi, f =50 ksi.

Pull-off tests of initially cracked
specimens. Reinforcement size and
spacing varies. f ~5000 psi, f ~50
ksi.

Modified push-off tests of initially
uncracked specimens. Reinforcement
size constant, spacing varies. Angle
@ varies (0, 15°, 30°, 45°). ' ~-5500 psi,
f,~52 ksi.

Modified push-off tests of initially
cracked specimens. Reinforcement size
constant, spacing varies. Angle @ var-
ies (0, 15°, 30°, 45°,60°, 75°). f ~4000
and 6000 psi, f. ~ 52 ksi.

13

10
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Table 2. Test data, Series 7 and 8

4. forcement _oo:o.o.o

Number of | yield point, [strength,
Specimen (Reinforcement |  stirrups y . |ph, | ve
number* bar size (2 legs each) ksi psi psi | psi
71 #3 . 2 495 4850 384 | 851
12 #3 3 495 5120 576 |908
13 #3 4 495 5050 |768 {974
14 #2 2 56.0 5410 193 | 567
15 #2 3 56.0 5070 289 | 609
16 #2 5 56.0 5100 | 481 |846
8.1 #3 2 495 4850 384 | 697
8.2 #3 3 495 5120 576 | 888
83 #3 4 495 5050 | 768 [925
84 #2 2 56.0 5410 193 | 521
85 #2 3 56.0 5070 | 289 |572
86 #2 5 56.0 5100 |481 |746

- T

.m.x.n::o:m of mo:om 7 were initially uncracked; specimens of Series 8 were
cracked along the shear plane before test.

Characteristics of the shear plane.
Mast‘?) pointed out the need to consid-
er *he case where a crack may exist
alo, . the shear plane before shear is
applied. Such cracks occur for a variety
of reasons unrelated to shear, such as
tension foices caused by restrained
shrinkage or temperature deformations
or accidental dropping of a member,
Certain shear transfer test specimens
were therefore cracked along the shear
plane by the application of transverse
line loads, before application of shear
loading.

Slip was measurable from the begin-
ning of the shear test for the initially
cracked specimens. However, no move-
ment occurred in the initially uncrack-
ed Type A specimens until diagonal
tension cracks became visible at shear
stresses of from 500 to 700 psi (35-49
kef /em®). These cracks crossed the

shear plane at an angle of from 40 to
S0 o They wore cach about 2 m
(5 ¢m) long, spaced 1 10 2 . (2% 0 5
cm) apart along the shear plane. After
£3

these cracks formed, there was a rela-
tive longitudinal movement of the two
halves of the initially uncracked speci-
mens. This was due to rotation of the
short concrete struts formed by the di-
agonal tension cracks, when the shear
transfer reinforcement stretched. It was
found that if a crack exists in the shear
plane before the application of shear,
then the slip at all stages of loading is
greater than when such a crack does
not exist.

A crack in the shear plane reduces
the ultimate shear strength of under-
reinforced specimens (Fig. 2). The de-
crease is greater in the push-off speci-
mens than in the pull-off specimens.
The shear strength of the initially
cracked specimens is not directly pro-
portional to the amount of reinforce-
ment. Because of the observed weak-
ening effect ¢ a crack in the shear
plane, mos’ of the subsequent tests
were made on amtially eracked speci-
mens, in order to obtain lower bound
values of shear strength,

Table 3. Test data, Series 9 and 10

nununununn

Failure
type™

QOO0 VWY

Var
psi
2460
2560
1515
1389
2870
2770

1382

985
2278
1912

p'y + q.\x-
psi
3260
2436

0\.:
psi
2460
1480
406

0
1655
1600
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March-April 1972

crossing the shear plane.

imens of Series 9 were initially uncracked; specimens of Series 10 were cracked along the shear plane before test.

| reinforcing bars were No. 3's arranged in pairs

3. S =shear; C = compression.
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greater than their yield point, i.e., strain
hardening had occwrred. This is quite
possible, as the yield platean of the
higher strength remforcement was con-
siderably shorter than that of the in-
termediate  grade  reinforcement. It
therefore appears conservative to as-
sume that the relationship between pf,
and v, is the same for higher strength
inforcement as for intermediate grade
reinforcement, provided the yield
strength does not exceed 66 ksi.
Concrete strength. The effect of varia-
tion in concrete strength on the shear
strength of initially cracked  push-olf
specimens is illustrated in Fig. 4. The
specimens of Series 2 and 5 were iden-
tical in all respects except for concrete
strength, Series 2 having 4000 psi (281
kgf/em?) concrete and Series 5 hav-
ing 2500 psi (176 kgf/cm?®) concrete.
For values of pf, below about 600 psi
(42 kgf/cm®) the concrete strength
does not appear to affect the shear
transfer strength. For higher values of
pf, the shear strength is lower for the
lower strength concrete. The concrete
strength therefore appears to set an
upper limit value of pf,, below which
the relationship between v, and pf, es-
tablished for 4000 psi concrete wonld
hold for any strength of concrete equal
to or greater than the strength being
considered, and above which the shear
strength increases at a lesser rate for
the concrete strength being considered.
This change in behavior is discussed
later.

Direct stress parallel to the shear plane.
In an earlier report® a method was
proposed for the calculation of the
shear transfer strength of initially un-
cracked concrete. This was based on
the average shear and normal stresses
acting on a concrete element in the
vl madde v of the fal

od I

\.'u “r ‘ll e

tars #vare b | | PN T TR AR L
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latiomhap  between o, and pf, very

~-

closely for the tests of initially un-
cracked push-off specimens reported
here, and also for tests of larger initial-
ly uncracked composite push-off speci-
mens reported by Anderson'™'. In the
push-off test, direct compressive stresses
exist parallel to the shear plane, and
these were taken into account in the
caleulation.

Using this method of calenlation, an
analytical study was made of the influ-
ence on shear transfer strength of direct
stress parallel to the shear plane. From
these caleulations it appeared that if a
direct tension stress existed parallel o
the shear plane, then the shear transfer
strength would increase more slowly,
as pf, was increased, than in the push-
off test where a direct compressive
stress exists parallel to the shear plane.
This eonclusion was distarbing from the
designer’s point of view, since in many
practical situations there is a direct ten-
sile stress parallel to the shear plane. It
was therefore decided to study this
problem with pull-off tests using speci-
mens of the type shown in Fig. 1(b).
The shear is applied to the shear plave
by a concentric tension force acting on
the specimen through steel brackets
bolted 1o longitudinal reinforcing hars
embedded in the specimen on cither
side of the shear plane. In these speci-
mens a direct tension stress exists paral-
lel to the shear plane, the average in-
tensity of which is about half the inten-
sity of the applied shear stress. In the
push off specimens tested previously, a
direct compressive stress existed paral-
lel to the shear plane, the average -
tensity of which was equal to that of

the applied shear stress.

The ultimate shear strengths of the
pult-off and push-off specimens are
compared in Fig. 5. For initially un-

cracked  specimens, the pull-off tests :

e Jower shear strengths than the
lu.J..-ll tests, sicating that a direct
tension stress parallel to the shear plave

T T - T 3 | 1 T T
a0e ] UNCRACKED INITIALLY CRACKFD
-
B
U/
1200} Push-off tests, o
Series |
\ s Push-off tests,
1000 b ’,I’ . Series 28 3 2L
+
A\ > o
800 7’ - -
si) %
p ! =
“o 0’\ P o ,/ -l
) " Pull - off fests, +0”
e Series 7 E Pull- off tests,
Series 8 A
o
200t~ r ol
1 | | | L i 1 |
o 200 400 600 800 O 200 400 600 800 1000
pfy (psi)

Fig. 5. Effect on shear transfer strength of direct stress acting parallel to the shear
plane

is detrimental to shear transfer strength
m mitially uncracked concrete. How-
ever, the reduction in shear strength ap-
pears to be due to a reduction in the
whesion contribution of the concrete,
and the rate of increase in v, wath in-
crease in pf, is approximately the sime
in both the pull-off and push-ofl tests.
This indicates that the method of caleu-
lation proposed earlier™ is faulty and
cannot he extrapolated to the case of
the pull-off test.

For specimens cracked along the
shear plane before being loaded in
shear, the shear strengths of the push-
off and the pull-off specmiens are es-
sentially the same for any given value
of pf,. This is important practically,
since it indicates that direct stresses

PCI Journal / March-April 1972

parallel to the shear plane mayv he g
rored in design for shear transfer, if the
design is based on the relationship he-
tween v, and pf, obtained in tests of
initially cracked specimens.

Direct stress transverse to the shear
plane. The eflect of compressive
stresses acting transverse to the shear
plane was studied in Series 9 and 10.
Modified push-off specimens were nsed,
as shown in Fig. 1(c). The depth of
the block-outs in the specimens was
adjusted so that the length of the shear
plane joining their ends remained con-
stant as the angle @ varied. A system of
rollers on the top of the specimen per-
mitted separations to develop, even for

relatively large applied loads. The spec-
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Ce-crete failure
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Fig. 6. Effect on shear transfer strength of direct stress acting transverse to the
shear plane

imens of Scries 10 were initially crack-
ed along the shear plane, while those
of Series 9 were initially uncracked.
Failures were characterized by a
shearing action along the shear plane
when angle @ was 45 deg. or less, and
by a crushing failure across the plane
for @ of 60 or 75 deg. The deformations
of the initially uncracked specimens
were extremely small until diagonal
tension cracks developed across the
shear plane at about 60 to 70 percent of
the ultimate strength. As in the push-
off specimens, these cracks formed at an
angle of about 45 deg. to the shear
plane. They were abowt 2 in. (5 cm)
long, and between I and 2 in. (22 to
5 cm) apart. In specimens with angle

o

@ of 30 deg. or less, failure occurred
with a continuous crack propagating
through the diagonal tension cracks,
along the shear plane. Deformations de-
veloped rapidly after diagonal tension
cracking, at a rate which increased con-
tinnously with increasing load, but de-
creased as @ increased. The slips at
failure were in excess of 0.03 in. (0.76
mm) and the separations were large
enough to indicate yiclding of the rein-
forcement when @ was 30 deg. or less.
For the specimens with @ equal to 45
deg., separations did not develop rap-
idly wntil immediately prior to failure.
For the specimens with @ of 30 deg.
and having differing values of pf,, the

B

load-slip relationships were not influ-
enced by the value of pf, wntil immedi-
ately prior to failure.

Significant deformations of the pre-
cracked specimens occurred from the
commencement of loading. The initial
stilnesses were almost identical for 6
ranging from 45 to 75 deg. When 0 was
between 0 and 45 deg., the matial stiff-
ness increased with both 8 and the val-
we of pf,. When shearing failwes oc-
curred, the ultimate slips were similar
to those observed in initially uncracked
specimens, Separations began to devel-
op rapidly at three-quarters of the ulti-
mate load, for @ between 0 and 30 deg.
For 8 equal to 45 deg., separations did
not develop until immediately prior to
collapse, while  tor angles 8 of 60 and
75 deg. only contractions  occeurred.
Separations at ultimate were as large
as 006 . (1.52 mum).

The ultimate shear strengths of the
madified push-off specimens which had
shearing type failures are compared in
Fig. 6 with resalts from the push-olf
tests of Senies 1, 2 and 3. o this figare
the data from Series 9 and 10 are nor-
mahzed o a conerete strength f° of
1100 psi (288 kgl /em?), the average
concrete strength of the specimens
Series 1 and 2 The values of applied
normal stress oy, and of v, were mul-
tiplied by the ratio 4100/f°. The total
normal compressive stress across  the
shear plane is assumed to be equal to
oy, + pf,. Al shown in Fig. 6 is a
failwre  envelope for cmarete with a
evlinder strength of 4100 psi. The in-
trinsic shape of this failwre envelope
was obtained from biaxial tests of con
crete reported by Kapler, Thlsdorf and
Rusch™' The assumption  that o,
may be added to pf, when estimating
o, can be seen to be conservatne for
all values of oy ,. Furthermore, under
certain conditions, the shear strength
can be s large as the intomsic strength

“of the concrete. This oconrred  when

PLD Vcorvocnd Woassidde Vorwif 1EI=0

oy, + pf, was greater than 0.3f and
the ratio of g, to pf, was simultane-
ouwsh greater than 1.3 (An vatialh
cracked  specimen  having o, pf,
cqual to 26, bt with o, + pf, ol
only 0.2f developed a strength alinost
identical with that of a simple push-off
specimen having pf, equal to 0.2f.)

Further investigations are needed 1o
define completely the effect on shear
transfer strength of the ratio of oy, to
pf,, of direct tensile stresses acting
transverse to the shear plane, and of
applying the shearing force after the
direct stress has been increased to ats
maximum value.

Hypotheses for behavior

Shear transfer behavior of initially un-
cracked  concrete  with  reinforcement
normal to the shear plane. External
loads are assumed to cause a shew
stress © along the shear plane and di-
rect stresses oy, and oy, parallel to
and normal to the shear plane, respec-
tively. As loading begins the concrete is
wncracked;  the  transverse  reinforee-
ment A, is unstressed and  therefove
does not contribute an additional divect
stress across the shear plane.

Several short diagonal tension eracks
will occur along the length of the shear
plane and inclined to it at an angle «
when, under increasing shear, the prin-
cipal tensile stress in the concrete be-
comes equal to the tensile strength of
the concrete. The angle a0 will depend
upon the particular combination of v,
oy, and oy, existing at the time of
cracking. In push-off tests without addi-
tional externally  applied  direct stress
oy, o is usually about 45 deg.

When the shear load is further in-
creased a truss  action  develops, as
shown in Fig. 7(a). Diagonal strats of
comcrete are formed by the short, paral-
lel diagonal tension eracks. When the
shear acts on the truss, the struts tend to
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Fig. 7. Shear transfer in initially uncracked concrete

rotate and so stress the transverse rein-
forcement. Because the diagonal struts
are continuous with the concrete on
both sides of the shear plane, there will
be both compression and transverse
shear in the strut. The applied shear is
therefore resisted by the components of
the strut compression and shear forces
acting parallel to the shear plane, as
shown in Fig. 7(b).

The reinforcement crossing the shear
plane will eventually develop its yield
strength A, f,, provided a failure of
the concrete does not occur first. Fail-
ure will finally occur when the con-
crete struts fail under the combined
b ID‘ “llll‘l"'\\l‘l“ Jl“l \'M'-‘t " "N'
struts, while the remforcement contin-
ues to develop its yield strength,

(1]

Consider an element of concrete
lying in the shear plane, at the middle
of the thickness of a strut. With refer:
ence to cvordinates x" and ', the
stresses acting on the element will be
as shown in Fig. T(c). They comprise
a compression o, acting parallel to the
direction of the diagonal tension cracks,
and shear stresses 7, onented &
shown. Because the faces of the st
formed by the diagonal tension cracks
are unloaded free surfaces, o, is zer.
The pairs of values of o, and 7.
failure of the concrete can be obtained
from the failure envelope for the com
crete using the geometrical construc
tion shown in Fig. 8 A succession of
Mohr circles is drawn tangent to the
failure envelope. The interiection

any particular circle and the 7 axis
will define the point (o, 7., since
o, is zero. The diametrically opposite
point on the circle must therefore be
the point (o, 7,), where o, and
T,y are a pair of stresses corresponding
to failure of the concrete.

The state of stress in the element on
the shear plane can also be expressed
as o, o, and 7,, with respect to the
aves x and g, normal and parallel to the
shear plane, respectively. These stresses
can be stated in terms of o, and 7,
as follows:

o, =0y s a—2r, . sinacosa (1)
o,=0,c08 a+ 2r sinacosa (2)

Ty = —0y Sin @ cos @
+ 7,y (C0s* @ — sin® ) (3)

Concrete failure

If & = 45 deg., then
0= '(:’... 7 (1a)
Ty= -~ + Ty (2a)
= (!2_!_'_ (3a)

Since pairs of values of o, and 7,
corresponding to failure of the concrete
can be obtained as shown in Fig. 8, it
is possible to calculate values of o,
o, and 1., which correspond to failure
of the concrete.

Now at failure, o, is the direct stress
acting across the shear plane as a re-
sult of the shear transfer reinforcement
being stressed to yield, plus any ex-
ternally applied direct stress oy, act-

envelope

Combinations of ogond Tey
corresponding o foilure

Oy Ty

- — —

\\
1.,

Fig. 8. Derivation of combinations of o, and 7y which cause failure
of the concrete
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(0. wmat to its yield point. At ulti-
mate strength thercfore, the compres-
svion force across the crack is equal io
the vield strongth of the reinforcement
A, The irictional resistance to shear
akmg the crack is then equal to this
force maultipiied by the coefficient of
friction for concrete. In addition to the
frictional resistance to shear, there is
also shear resistance due to the dowel
action ¢ the reinforcement crossing the
crack in the shear plane, and the re-
sistarice 1o shearing off of asperities
projecting from the faces of the crack
it is hypothesized that the frictional
resistance to sliding and the rein orce-
ment dowel effi 1 are the |\ru-.|p.|]
contnitbutors  to shear ressstance '”n\
VW 1S \n‘lpﬂ'l.v-l hy the fact that for
greater than 200 pst (14
the slope of the curve relat-

vithwes of pf
sl ooms
ing v, andd pf, l‘4‘l|.'.l to the coclhi
el A'l 'l whm ,K"W‘(1'|‘ ""lll"\l con
crete surfaces measured by Gaston and
Kriz'®'. Further, when the dowel action
was destroved in two initially cracked
[mxh off specimens (Scries 6), the shear
strength dropped almost to that which
could e |-m\u|u| by friction alone. In
these specnnens the remforcement be
came kinked at ultimate, and hence a
componend of the reinforcement force
acted along the shear plane. It is
thought that the excess strength of
these specimens above the frictional
rosistance was due to this kinking ef
fect.

The concrete s!rmlglh does not ap
pear to affect the shear transfer strength
of an initially cracked under reinforced
specimen. This is consistent with the
shear strength being primarily devel
oped by friction, since the coefficient of
friction is independent of the concrete
\h\nul‘.\ The hehavior h\puﬂn'\l\ also
( \i\"un\ why the shear transfer \Iro‘nul‘l
A antially cracked pull off and push
ofl specunens arn the same for the same

value of the reinforcement parameter
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pf,. Direct stresses parallel to the shear
plane will not affet cither the friction-
al resistance to slidiag along the shear
plane, or the dowel effect. llence a
change in this longitudinal direct stress
from tension to compression does not
affect the shear transfer strength ia this
case.

In a h«-.nnll'__[gwm~“ plave,
(u-:)::‘;mrjﬂ‘l__!u, asubstantial exter-
u.lll)‘—avj_)lﬂl_(-rlrlmmml compressive stress,
it_is_possible for the theoretical shear
esistance due to friction and dowel cf:
feuts to _become greater than the shear
which would cause failure in an initial-
ly pncracked specimen having the same
physical charactexistics. In such a case,
the crack-inthe sheas plane “locks up”

and the behavior and ultimate strength,

thes became the same as for an mitial
Iy uncracked specimen. When this o«
curs. the shear strength becomes e
lu'mlvnl upon the concrete st Illl"l_
whereas before it was  inde pendent
This change in behavior corresponds 1o
the change in slope of the v, /pf, curve
for 2500 psi (176 kegf/em®) concret
in Fig. 4. In Fig. 2 it can also be seen
that at the highest values of pf,, the
strengths of bhoth initially cracked and
initially uncracked specimens are the
same

Il‘ il ”l"‘!('ldl(l\ l(? ‘ll .|\’l. -('”V!‘i”"‘l
shear plane, diagonal tepsion  cracks
may form at angle a to the shewr planc,
but failure still occurs by sliding along
the crack in the shear plane at an ulty
mate shear \ln'nulh less than that of the
corresponding initially uncracked speci
men.

Shear transfer in design

Section 1i.70 of the ACI Building
Code, ACI 318711, allows design
for shear transfer to be hased on the
hear-friction” hypothesis |'|n;m\ul Iy
Birkeland ™ and Mast®. This is a sim
plification for design purposes of the

Push-off {g s :‘
<

Specimens initially cracked
* 4000psi
* 2500psi

Pull=off A -1 = 5100psi

0

A/o/ E\V,‘ z pgp(% +05)

R aand 1

° so ®

01_..._._
v, * 800psi

FRICTION , p = 14 |
o
ba ¥ © phyp

= L

Sent L

200 400 600 800 1000 1290 1400
pf, (psi)

Fig. 10. Comparison of shear transfer strength caleulated wiing e

shear friction provisions of ACT

3I8-71 with measured strengths of

initially cracked push-off and pull-off specimens

hypothesis for the behavior of mitially
cracked concrete described above, In
the shear-friction approach, it is as-
sumed that for some unspecified rea-
son a crack exists in the shear plane.
The shear resistance is then assumed to
be developed entirely by the frictional
resistance to sliding of one crack face
over the other, wher acted upon by a
normal force Mlu.nl to the vield \ht-ngllu
of the reinforcement crossing the shem
plane. A fictitionsly high value of the
lvu'"i( wnt of Tnction M S wsedd o com

pensate for neglect of dowel action and

other factors. For a crack in monolithic
concrete, p is taken as 1.4. For conser
vative calculation of strength, the shea
transfer strength is limited to 027 o
800 psi (56 kgf /em®) whichever i the
less. The shear-friction equation may

be written as

At
bd m =l

but not more than 0.2 or 800 psi
In Fig. 10 the shear transfer strength
caleulated according o Eq. (6) is i

cated by unbroken lines and is com
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zero or . The results re-
ported by Kriz and Raths''® for corbels
subjected to shear and to tension forces
in the direction of the reinforcement,
indicate that there are a wide variety
of conditions for which Eq. (7) is also
valid for values of oy, which are ten-
sile. In Fig. 12 Eqgs. (6) and (7) are
compared with data from Kriz' and
Raths’ corbel tests. In plotting Fig. 12,
v, was taken as the nominal shear stress
at yield of the tension reinforcement,
or at ultimate strength of the corbel
if the yield of the tension reinforcement
did not occur. In accordance with Kriz'
and Raths’ findings and as required by
Section 11.14 of ACI 318-71, the re-
inforcement ratio p was taken as (A, +
A,) ’bd when shear only acted on the
corbel and as A,/bd when both shear
V, and tension N, acted on a corbel
In this latter case, oy, = N,/bd. It
can be seen that, providing the limita-
tions placed on them are observed,
both Eqgs. (6) and (7) yield censerva-
tive estimates of the ultimate strength
of corbels. (The corbel tests considered
included specimens for which the ratio
of the tensile stress oy, to the shear
stress v, varied from 0 to 1.25, and
for which the ratio of moment acting
on the corbel to the shear times the
effective depth at the colwmn face
(a/d) varied from 0.11 te 062 The
maximum value of (pf, — N, bd) was
514 psi (36 kgf/em?), and the mavi-
mum value of pf, considered was 700

psi (49 kgf /em?).

Conclusions

Concerning design.

1. Within their range of applicabil-
ity the shea-friction provisions of ACI
318-71 vield a conservative estimate of
the shear transfer strength of reinforeed
concrete whether or not a crack exists

in the shear plane.

g

2. Higher shear transfer strengths
than the upper limit of 800 psi (56
kgf /em?) specified in ACI 318-71 can
be developed if appropriate reinforce-
ment is provided and the concrete
strength is adequate. Such reinforce-
ment may be proportioned using Eq.
(-

Concerning fundamental behavior.

1. A preexisting crack along the
shear plane will both reduce the ulti-
mate shear transfer strength and in-
crease the slip at all levels of load.

2. Changes in strength, size, and
spacing of reinforcement affect the
shear transfer strength only insofar as
they change the value of the reinforce-
ment parameter pf, for f, =66 ksi
(4640 kgf /em?).

3. In initially cracked concrete, the
concrete strength sets an upper limit
value for pf, below which the relation-
ship between v, and pf, is indepen-
dent of concrete strength. Above this
value of pf,, the shear transfer strength
increases at a muck reduced rate for
lower strength conerete and is equal to
that of similarly reinforced, initially un-
cracked concrete.

4. Direct tension stresses parallel to
the shear plane reduce the shear trans-
fer strength of initially uncracked con-
crete, but do not reduce the shear trans-
fer strength of concrete initially cracked
in the shear plane.

5. An externally applied compres-
sive stress acting transversely to the
shear plane is additive to pf, in calcu-
lations of the ultimate shear transfer
strength of both initially cracked and
uncracked concrete.

6. The shear transfer strength of ini-
tially +.ncracked concrete is developed
by a truss action after diagonal tension
cracking. Failure oceurs when the in-
clined conerete struts fail under a com-
bination of shear and axial force.

7. The shear transfer strength of ini
tially cracked concrete with moderat
amounts of reinforcement is develope
primarily by frictional resistance to slid
ing between the faces of the crack m

by dowel action of the reinforcciment
crossing the crack. Whea large amounts
of reinforcement, or suflicient external-
ly applied compression stresses normal
to the shear plane are provided, then
the crack in the shear plane “locks up”

and snear transfer strength is devele
as in initially uncracked concrete.
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