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1. SUMMARY

The mechanism of membrane shear transfer under cyclic loading
in thick-walled cracked reinforced concrete structures is studied
experimentally. -The specimens incorporate interface shear trans-
fer and dowel action acting both alone and in concert. The results
are utilized in a dynamic analysis program to predict nonlinear
response of containment vessels.

The work reported here includes:

a. experiments on specimens with 1/2 and 3/4 in. diameter
reinforcing bars crossing a crack. Dowel action alone
and combined interface shear transfer and dowel action
are studied with external applied tension stress of 0
to 50 ksi on the bars. Cyclic shear stresses range from
150 to 400 psi.

b. development of a mathematical model to predict stiffness
characteristics of dowel action in thick concrete sec-
tions.

c. dowel action experiments (under cyclic loading) to cor-
relate with the mathematical model predictions.

d. a dynamic analysis program that accounts for the non-
linear load-slip behavior at a crack carrying reversing
shear stresses. The érogram is used for 6 analyses of a
typical reinforced concrete containment vessel subjected
to different earthquake inputs. Stiffness characteristics
at the cracks and soil conditions are also varied in the
analysis.

e. rTesults of experiments on specimens with large bars (#14

maximum size) where shear is carried by combined dowel



action and interface shear transfer.

2. APPLICATIONS TO ENGINEERING AND TECHNOLOGY

The results of this investigation will be used in the de-
velopment of improved design and analysis techniques for treating
the seismic behavior of thick-wallied concrete structures. A major
problem facing designers is the allocation of seismic shear to
the various strength components that resist the shear, that is,
how is the shear to be shared among the three mechanisms of:

(a) interface shear transfer on the rough concrete surfaces at
cracks, {b) dowel forces in reinforcing bars normal to the crack,
and (c) inclined reinforcing?

The results of this research provide new insight into the
shear transfer mechanism in cracked reinforced concrete and how
it changes with the cyclic effect of seismic forces. The experi-
mental studies furnish an improved basis for development of rational
design criteria that properly account for the interface shear trans-
fer mode c¢f behavior, and for dowel action under cyclic load con-
ditions.

The determination of internal seismic shearing forces in a
cracked concrete structure (such as a nuclear containment vessel)
is another major problem facing teoday's structural engineer. The
dynamic analysis program described here provides an improved non-
linear analysis capability for cracked containment vessels and
other cracked thick-walled concrete structures carrying seismic
forces. The effects of earthquake characteristics, crack spacing
and stiffness properties, and soil conditions may be assessed with

this program.



Finally, the general understanding of shear transfer generated
by this research will lead to better shear design methods for both
seismic and non-seismic loadings in a variety of reinforced con-
crete structures.

3. RESEARCH RESULTS

Two completed studies on shear transfer are summarized in this
report and preliminary remarks are made on a third major study that
is nearly complete.

A. The first study is based on Eleiott's thesis in which he
experimentally investipgated shear transfer across cracks in rein-
forced concrete. The specimens were small scale (#4 and #6 rein-
forcing bars) and had combined dowel action and interface shear
transfer.

B. The second study has several parts: (1) dynamic response
of a typical containment vessel subjected to several different
types of earthquakes, (2) formulation of a mathematical model of
dowel action, and (3) experiments to measure dowel actien and the
effects of load cycling on dowel stiffness properties and cracking
in the concrete.

€. The project nearing completion covers a number of experi-
ments on large scale tests cf specimens carrying shear by a com-
bination of dowel action and interface shear transfer, along with
analytical representations of the behavior.

A separate report on Subject B will be available in spring 1976
as a Departmental Report. Mr. Fajardo's thesis ({Subject C) will
form the basis for another separate report later in 197¢. Inter-
ested readers may request coples of these reports directly from

R.N. White.



In the following summaries the tables, figures and references
for each subject are prefaced by the appropriate letter (A, B, or
C).

4. PERSONNEI, AND PURLICATIONS

a. Personnel Involved in Research

The principal investigators, Richard N. White and Peter Gergely,
received part-time academic year support and summer support in 1974,
Prof. Gergely had the major responsibility for directing the re-
search efforts of the graduate research assistants during the period
September 1974-May 1975 while Prof. White was on sabbatical leave
at the lniversity of California, Berkeley. Prof. White was con-
tinuously involved in the project by correspendence during his
leave and also planned and conducted a modest experimental program
on dynamically loaded shear specimens while at Berkeley (to he re-
ported in the next progress report).

Several'graduate research assistants were sunperted by the
grant Mr., Alan Elciott received his M.5. degree in June 1974, Mr.
Otto Fajardo completed the experimental phase of his Ph.D. thesis
in shear transfer and will be completing his dissertation socon; he
assumed a teaching position at the University of Texas (Arlington)
in fall 1975. Ilir. John Stanten concentrated on dowel action and
on dynamic analysis of cracked concrete structures and is completing
his M.S. thesis (May 1976 degree).

b. Pnablications

1. Eleiott, A.F., "An PBxperimental Investipgation on Shear
Transfer Across Cracks in Reinforced Concrete', M,S. Thesis,; Cornell

Iniversity, June 1974.



2. Laible, J.P., White, R.N., and Gergely, P., "An Experi-
mental Investigation of Seismic Shear Transfer Across Cracks in
Concrete Nuclear Contoinment Vessels', accented for the ACI Seismic
Symposium Volume.

3. Laible, J.P. and Gergely, P., ™Nonlinear Dynamic Response
of Cracked Reinforced Concrete Muclear Containment Structures",

Nuclear Design and Fngineering, 30, September 1974, pp. 296-304.

4. Gergely, P., Stanton, J., and White, R.N., '"RBehavior of
Cracked Concrete Huclear Containment Vessels During Farthguakes”,
Proceedings, 1975 U,S. National Confersnce on Earthquake Engi-
neering, June 1975.

5. Stanton, John, "The Bowel Action of Reinforcement and
the Nonlinear Dynamic Analysis of Concrete Muclear Containment
Vessels", M.S. Thesis, Cornell University (May 1276).

c. Research Seminars

Prof. White presented seminars on "The Problem of Seismic
Shear Transfer in Nuclear Containment Vessels" at the following
universities:

University of Washington (Oct. 1974)

University of California (Nov. 1974)

Stanford University (April 1975)



A. REDUCED SCALE EXPERIMENTS On COMBRINED INTERFACE SHEAR TRANSFER
(IST) AND DOWEL ACTION

A series of specimens with 3 in. by § in. shearing areas,
reinforced with two different bar sizes (#4 and #6) were loaded
in reversing shear to simulate a seismic shear loading. Behavior
was determined for specimens carrying shear by (a) interface shear
transfer (IST) alone, (b) dowel action alone, and (c) combined
interface shear transfer and dowel actien. In addition, the com-
bination of cyclic shear and external tension applied to the bar
crossing the crack was studied.

The experiments were conducted on a new form of specimen that
presented some difficulties (one of the reasons for the study was
to assess the adequacy of the specimen for large-scale tests}).

The results should be interpreted with this fact in mind; certainly
the overall trends are valid but the precise values for some ex-
periments may not be fully reliable.

Specimen Configuration and Loading
The specimen geometry and loading methods are shown in Fig.
Al. The crack surfaces were formed in the intersection of the

vertical members and the cross members to provide a total of 30
2 ot shearing surface at each end of the specimen. Positive
and negative shear loads across the two cracks were applied as
shown in Figs. Alb, where the forces marked (+) and (-) indicate
the loads and reactions for the two loading conditions. Slips

in

and crack openings were measured with dial gages.

Specimens designed to study IST alone .had no embedded rein-
forcing hars. Instead, they had external steel restraint rods
across the cracks, as indicated in the upper part of Fig. Alb.
With the nuts on the restraint rods in the loose position, the
specimen was cracked by jacking metal plates into the V-shaped
crack-initiating grooves case into the specimen. The desired
initial crack width was then set by adjusting the nuts on the re-
straining system.

Specimens designed to study dowel action alone, and combined
dowel action and iIST, had embedded deformed reinforcing bars, one
per shearing plane, as illustrated in the lower half of Fig. Alb.



Dowel action alone was achieved by casting greased steel plates
in the shear planes with coversize holes at the reinforcing bar
locations. No cracking was necessary in this specimen. For
combined IST and dowel action, the specimens were cracked by
tensioning the rcinforcing bar against an independent external
tubular steel frame.

In each test two shear planes were lcaded simultaneousily,

and the resulting zets of displacements were averaged.

Interface Shear Transfer

Two tests were made to compare the IST mode behavior of the

small scale specimens with that of the large specimens (300 inzj

used in 2ll earlier tests. Specimen parameters were:

Concrete: fé = 2920 psi with % in. maximum aggregate
Restraint stiffness: = 700 %X/in on 15 inz shear surface
= 46,7 ksi/in
Initial crack width: = 0.030 in.
Shear stress: = + 150 psi
Load cycies: = 15 full reversals of shear load

The behavior measured in the two tests was nearly identical
and is shown for Test IST1 in Fig. A2. It is basically the same
as that exhibited by the large scale specimens. The load-slip
relationship is linear for lecading in both directions during the
first cycle. There is a pronounced "lccking effect" during un-
loading and the neutral slip position can be reached only by
reversing the load.

The slip increases with cycling but at a decreasing rate,
increasing from 0.0135 in. in cycle 1 tc 9.0175 in. in cycle 15.
With each c¢ycle, the "free slip” that occurs at low shearing
stresses (less than 50 psi) increases, while the shear stiffiness
during the upper portion of the load cycle {(from 50 to 150 psi)
increases by a factor of nearly 4 from cycle 1 tc cycle 15.

In the first cycle the shear resistance is provided primarily
by bearing stresses between the particles projecting across the
shear plane from one surface to the other. The loading and un-
loading action of the first cycle produces marked changes in be-
havior, and the free slip increases more between the 1st and 2nd



cycles than it does between the 2nd and 15th cycles. Once firm
contact is made between the surfaces in the later cycles, the
compacted concrete is stiffer and the sharply upward curving load-
slip curve results.

Over-riding (and frictional resistance) becomes more preva-
lent as cycling wears down the surfaces. As the shear displace-
ment increases, the over-riding action causes the crack to widen,
thereby increasing the forces in the restraining bar which in
turn increases the frictional resistance. Thus the restraint
stiffness across the crack has substantially less influence in
first cycle slip values than in later cycle slips. The results
presented below verify this observation.

The results for large scale specimen J3 {from Laible) are
shown in Fig. A2b for comparison. The J3 results are for + 180

psi shear stress and a restraint stiffness of 7640 k/in on a 300
2

in® shearing surface; therefore direct comparisons of behavior
are not possible,

The restraint stiffness for the small specimen was 83%
higher than that for the large specimen. The small scale data
are plotted in Fig. A3 along with a series of large scale test
results. Specimen IST1 results appear to be consistent with the
other data and no appreciable size effect is evident.

A summary of comparisons between specimens IST1 and J3

includes:

Small scale large scale

specimen IST1 specimen J3
slip, cycle 1 0.016 1n. 0.017 1in.
slip, cycle 15 0.021 in. 0.031 in.
shear stiffness, cycle 1 11.1 ksi/in 9.9 ksi/in
shear stiffness, cycle 15
free slip, cycle 1 0.0028 in. 0.0025 1in.
free slip, cycle 15 0.014 in, 0.022 in.

Specimen IST1 results are scaled linearly from 150 psi shear
up to 180 psi shear in the above comparisons. The higher shear

stress level does produce more surface deterioration, however,



and these effects cannot be totally scaled, Thus it is '
expected that cycle 15 results will not compare as well as cycle
1 results. Also, the difference in restraint stiffness has more
effect in the 15th cycle than in the 1lst cycle.

Dowel Action

Several experiments were conducted to determine the behavior
of specimens transferring cyclic shear by dowel action alone.
Transfer of shear by dowel action is dependent upon preventing
major dowel cracking along the bar, or by controlling such cracks
with transverse reinforcement. Before cracking, slippage along
the shear transfer plane is produced by bending of the bar and
local deformation of the concrete under the very high local con-
tact stresses., Consequently, the critical physical parameters
are the diameter of the reinforcing bar and the concrete strength
and stiffness.

The reinforcing across a crack ordinarily carries tension
from either flexural action or membrane action. This tensile stress
produces high localized bond stresses on each side of the shear
plane that may lead to very small yet significant cracks around
the bar and thus influence the shear stiffness.

The variables studied were:

1. diameter of reinforcing bar (1/2 and 3/4 in.)}

2. axial stress applied to reinforcing bar, ft = 0, 25,

and 50 ksi,

3. level of shear stress - + 150 psi and + 180 psi for ft
= 0; + 150 psi for f, = 25 and 50 ksi. These shear
stresses are computed on the basis of the concrete
area. Actual average shear stresses on the dowel
crossing the crack ranged from 5.1 to 13.5 ksi as de-
tailed in Table Al.

In each specimen a single reinforcing bar was embedded at
the center of the shearing plane. Interface shear transfer was
prevented by casting greased plates in the specimen. Concrete
strength varied from 2890 to 3130 psi.
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Thirteen tests on four specimens are summarized in Table Al.
Each specimen had two ends that were tested independently; they
are marked with U (upper) and L (lower) in the table. Five tests
(3a, 4a, 5a, 6a, and 8a) were done on specimens that had already
been cycled according to the load history values given in Table
Al on the unlettered tests (3, 4, 5, 6, and 8). The number of
specimens used to cover these parameters is inadequate, but again
it must be realized that this program was designed to be explora-
tory and as an aid to planning large scale tests.

Dowel Action - Applied Axial Stress ft = 0

Tests 1 and 2 on Specimen D1 resulted in early failure by
dowel cracking because of twisting of the central loaded block
around the reinforcing bar, and subsequent splitting produced by
the wedging action of the deformed bars. The results of these
tests are not meaningful and will not be reported here.

Specimen D2, with a #4 bar initially unstressed, was identical
to Specimen D1 except the loading was changed to eliminate the
twisting effects observed in Dl. Discussion here will focus on
tests 4 and 4a done on one end of the specimen.

The load-slip behavior for Tests 4 and 4a is summarized in
Figure A4 and Table A2. The slip at + 150 psi shear stress in-
creased from 0.082 in. during cycle 1 to 0.0125 in. in the 15th
cycle; the increase was negligible after 10 cycies. After 15
cycles at + 150 psi shear, the loading was increased to *+ 180 psi
for 10 more cycles (Test 4a) with the response as shown in Fig.
A4, The rate of increase of slip, which had become zero in Test
4, increased again when the shear stress level was raised. It
appears that Test 4a behavior was not strongly influenced by the
earlier 15 cycles at 150 psi, although the ratio of final maximum
slips (slipzs/sliplo = 1.42) was greater than the ratio of shear
stresses (180/150 = 1.2).

These load-slip curves have the same gencral shape as the
curves for interface shear transfer except the first cycle loading
in each direction has a slightly decreasing stiffness which must
be due to localized concrete crushing from excessive bearing
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stresses near the shear plane. There is also less free slip than
in the IST mode, however, since the flexural stiffness of the re-
inforcing bar tends to return the specimen to a neutral slip value
as it is unloaded. The free slip increased from 0.0008 in. on cycle
1 to 0.0052 in. in cycle 15, but the rate of increase decreased
with cycling. In Test 4a the free slip increased by 35% in the 10
loading cycles, with 3/4 of this increase occurring in the first

5 cycles (16-20). The shear stiffnesses after free slip were es-
sentially identical for cycles 10 and 25 in the two tests, which
indicates that the shear stiffness approaches a constant value
after a certain amount of cycling. If the shear stress level is
then increased, the shear stiffness may initially decrease but
subsequent cycling will bring it back to the previcus level.

Tests 3 and 3a should have given the same results as 4 and 4a,
but instead showed slips about twice as great as in the latter
tests. Dowel cracking terminated the test on the 26th load cycle
(19 at + 150 psi and 7 at + 180 psi shear). Since there is no
feasible extraneous mechanism that could have enhanced the shear
resistance in Tests 4 and 4a, and since the 3a test led to failure
while the 4a test did not, it is concluded that some twisting action
must have been present in Tests 3 and 3a to reduce the performance
in shear.

Specimen D4 had a #6 reinforcing bar across each shear plane
but was identical to D2 in all other respects. Tests 7 and 8 were
done at *+ 150 psi for 10 cycles and 5 cycles, respectively. The
behavior is summarized in Fig. A5 and Table A3 where it is seen
that the two tests gave essentially identical results.

The effect of bar size on shear stiffness is difficult to
quantify because of the variable results achieved for the two #4
bar tests (3 and 4). The post-free slip stiffnesses at various
cycles for the #6 bar tests were about 40 to 60% higher than those
of Test 3 (#4 bar with highest slips). This agrees well with
Baumann's prediction in Ref. Al that the dowel shear stiffness
varies as the diameter of the bar. On the other hand, Test 4 re-
sults for the #4 bar gave higher stiffnesses than measured in Tests
7 and 8 with the #6 bar.
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The first cycle shear stiffness of the #6 bar (405 k/in) may
be compared with results cobtained by Baumann (Al) and Teller and
Cashell {A2) on similar size bars. Baumann tested two 0.786 in.
diameter bars in a concrete beam with fé = 5200 psi and obtained
K = 619 k/in. This vesult is extrapolated to one 0.75 in. bar
with fé = 3130 by

3130

= 0.75
= (ezo0)

1

3
8
This value compares very well with the measured K of 405 k/in.

Teller and Cashell obtained X = 333 k/in per 0.75 in. dowel
in a specimen with a 3/4 in. crack width. This value becomes K =
585 k/in after applying the Teller and Cashell adjustment for the
effect of crack width and scaling back from their high concrete
modulus of 7120 ksi. With these rather severe adjustments it is
not surprising that a 42% difference exists between the two K
values (585 wvs. 405 k/in).

An approximate analysis of the first cycle shear stiffness was
made, modeling the reinforcing bar as a beam on a semi-infinite
elastic foundation. This analysis indicates that within the narrow
range of bar size studied, the effective foundation modulus X' is
nearly independent of bar size and the shear stiffness K is of the
form

g - (K'Y 0.75

where d is the bar diameter and X' is about 1000 k/inz.

Second and subsequent cycle behavior differs considerably from
that of the first cycle. A large increase in the free slip occurs
because of the concrete crushing action of the first cycle. The
initial stress concentrations in the concrete are reduced by local-
ized failures; thus after the free slip occurs, the elastic curve
of the bar has a better contact with the compacted concrete and
the shear stiffness increases. In some tests this behavior held
true to the peak shear stress of cycle 2; in others, there was some
decrease in shear stiffness near the peak of cycle 2, indicating
some further substantial crushing action in the concrete under the
bar. In later cycles (say after 10) the bar can firmly bed itself

in the concrete without producing any significant new concrete
crushing.



13

Dowel Action with Applied Axial Stress ft = 25 or 50 ksi

The effect of applied external bar tension on shear stiff-
ness was examined with Specimen D3 (Tests 5, 5a, 6, 6a on a #4
bar) and with Specimen D4 (Test 8a on a #6 bar).

A #4 bar tensioned to 25 ksi was cycled at + 150 psi for 15
cycles in Test 5. The axial stress was then increased to 50 ksi,
and a single cycle of shear load (Test 5a) produced a dowel crack-
ing failure. This behavior is summarized in Fig. A6. Tests ©
and 6a were then run on the other end of the specimen, with one
cycle at ft = 25 ksi and 4 cycles at ft = 50 ksi before the speci-
men cracked along the reinforcement (Fig. A7).

The crack widths and slips at several critical cycles are
given in Table A4. At ft = 25 ksi, the average crack width
doubled during 15 cycles of shear, with nearly all of the increase
occurring during the first cycle, and the slip increased by about
50%. On cycle 16 (Test 5a) the crack width again doubled when ft
was doubled from 25 to 50 ksi. In Test 6a, where the tensile
stress was doubled on cycle 2, the crack width again doubled (from

0.0038 to 0.0075 in.) and increased to 0.0095 in. during four more

cycles with ft = 50 ksi.
Several observations can be made from these tests on #4 bars:
a. Shear displacements with £, = 25 ksi were about twice

t
those at ft = 0 (compare Figs. A4 and A6.) Shear stiff-

nesses were correspondingly lower in the axially stressed
case. This comparison must be tempered by the fact that
the two tests at ft = 0 differed considerably.

b. When ft was increased from 25 to 50 ksi, the shear stiff-
ness after free slip decreased by about 30% in the next
shear cycle. This decreased stiffness indicates the
additional bond-induced cracking produced by increased
bar stress, which opens the crack and decreases the
integrity and stiffness cf the concrete around the bar.
The first cycle shear stiffness with ft = 50 ksi decreased
substantially in the stress range from 100 to 150 psi,
thereby demonstrating the additional damage done to the

concrete. Some inelastic action in the reinforcing
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may also have occurred under the combined stresses of 50
ksi tenmsion, 11.2 ksi average shear, and the local bend-
ing stresses near the shear plane.

c. The shape of the upper portion of the load-slip curve
during the first cycle at ft = 50 ksi was the same in
Tests 5a and 6a, even though the earlier cycling history
at ft = 25 ksi was considerably different in the two
tests (15 and 1 cycles, respectively). The total slip
and free slip values were greater in 5a, of course, but
the shear stiffness after free slip was nearly identical
to that in 6a.

d. Both ends of the specimen failed from dowel-induced cracks
when the axial stress level was 50 ksi:; one end carried
four cycles of shear and the other only one. The dif-
ference in cycle numbers to failure can be attributed
toc the extra degree of damage done to the concrete by
more extensive prior cycling with ft = 25 ksi in Test 5
(15 cycles). The severity of combined high tension and
cyclic shear is rather evident from this behavior.

The influence of axial stress on dowel action with a #6 bar

was examined with Test 8a, where 10 cycles of shear stress (* 150
psi) were applied with ft = 25 ksi after the specimen was cycled
5 times with ft = (. The response is shown in Fig. A8 as cycles
6-15. The first cycle with ft = 25 ksi {cycle 6) produced an in-
crease 1in slip of 15% and a decrease in shear stiffness (after
free slin) of about 30%. The slip increased rather sharply in the
first 5 cycles (cycles 6-11) but had leveled off by cycle 15. The
total increase in slip during the 10 load cycles was the same as
that shown in 10 cycles with ft = 0 in Test 7 (compare cycles 1
and 10 in Fig.AS5 with cycles 6 and 15 in Fig. A8). The shape of
the load-slip curve and the shear stiffness after free slip re-
mained essentially unchanged during cycles 6-15, with only the free
slip component increasing because of continuing deterioration of
the concrete surfaces adjacent to the bar.

It may be concluded that combined cyclic shear of + 150 psi

(measured in terms of the concrete surface area) and axial stress
of 25 ksi on the #6 bar is not substantially more damaging to the
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concrete than cyclic shear stress alone. The improved performance
of the #6 bar over the #4 bar is at least partially due to the fact
that the same shear load was applied to both types of specimens;
hence the shear stress and the bending stresses and deformations
were substantially lower in the #% bar. No tests were made with

#6 bars stressed higher than 25 ksi tension, and it is not known

if the application of 50 ksi would produce as severe as results as
were measured with the #4 bar specimen,

In Test 8a a procedure was evolved to establish the axial
restraint stiffness of the internally embedded reinforcement and
its variation with increased cycling. At various times during a
test, when the shear load had been decreased to zerc before re-
versing the load direction, the axial stress in the reinforcement
was releassd. The stress was then reapplied in increments and the
crack width was measured after each step. A typical plot of crack
width vs. bar stress is given in Fig. A9. The data is approximated
with the straight dashed line, and its slope, multiplied by the
bar area of 0.44 inz, gives the axial stiffness of the combined
bar-concrete specimen. In Fig. A9 the stiffness is K = 30(0.44)/
0.00366 = 3600 k/in. This type of stiffness measurement was used
mainly in the combined ianterface shear transfer and dowel action
tests that are described in the following section.

Combined Interface Shear Transfer and Dowel Action
Combined interface shear transfer and dowel action was inves-

tigated on a double-ended specimen with a single #4 bar passing
through each shear plane. The interface shear mode is highly de-
pendent upon the normal restraint stiffness supplied by the rein-
forcement crossing the shear plane. With internal reinforcement,
this restraint stiffness is determined in part by the bond between
the steel and surrounding concrete. As the shear cycling progresses,
dowel action results in crushing of the concrete around the bars,
destroying the bond and changing the restraint stiffness. This
process, which was studied for dowel action alone, will be less
severe when interface shear transfer is also included because the
increased shear stiffness and lower slips will decrease the rate
of deterioration of bond.
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Cracking ¢f the specimen was achieved by tensioning the re-
inforcement and, when necessary, forcing wedges into the V-shaped
crack initisting grooves at the crack plane. Both ends were
cracked on the same day; one end was tested immediately and the
other two weeks later. One end of the specimen was subjected to
45 cycles of shear with four different combinations of axial stress
and shear stress (Tests 9, %a, 9b, and 9c¢ in Table AS5). The other
end was loaded with 28 cycles and three different stress combina-
tions (Tests 10, 10a, and 1C0b in Table A5).

Axial stress in the reinforcing bar at the peak shear stress
is of major importance in these tests. IHigh axial stresses pro-
duce slip between the reinforcement and concrete. This damages
the concrete, resulting in larger dowel shear displacements. The
axial stress in the reinforcement is increased by the overriding
of surface irregularities. This not only decreases the dowel
stiffness but may also result in vielding of the bars if the initial
axial stress is high or the steel ratio is low. When the reinforce-
nent yields, neither dowel resistance nor the frictional component
of interface shear transfer can increase further until large shear
displacements produce kinking of the reinforcement.

Measurement of the bar stress at the crack was done indirectly
by first measuring the effective axial stiffness of the bar at the
crack by the procedure described in the earlier section on dowel
action. This stiffness, multiplied by the increase in crack width
between zero shear load and peak shear load, was used to estimate
the change in bar stress at the crack during shear loading. This
method of stress measurement was felt to be better than the use of
strain gages on the bar that might interfere with bond between con-
crete and reinforcing.

The load position was adjusted at the end of the first cycle
to force the slips on each of the two shear planes to be equal.

In some tests the two shear planes still had significantly dif-
ferent stiffnesses because the crack widths became different with
cycling.

The two variables in this test series were:

1. axial stress level, £, - 25 or 50 ksi

t
2. shear stress level of 1506, 250, and 400 psi
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Test results are summarized in Table A5. Test 9 was the only test
made with ft = 25 ksi. Ten cycles of + 150 psi shear produced
extremely small slips and crack widths (about 0.001 in. each) and
essentially no damage to the concrete and bond strength of the bar.
No load-slip curves were plotted for this test. The #4 bar stress
increased about 2 ksi at peak shear load.

In Test 9a, the axial stress level was raised to 50 ksi and
shear cycling at + 150 psi was done for 15 cycles (cycles 11-26 in
Fig. A10). It is seen in the figure that the shapes of the load-
slip curves for cycles 15 and 25 are intermediate to those deter-
mined earlier for interface shear transfer alone and dowel action
alone, and that the slips are smaller. After about five shear
cycles, the slip stopped increasing and there was little further
degradation of the shear transfer characteristics.

Test 9b consisted of 10 cycles at + 250 psi shear with ft
held at 50 ksi. The slips increase rather sharply during the first
seven cycles (Fig. Al10b) and the shapes of the load-slip curves re-
mained about the same as in Test %9a (Fig. Al0a)}.

The final loading (Test 9c) was cycled ten times at + 400 psi
shear with ft = 50 ksi. Again the slips increased quickly during
the first three cycles and then leveled off at about 0.01 in. as
shown in Fig. Al0b.

Cracks widths and slips in each of the two shear planes in
each test were quite nonuniform, particularly in the earlier load
cycles. By the end of the 45 load cycles the two planes were re-
sponding nearly identicaily, as shown in Fig. Alla. The crack
widths and slips and the incremental values are given in Table AS
(Cols. 4-9) for the first and last cycle of each test. Values
are tabulated for each shear plane and the average of the two
planes.

Restraint stiffness was determined at each shear plane from
measurements such as those shown in Fig. Allb. The values are
given in Col. 10 of Table A5, The right plane (marked R) showed
a marked decrease in stiffness during cycling, decreasing from
373 ksi/in to 213 ksi/in, while the other plane (L) remained es-
sentially constant at 111 ksi/in. The reason for the difference
is not known. Bar stresses calculated from these stiffnesses and
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the changes in crack width during shear loading are given in Col.
11 of Table A5. In both shear planes the bar stresses at the crack
during peak shear increased over the applied force of 50 ksi during
cycling, with the right plane showing significantly higher axial
stress. The increase in bar stress is a measure of the normal
forces developed between the two concrete surfaces as overriding
cccurs during shear loading.

Free slip values are given in Col. 12 of Table A5. The free
slip increased from 0.0012 in. in the 5th cycle of Test 9a to
0.0054 in. in the 5th cycle of Test 9c¢c. Shear stiffness after
free slip had occurred remained nearly constant during cycling
(Col. 13 in Table AS5).

Tests 10, 10a, and 10b had the same stress levels as Tests
%a, 9b, and 9c. Since response had stabilized in Test 9a after
10 load cycles, Test 10 was sone with only 10 cycles. Results are
summarized in Fig. Al12 and in Table AS5. The load-slip curves for
Tests 10 and 10a in Fig. AlZb are nearly identical to those for
tests 9a and 9b in Fig. Al0; in both cases the final slip after
cycling at *+ 250 psi shear is about 0.0075 in. There was good
correlation between the two sets of tests.

A major difference in behavior was observed at + 400 psi shear,
where slips and crack widths increased dramatically in Test 10b
and the specimen was necar failure from excessive cracking at the
end of eight cycles. This rather severe degradation in Test 10b
is also evident in Fig., Al3, which compares the slips at similar
load cycles, and in Col. 13 of Table A5 where the shear stiffness
was only half the usual value by cycle 5 of Test 10b. Such dif-
ferences in behavior at this very high shear stress and axial
stress level, where cracking is imminent and slight differences
in the quality of the specimen, or in secondary effects introduced
by loading position inaccuracies can be important.

An estimate of the relative contribution of dowel action and
interface shear transfer in carrying shear may be made by comparing
the stiffness of #4 dowel action alone with the stiffness of the
combined mode. In dowel action Tests 5 and 6 the shear stiffness
was about 250 k/in after cycling, or 250/30 = 8.3 ksi/in. This
stiffness is not sensitive to the size of crack in this study and
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thus may be used as a good estimate of the dowel stiffness in the
combined mode, where the total stiffness was about 67 ksi/in.

Thus it is concluded that for a #4 bar in 15 inz of concrete sur-
face (p = 1.33%), and with a shear stress of + 150 psi, about 12%

of the shear stiffness is provided by dowel action and 88% by
interface shear transfer on the ccncrete surfaces.

Summary

Several general observations can be made from this study:

1. Smali-scale interface shear transfer specimens give results
comparable to large-scale specimens.

2. It is not known if dowel effects can be scaled with reason-
able accuracy:; it is felt that they most likely cannot if the scal-
ing is to go from small bars such as #4 or #6 up to prototype #18
bars.

3. The load-slip relationship for dowel action alone is qual-
itatively similar to that for interface shear transfer except the
return to a neutral slip position after unloading is more complete
for dowel action.

4. Dowel action during the first cycle of shear loading dif-
fers sharply from that in subsequent cycles.

5. The presence of applied axial tension of 25 to 50 ksi on a
#4 bar prieor to application of shearing forces pnroduces a substan-
tial decrease in shear stiffness and large increases in slip at the
shearing plane. High levels of axial tension can also contribute
to earlier splitting failures along the bar. The larger #6 bar was
less sensitive to axial load effects.

6. Yielding of reinforcing may be a prohlem when high axial
loads are superimposed on dowel-action shearing stresses in the
rebars; this needs very careful study in future tests.

7. The general behavior modes and sensitivities to axial
stress observed for dowel action alone also hold true for combined

dowel action and interface shear transfer.
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imen size
Pl 4
D2 4
D3 4
P4 4]

fé,
psi

2890

3080

3130
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Average shear

stress
Upper On

or surface On
fy? Lower Test Axial arga dow§l Cy=-
ksi end no. stress psi ksi cles
A0 U 0 150 11.25

L 0 150 11.25

U 3 0 150 11.25 19
40 3 Ja 0 180 13.5 7

L 4 0 150 11.25 15

L 4a 0 180 13.5 10

U 5 25 150 11.25 15
7 U S5a 50 150 11.25

L 6 25 150 11.25

L Ga 50 150 11.25 4

U 7 150 5.1 10
60 L g 150 5.1 5

L 8a 25 150 5.1 10

Table Al - Dowel Action Specimens
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Cycle Slip, Free Shear
Test No. in. slip, in. stiffness, k/in.
V1 0.0165 0.0015 280
3 5 2 - 0.0067 340
10 - 0.0103 260
3a j1 0.082 0.011 150
|5 0.124 0.015 140
gl 0.0082 0.0008 600
A I - 0.0025 650
10 - 0.0052 500
(15 0.0125 - -
1 0.0135 0.0056 500
4a 5 - 0.0070 510
10 0.0170 0,0076 500

Table A2 - Dowel Action, #4 bar with

ft = (0 {Tests 3,3a,4,4a)
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Ave.
crack Free Shear
Cycle ft’ width, S1ip, slip, stiffness,
Test no. ksi in. in. in. k/in
1 0 0.0112 0.0615 410
7 2 0 0.0050 450
10 0 0.0159 ©.0077 489
} 1 0 0.0110 0.0017 400
8 2 0 - 0.0045 430
[ 5 0 0.03i56 0.0075 470
1 0.018 0.0670 340
8a 5 2 Co- 0.0115 365
ZIO Z 0,023 D.0126 365

Table A3 - Dowel Action, #6 bar (Tests 7,8,8a)



Cycle
Test Ti0.
i
5 10
15
5a 16
6 1
6a yz

Ave.
crack Free
ff_9 width, Slip, slip,
kg1 in. in. in.
25 0.0026 0.021 0.0025
25 - - 0.0108
25 0.0051 0.033 -
50 0.0101 00,0393 0.0130
25 0.0038 6.0185 0.0032
50 8.0075 0.6265 0.0048
50 0.0095 0.0333 -

24

Shear
stiffness;,
k/in

220
310

240
180

Table A4 - Dowel Action, #4 bar with
£ = 25 or 50 ksi (Tests

t
5,%a,6,6a)
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e }¢/’anchored to vertical %ﬁAN%FFR
Hr==— = et }— —+Eij leg of specimen ““
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9om | ] —_ external restraint rods
(-) (- -
] reinforcing bar v
DOWEL ACTION
(RN I s bl | depaliips o ALONE
v — . greased nlates for
dowel action alone
\
(+) (+) (b) specimen
shear area = 15 inz/plane details

Fig. Al - specimen geometry

e
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shear stress, psi
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(b) large scale specimen J3, 300 inz shear area

Fig. A2 - variation of slip with shear stress and with
cycling, interface shear transfer
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|3}

<o
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|

150 t~

100 4

w
L)
1

nominal shear stress, psi

0.01 0.02

- shear dispnlacement, in.
1 - 50 test 4 (+ 150 psi)

-~ - test 4a (+ 180 psi)
| -100

+-150

+-200
0.02+¢
- Test 4 DL Test 4a =i
] (+ 150 psi) (+ 180 ps}jﬂ_,,_
i o
—
7
0.01 4+ /
0 } + } ¢ !
0 5 10 15 20 25

load cycles

Fig. A4 - dowel action, #4 bar, axial stress ft = 0
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150 4

100 -

1 shear stress, psi

50 -

1 l
P 0.01 0.02
shear displacement, in.
04

O nomina

1004 (test 7 results)

0.024
o 5
o test 8
ER S O -
o ) 7
¢ P test 7
¢ -

7
S 0.01) -
3
4]
-
o
=
)
Q
<
%]
0 } ; load cycles
0 5 10

A5 - dowel action, #6 bar, axial stress ft = 0
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Fig. A6 - effect of axial stress

on dowel action, #4 bar
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Fig. A7 - effect of axial stress
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B. DOWEL ACTION AND DYNAMIC RESPONSE OF CONTAINMENT VESSELS
1. Dynamic Response of Cracked Containment Vessels

The response to earthquake motlon of structures that display
a nonlinear hardening, hysteretic stiffness is presented in this
section. Such stiffness characteristics are typical of nuclear
reactor containment vessels after they have been cracked by in-
ternal pressurization.

The idealized load-slip relationship for cracked reinforced
concrete subjected to cyclic shearing stress is shown in Fig. Bl,
where the values of stiffness are taken from experimental studies
at Cornell. The structure idealization is given in Fig. B2Z. Five
lumped masses and five hysteretic springs are used, along with
rotational and translational springs on the foundation mass. The
effects of several important variables are assessed here by con-
sidering the results of five separate dynamic analyses of a typ-
ical containment vessel. These variables include earthquake
input, crack stiffness properties, crack spacing, and soil con-
ditions,

The analysis progran performs a numerical integration of the
equations of motion of the spring-mass system, utilizing the
Wilson "theta" method of integration. The latter technique is
an extensicn of the well-known linear acceleration method, but it
has the advantage of being unconditionally stable for linear
systems. The nonlinear system analyzed here is considered to be
linear over any time step.

The matrix form of the equations of motion are

Mi{ul + [K]{u} = {P}

- —

= 7{, .
where M JS U 7
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Fys Mg
k3 ®

(p) = Fgq - Fys Mg
: ) Xg

. ® .

“Foq Mo

* ] 0

-(F45 hs + ... F01 hl)

and the matrix {K] is given in Fig. B3, This formulation is
identical to that for a linear system except for the terms in F*
in the forcing function. Thus standard procedures for inte-
grating linear equations can be used, provided that the F* terms
are evaluated at the end of every integration step and then in-
cluded in the new forcing function at the start of the next step.

The major problem met in the analysis is in making the change
from one stiffness to another on the hysteresis loop. This is
accomplished by treating the continuous nonlinear curve as a
series of linear steps and iteratfhg to the new stiffness value
(Fig. B4). Very small time steps, as low as 0.0025 sec, are used
where necessary, and an automatic time step expansion of up to
0.01 sec is programmed into the analysis to better cover the
time history where stiffness changes are not occurring. This
approach cuts off some small areas of the hysteresis loops, but
the lost areca at the falling stiffness change is partially bal-
anced by the gained area at rising stiffness changes, and the
total error generated is less than several percent. The full
., program and additional details on its operatiOn are given in
‘Ref. Bl.

The structure analyzed is typical of containment vessels for
large (750-1000 MW) nuclear plants. The effective shearing area
of the cylindrical wall was taken as 3/4 the total cross-sectional
area (halfway between thin-walled elastic shell theory and rigid
body translation at the crack).

Run 1 was a control run with the following variables:
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Number of degrees of freedom 5
Masses (each) 12100 kips
Segment heights (each) 504 in
Shear area 213000 inz
Crack spacing 60 in
G (Concrete) 1540 ksi
Viscous damping 0%
Basic time step 0.01 secs
Crack stiffnesses:
initial (elastic) 3.17 ksi/in
subsequent (hysteretic) 16.45, 143, 1.2, ksi/fin
Earthquake N65SE component of Parkfield
(1966)

The control earthquake was 4 seconds of the N65E component of
the Parkfield shock of June 1966 (maximum ground acceleration of
0.51g). The standard hysteresis loep was an idealization of
tests results from Laible (Ref. B2) which included both dowel
action and interface shear transfer (IST) with an initial crack
width of 0.01 in. Crack spacing in Run 1 was 60 in. MNo soil-
structure interaction was used in Run 1.

Run 1 - Critical disnlacements of masses 1, 3, and 5 are plotted

in Fig. B5. The structure was extremely stiff and maximum re-
sponse occurred about £.05 sec after maximum ground acceleration.
Maximum values of displacement, slip at the crack, and shear stress
for each of the masses are tabulated in Table 1. A typical hyster-
esis loop is shown in Fig. BR6.

Run 2 - 4 secs of the NS component of the El Centro 1940 earthquake
was used, with a maximum ground acceleration of 0.35g. Response
was similar to Run 1 results except the values ranged from about
10% to 35% less. Maximum values are listed in Table 1.

Run 3 - The Parkfield earthquake was used for this run, but the
crack stiffness properties were changed to simulate those of a
rather "soft" construction joint; the stiffness values were initial
elastic = 0.862 ksi/in and subsequent hysteretic = 5.27, 46.75,

and 0.184 ksi/in. Response for this structure with its sharply
reduced stiffness was markedly different from the first two runs.
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Maximum stress and maximum slip occurred closer to the middle

of the vessel (see Table Bl) and peak response values occurred
near the end of the earthqualke input in most cases. The hyster-
esis loop was far from stable {Fig. B7). The general behavior
was that of a violent lurch in one direction, followed by about

a half second of small amplitude vibrations centered about a point
of large slip, followed by a violent lurch in the opposite direc-
tion.

Run 4 - The Parkfield earthquake and regular cracks at 15 in.
spacing rather than 60 in. spacing were used for this run. The
maximum response values in Table Bl show slips of the same order
of those of the control run, but the stresses were only 50-80% of
the control run values. The increased flexibility produced by
the greater number of cracks produced response more like that of
Run 3, with maximum response near the middle of the structure and
hysteresis loons exhibiting the same patterns as in Run 3. Maxi-
mum response occurred within 0.2 sec of the maximum ground
acceleration.

Run 5 - This run was similar to Run 1 except two extra elastic
degrees of freedom were added to simulate the soil-structure
interaction, and viscous damping was included for these two de-
grees of freedom. Soil properties were density = 125 1b/ft3

and shear wave velocity = 750 fps. Calculated stiffness and
damping properties were:

Stiffness (translational) 60000 k/in

Stiffness (rotational) 2.5 x 1010 k-in/rad
Damping {translational) 3685 k/in/sec

Damping (rotational) 3.43 x 1010 k-in/rad/sec

The foundation had a mass of 26546 k and an inertia of 13856 x
106 k—inz.

The increased displacements and decreased shear stresses for
this flexible system are evident in Table Bl. Displacements with-
out soil-structure interaction were determined from the analysis
results and they were found to be 65-75% of the displacements
found in Run 1. Since the soil properties assumed are for a
rather poor soil, it is felt that the results of Run 5 represent

a limiting condition, with Run 1 being the 1imit at the other end
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of the stiffaness possibilities.

Critical response values for the five cases are summarized
in Table B2. The analyses indicate that the only parameter that
might threaten the integrity of the vessel (actually the integrity
of the 1liner because of excessive slips at a crack) is the
presence of a poorly done construction joint with excessive flex-
ibility and poor shear transfer characteristics. The maximum shear
stress for any of the runs was 280 psi. It remains to be secen
if this level of shear would produce dowel splitting or other
undesirable effects in the typical containment vessel.

2. A Mathematical Model of Dowel Action

Dowel action of reinforcing bars in cracked, thick concrete
sections is treated by considering the dowel as a beam on elastic
foundation {Fig. B8a). Since the very high contact stresses in
the concrete near the slip plane produce some crushing action, a
portion of the bar with half-length b (Fig. B8a) is considered
free to flex. The foundation modulus provided by the concrete
is determined by cutting the concrete section into thin slices
(Fig. B8b) and then analyzing a typical slice by plane stress
elasticity methods. The loading on each slice is shown in Fig.
B9 and is cosinusoidal in nature. The solution to ths problem,
given in detail in Ref. Bl, provides foundation modulus values
as well as giving stresses in the concrete around the dowel. It
is considered an adequate solution up to the time of tensile
cracking in the concrete; after cracking there may be a consid-
erable adjustment in load carrying in both the dowel and concrete.

Values of circumferential tensile stresses in the concrete

are
o, = 0,344 (2£) at 8 = 0
ma
6y = 0.637 (2) at 6 = T

wa

Thus the tensile stress in the direction of the dowel force is
highest, and the tensile force normal to the dowel force, which
tends to produce a wedging action splitting, is only 54% of the
maximum.
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The foundation modulus k was determined from the average

displacement (in the direction of the load) over the 60° sector
i

Ofi‘_%—.
The behavior of the dowel in Fig. B8a is governed by
d4
EI ——%}& ky = loading
dx
The load V is applied at x = -b, and the total displacement at

the slip-plane is determined by solving the equation for y and
adding the bending and shearing deformations of the free half-
length h; it is

3 2

U A Ll b(‘igaBl L b7, Bat(1ev),
(-b) L 28° 28 3 2
where V = applied shear
EI = EI of the reinforcing bar
= free half-length where concrete 1is crushed
i K
8= SyEr
k = foundation modulus
a = bar radius

The corresponding dowe%’stiffness is simply V/Zy('b].

The last term, Eﬂ:iliﬁl, in the above equation is the shear-
ing deformation compone%t. It can be shown that the effect of
shedar strain is limited to about 4% of the maximum displacement,
regardless of bar size (Ref. Bl).

Dowel stiffness values for one #11 bar (1 3/8 in. diameter)
as a function of B and free half-length b are plotted as solid
lines in Fig. B10., When b = 0, the stiffness reduces to

S 3
K = EIB° = a 4/TBKC

4
and the stiffness varies linearly with bar diameter 2a. This
result is very different from the result obtained by assuming
that the bar is fully fixed at both ends, in which case the

stiffness varies with the fourth power of bar diameter.
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The B value of 0.618 in Tig. B10 is for a 15 in. wide con-
crete specimen with one #11 bar and 4000 psi concrete strength.
B  decrsases to 0.49 for a #14 har and 0.39 for a #18 bar;

the stiffness of one #18 bar is shown as a dasheqmline. Other

+

concrete strengths would change 8 by the factor '/ c
/4000
The rather sharp decrease in dowel stiffness with increasing

free half-length 1s evident in Fig. B10.

The next step in the analysis is to combine the elasticity
analysis for concrete stresses with the beam on elastic founda-
tion solution. Assuming that concrete cracking initiates at a
tensile stress of 7.5 /ng, a #11 bar with g = 0.618, b = 0,

and fc‘ = 4000 psi gives V = 650 1bs. Similarly, equating

cracking
peak radial stress to the compressive strength of the concrete,
crushing = 3500 1lbs. for a #11 bar

with the same properties as above. This result is quite approx-

fc’, the value of shear is V

imate since the true stress level at which the concrete shows
crushing is not known. Comparisons of analysis with test results
will be given in the next section of this report.

Bar bending stresses also may be computed from

a%y /
f = M/S = --EI ——g S
dx
. Y > S A )
where Mmax = -g® 1 /f%_+ Bb + (BbL)

For a typical case of fc' = 4000 psi, one #11 bar, 8 = 0.618,
b = 0.5 in., and V = 25 k, the value of M oax is 25 in-kips and
the corresponding elastic bar stress is 100 ksi, which means

the bar will yield at the slip plane.
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3. Experimental Study of Dowel Action Under Cyclic Shearing Forces

Five specimens with the geometry given in Fig. Rlla were loaded
with cyclic shear across planes where the shear force was carried by
dowel action alone in a single reinforcing bar. The shearing forces
were applied as shown in Fig., Bllc and d, where the solid arrows
indicate load in one direction (defined here as positive) and the
dashed arrows represent a reversal of load direction (negative}.
Specific questions considered were: how the stiffness of dowel hars
changes with increasing cycles of load, and what failure mode is to
be expected.

Each specimen had a single #11 bar with greased 16 gage steel
sheets separating the block into three sections. The loading for
specimens 4 and S minimized the minor bending effects present in
the first three tests. 3pecimens 1, 2, and 3 had no reinforcing
other than the #11 dowel bar. Specimens 4 and 5 had transverse re-
inforcement, as detailed in Fig. B1l2, to assess its effect on de-
laying and restraining splitting effects produced by the dowel
forces.

S51ip of one block relative to the other was measured at each
shear phne. Opening and closing tendencies of the "crack' were
also measured. The major difficulty met in testing these specimens
was the tendency for twisting to occur about the axis of the har.
The two ends of the specimens were seated in Hydrostone prior to
loading, but some minor twisting action was still obhserved in some
specimens. Twisting is highly undesirable because it may damage
the concrete immediately surrounding the reinforcing bar. The
cyclic loading sequence for the five specimens is given in Table
R3. Specimen 1 was loaded in small increments from 5 k to 55 k.

The other specimens were started at higher loads. Specimen 4 failed
prematurely by local crushing at the 2 1/2 in. wide bearing plates
used to support the snecimen.

Discussion here will focus on Specimens 3 and 5; the complete
results are given in Ref. Bl. The increases in shear slip with
load cycling are shown in Fig. R13 for the two snecimens. In hoth
specimens, cycling at loads of 30 or 3> kips (shear forces of 15
or 17.5 kips on each shear plane) produced only small increases in
shear slip, while higher loads increased slip rather sharply. As
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in all specimens, the slips produced by negative loads were slightly
larger than those from the positive loads,

Specimen 3, with no transverse reinforcement, failed by split-
ting along a warped vertical surface through the bar at P = 70 k
(Fig. Bl4a) while Specimen 5, with transverse steel, failed at
P = 60 k by spiitting horizontally along the dowel (Fig. B1l4b).
Specimen 5 showed first cracking on the 6th load cycle, with hori-
zontal cracks beginning at the shear plane and extending out about
3 in. in the plane of the bar,

Load-shear slip relations for Specimens 3 and 5 are given in
Figs. B15-B17. 1In all cases the shear load per bar is half the
total applied load. The basic shapes of these curves are similar
to those obtained on smaller dowels by Eileiott, and have a strong
resemblance to the load-slip curves for interface shear transfer
alone. However, the transverse stiffness of the dowel after "free
slip" has occurred does not increase significantly with cycling as
does thes post-free slip stiffness of the interface shear transfer
mechanism. The average width of the hysteretic 1oop increases
slightly with higher cyclic load levels, thus implying a higher
percentage of equivalent viscous damping at high shear 1ocad levels.

The complete splitting failure of Specimen 3 permitted good in-
spection of damage to the concrete around the bar at the shear
plane. A funnel-shaped volume of crushed concrete was aobserved,
with visible damage extending about 1 in. in each direction from
the slip plane. Similar damage was observed in Specimen 2, and
other gspecimens must have suffered the same damage. It is believed
that the higher shear slips in Specimen 5 (as compared to Specimen
3) were produced by the increased damage to the lower strength
concrete of Specimen 5 (3000 psi in #5 vs. 4000 psi in #3).

The transverse reinforcement used in Specimen #5 had negligible
influence on specimen strength.

4., Discussion of Results and Design Implications

Several important points from Ref. Rl are presented here,
including: (a) comparison of the dowel action analysis with results
obtained from Fajardo's specimens and from interface shear transfer
specimens, (b) prediction of dowel forces, bar stresses, and slips
in typical containment vessels, and {c) overall conclusions.
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Fajardo tested #11 bhars in comhined dowel action and interface
shear transfer with a pre-defined unbonded length of bar at the
slip nlane. His specimen with a 1 in. unbonded length on each side
of the shear plane had an average dowel shear stiffness after ini-
tial cycling of about 900 k/in, where the average stiffness is de-
fined as the applied peak shear divided by the average of the peak
positive and negative slins, This dowel stiffness value of 500
k/in was obtained by subtracting out the interface shsar transfer
stiffness of a specimen that had similar crack width and resisted
shear by interface shear transfer alone.

The corresponding dowel force on each bar was then about 11 k.
The analysis of Part 2 of this section can be annlied with a free
half length of 0.55 in. to get a predicted dowel stiffness of 580
k/in for each bar, as compared to the 909 k/in. abtained by sub-
tracting out the IST stiffness from Fajardo's Specimen #1. While
the results ars not conclusive they are quite encouraging.

An analysis for slips and bar forces in a typical containment
vessel is given in Ref., Bl. A 4.5 foot wall thickness with p =
1.39% for vertical #18 hars was assumed, and Fé = 4000 nsi was
used. For an initial crack width of 0.015 in. and an applied maxi-
mum shear stress of 100 psi, the following resuls are obtained for
various assumed free half-lengths of each bar at the crack:

free half-

length, in. 0 0.5 1 2 4 6
shear force

per har, k 11.2 8.5 6.4 3.7 1.5 0.7
% of shear car- 79 75 22 13 5 5

ried by dowel

- -! h

AxalotTete it 3002 | 30.4 | 30.6 | 30.8 | 30.9 | 31.0
bending stress

in bari ksi 8 ? 9 8 6

shear stress

in bar, ksi 2.8 2.1 1.6 0.9 0.4 0.2

slip at crack, e 6
thousandths of v '
in.

6,5 7 8 8

. ;
Obtained from 28.8 ksi due to pressurization, plus the axial force
generated by over-riding in the IST meckanism,
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A second analysis was done for the case of a maximum shear
stress of 300 psi, which is the upper limit on dynamic shear
stresses calculated carlier in Section Bl, The free half-length
is estimated at 1.63 in., which gives a dowel force of 13.9 ¥/har,
a peak bar bending stress of 25 ksi, and a slip of 0.021 in. at
the crack. The dowel load is less than the load needed to produce
splitting in the #11 dowel tests reported here, hut the latter
specimens did not have tensile stress superimposed on the dowel
forces, nor was the concrete in biaxial tension as it would be in a
containment.

Several conclusions may he drawn from this work:

a. the maximum seismic shear to be expected in a typical re-
inforced concrete containment vessel is on the order of 300 psi for
earthquakes similar to the Parkfield 1966 and Bl Centro 1940 shocks.

b. comhined stress effects in reinforcing %ars at crack loca-
tions may be appreciable and should be considered in design.

c. potential splitting effects from dowel action must be
accounted for in design. They apvear to be much more dependent cn
shear stress level and on bar axial tension than on number of load
cycles. Biaxially tensioned specimens are needed to resolve the
many unanswered gquestions about dowel effects in containment struc-
tures.
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Rl. Stanton, John, "The Dowel Action of Reinforcement and the
Nonlinear Dynamic Analysis of Concrete Nuclear Containment
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Run Segment Displacement, S1ip, Shear
in in stress,

L psi
1 1,41 0.0256 252

2 1.19 0.0286 228

1 3 0.91 0.0263 226
4 0.62 0.0259 263

5 0,32 0.0267 280

1 1.22 0.0233 207

2 1.01 0.0254 195

2 3 0.75 0.0244 194
4 0.49 0.0246 176

5 0.24 0.06205 193

1 4.59 0.0826 214

2 3.92 0,.0296 221

3 3 3.10 0.138 218
4 2.03 6.138 227

5 1.12 G.125 207

1 4.14 0.0203 126

Z 3.64 0.0232 185

4 3 2.91 0.0294 175
4 2.12 0.0360 183

5 1.10 0.0311 167

1 5.97 0.0213 70

2 4.90 0.0310 111

5 3 5.76 0.0305 129
4 2.60 0.0233 113

5 1.49 0.0256 123

Table Bl - Maximum Response Values
for each Segment, Runs 1-5



Run

(¥ Lo WND—-‘;

Description

Control
E1l Centro

Peak
accel

.51g
.35g

Crack at Constr.

Jt.

Crack at Spac-
ing 15"

SS1

Table B2 -

.51g

.Slg
.5lg

Summary of Maximum Response

Values,

51

Maximum
Dis Rel.Dis. Slip Stress
1.4 0.315" .0267" 280
1.2% 0.264 L0254 210
4,.5" 1.20" .12 230
4,13" 1.25" .03 190
5.669 0.28 .031 129

Runs 1-5
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Note: Loads helow are twice the shear force on the #11 bar.

cYeLn SPRCIMEN

NO. | 1 2 3 4 5
i SF 30k | 20K AN K TI0R
2 110 35 35 30
5 1 15 35 35 30
4| 20 35 35 30
5 | 20 45 35 30 |
6 | 2 65 35 30|
7 | 25 65 35 30
8 1 30 65 35 30
9 | 35 80 25 30

10 | 35 15 30

11 | 35 50 40

12 | 40 70 40

13 | 45 40

14 | 55 40

15 40

16 60

Table B3 - Leoad sequence for dowel
action tests
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face of crack

b = free half {length of bar at crack
|
// //7////////////////_//:'/,

(ap dowel on elastic foundation model
P .

k\\\\\\\ /’//
//
|~

(b) longitudinal slices of concrete

Fig. B8 - idealized model for dowel action analysis
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S > Spec. a,in. b,in. c,in £ ,psi
1 24 24 8 4020
b Col .- 2 12 24 12 4130
3 12 24 8 4080
4 24 20 73 3200
1 v N
c S 24 20 7% 3080
12" a AR
(a) 1.{b)
() (+) (-)
| !
X A
_ greased plates
' w,{—#—*"f
[
< dowel
e o __~__A?::£
e——— ———— — — — - (c) specimens 1-3
i
(+) (-) (+)
)y 1+ (il1l(-)
X A
] greased plates
"
'_—A-’—’-’—»—’“" .
e _Jr/k“ dowel
S A I

(+)T

T |
1(-) (-

Fig.

B11 - dowel specimen geomctry

(d) specimens 4 § 5
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4!! 4!' 16'! 4'! 4!!
L 24 L L4
- * L @
specimen 4
8'? 12'! 12'1 8!'
& [ ] 7Y
» . o

specimen 5
weld

1 - #11 dowel

2 - #7

EHZZP_
weld

_—

Fig. Bl2 - details of transverse steel in

specimens 4 § 5
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Fig. B13 - slip as a function of cycling, specimens 3 & 5
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il et g gt ﬂ/

A section A-A

(a) specimen 3

elevation

(b) specimen 5

Fig. Bl4 - failure modes of specimens 3 & 5
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slin, specimen 3
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C. LARGE-SCALE TESTS WITH COMBINED AXIAIL TENSICM AMND DOWEL EFFECTS

The experimental program involving large-scale specimens was
continued during the past year. In addiion to the interface shear
transfer and dowel force mechanisms, the effects of axial tension
in the bars was studied. Such tension would occur in vertical bars
of a nuclear containment vessel when internal pressure develops.
Dowel bars are also in tension in other applications, such as in
tall shear wall structures under severe seismic loads.

Two types of tests were used in this study. One was the same
setup {(Fig. C1) as employed from the beginning of the research,
except the embedded #9 bars were tensioned to a certain stress
level or until the initial crack width reached the desired magnitude.
Two such block-type specimen tests are reported here.

The second type of test was essentially a large beam loaded
transversely by two forces in such a manner that a nlane of zero
moment existed, (Fig. Ch{a)). The specimens were precracked at
this plane by tensioning the #14 longitudinal bar using an external
force system. The transverse loads applied reversed cycling shear
forces at the crack plane. Four specimens were tested.

Block Tests with Axial Tension
In the beam-type tests reported in the next section, the.

self-weight of both the snecimen and the axial loading system made
it difficult to achieve a uniform crack width at the shear plane
before the iniation of the cyclic shear test. This problem was
met by shifting away from the beam tests and using the modified
block test setup shown in Fig. Cl. 1In this test an independent
frame is used to sustain the vertical tensile stresses applied to
the reinforcing bars. A vertical beam distributes the applied
horizontal load (shearing force) in the required proportions to
the top and bottom cpancrete blocks. By moving the beams in the
vertical plane, the shear stress acting in the shear plane is
reversed. There is no moment at the crack lecation.

The specimen cross-sectional shearing area was 225 inz. Four
#3 reinforcing bars (p = 1.78%) extended through the 24 in. high
specimen and were locked off against the independent stressing
frame. The shear plane at mid-height of the specimen was formed
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by tensioning the reinforcing bars. A crack-initiating groove
formed into the snecimen during casting controlled the crack lo-
cation. The reinforcement was instrumented with internal strain
gages, 3/8 in. gage length, placed 1 in. above and below the shear
plane. The axial load induced in the reinforcement was measured
by external strain gages.

After aligning the specimen in the loading frame, the crack
at the shear plane was produced and an axial stiffness test was
conducted to determine the reinforcement stress necessary to impose
the desired crack width. Subsequently, the specimen was cycled
for 25 cycles, of which cycles 1, 15, and 25 were loaded incremen-
tally for detailed measurements of slip and reinforcing bar
strains. An axial stiffness test was also conducted at the end of
the cycling.

The results of two tests conducted on specimens with equal
percentages of reinforcement (p = 1.78%) but different initial
crack widths are presented.

The first specimen had an initial crack width of approximately
0.02 in. that was formed by tensioning the bars. The bars were
stressed to 33.1 ksi during the simultaneous shear loading of +
160 psi. In Fig. C2(a), the average horizontal slip is plotted
against the applied shear stress for cycles 1 and 15. The shape
of both curves may be roughly characterized by a bilinear relation-
ship. Peak values of slip as a function of cycle number are shown
in Fig. C3(a). Observations include:

a, The load at which "hardening'" of the load-slip relation-
ship is observed, decreases with increased cycling.

b. After the 15th cycle, there is no appreciable increase in
the horizontal slip of the specimen (Fig. C3(a})).

c. The ability of the specimen to absorb energy decreased
with increasing number of cycles.

The initial crack width of 0.02 in. did not increase mea-
surably with increasing shear stress in any of the cycles, nor did
it change with cycling (Fig. C3(a)). It was found, however, that
maximum strains recorded by several internal strain gages were of
the order of 2500 micro-in/in. (Fig. C4). The shape of the strain
vs. shear load curve is very similar to that observed for horizontal
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slip vs. shear load. The magnitude of the strains on the surface
of the reinforcing indicates that the hars were partially plastic
at 1 in. from the shear plane.

Specimen 2, also reinforced with four #9 hars, was tested
with an initial crack width of 0.0l in. and an applied axial load
during shear loading of 21.4 ksi. The horizontal slip is plotted
against the applied shear stress in Fig. C2(b) for cycles 1 and
15, and maximum slip values for each cycle are given in Fig. C3(b).
Comparing load-slip curves for specimens 1 and 2 (Figs. €2{a) and
(b)), the following observations can be made:

a. For specimen 2, the shear stiffness during cycle 1 remains
essentially constant up to maximum Ioad, and it is higher than in
specimen 1.

k. The horizontal slip attained at cycle 15 is approximately
equal to that obtained in cycle 1 for specimen 1, showing the
rather substantial reduction in slip as the initial crack width
decreases.,

The earlier observations (b) and (¢) made for specimen 1 are
also valid for specimen 2. As for specimen 1, there is little dif-
ference in crack width variation with increased cycling (Fig. C3(b)).

Further tests are underway to evaluate the effects of several
important variables, namely, reinforcement diameter, level of axial
stress in the reinforcement, concrete cover, and level of shear
stress. Such tests are imperative to fully understand dowel action
and interface shear transfer under cyclic leoading.

Beam Tests

The beam-type specimen shown in Fig. C5(a) was loaded through
two steel beams that reacted against the concrete specimen through
rollers. With only the two rollers designated as (+) in position
between the specimen and each loading beam, the shear and moment
along the beam are as shown in Fig. C5(a). This load system pro-
duces shear but no moment at the critical shearing plane (neglec-
ting dead weight effects). The direction of shear is reversed by
removing the (+} rollers and loading through the four (-) rollers.

Each of the four beam-type specimens had a 225 inz shearing
arca with a single #14 reinforcing bar centrally located in the
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specimen. The longitudinal bar was stressed until a crack occurred
at the shear plane at mid-length. The weight of the beam and the
tensioning frame produced variations in the crack width over the
depth of the specimen. This configuration, which theoretically
seems fine, was in reality very difficult to work with, particu-
larly for the case of a single bar in the middle of the concrete.

In Specimen 1 the average crack width was about 0.020 in. and
the axial force in the single #14 har was 26 kips, or 12 ksi stress.
At a shear stress of 100 psi the slip was 0.008 in. and the crack
width increased by about 0,002 in. Unfortunately, the secondary
reinforcement hich was about 4 in. away from the crack) was in-
sufficient, and flexural cracks and subsequently large diagonal
tension cracks developed hecause of the comhined effect of tension
and shear in the concrete. At a shear stress of 450 psi the test
was discontinued. The inclination of the major diagonal crack was
somewhat less than 45° from the axis of the beam and passed through
the intersection of the bar axis and the shear crack.

Specimen Z was identical to Specimen 1 and also had an average
crack width of about 0.02 in. It was cycled twice at * 100 psi
shear stress with a har tension of 16 ksi. Then four cycles at
the same shear stress but with a bar tension of 29 ksi were applied,

- followed by two cycles at + 125 psi and a bar tension of 29 ksi.

In the latter stages, with the bar stressed to 29 %si, the average
peak crack width increased to about 0.026 in. The failure mode
was similar to that in Specimen 1 and cccurred at an applied shear
stress of about 350 psi.

Fig. C6 shows the shear-slip relationships for cycling at 100
psi and 125 psi peak shear stress when the bar stress was 29 ksi
tension. It can be seen that these curves are similar to those
obtained in the block-type tests, However, comparison of the
behavior of Specimen 2 with that of a block specimen with external
reinforcing rods (no dowel action possible) shows that for the
same level of loading, the former had siips about one-third those
measured in the latter. This sharp reduction in slip is due to
two causes: (a) dowel force in the #14 bar, and (b) increased effec-
tive axial stiffness of the bonded #14 bar as compared to the long
external restraint bars of the block specimen. The relative magni -
tude of each contribution remains to be determined.
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Specimens 3 and 4 had additional web reinforcement away from
the shear plane and on either side of the level of the steel to
prevent premature diagonal tension failure but not to restrict
possible splitting along the steel. Strain gages were attached
to the #14 bars at the shear crack.

The crack width was nonuniform in Specimen 3, 0.014 in. on
top and 0.042 in. at the bottom at the beginning of the shear
loading. Large slips occurred at low shear stresses, and cracking
developed at a shear of 150 psi, as shown in Figure C7, The
stress in the bhar was about 28 ksi throughout the loading, measured
outside the specimen. The internal pages were affected by local
bending and the somewhat inconsistent readings have not yet been
fully evaluated. The strains in the bars outside the specimens
tend to decrease when shear is applied because of the overriding
and crack width increase at the shear plane.

Snecimen 4 is considered the most reliable since the initial
crack width was uniform (0.025 in.) across the depth of the speci-
men. Accordingly, the results and discussion presented here are
drawn mainly from this specimen. The axial stress applied to the
bar was 28 ksi, and the loading history was:

a. c¢ycles 1-15 at + 100 psi shear stress

b. cycles 16-25 at + 125 psi

¢, cycles 26-30 at + 150 psi

Major cracks appeared only in the 20th cycle, although sev-
eral earlier cracks were caused by the axial tension alone. At
150 psi the cracks became very large (Fig. C8) and the test was
stopped after the 5th cycle at this stress level.

Shear stress is plotted against slip in Fig., C% and against
crack width in Fig. C€10. The behavior of each is similar to that
observed in other tests. The rate of increase of peak slip values
and crack width at peak loads are plotted in Fie. C1l1, where it is
evident that hehavior in the last 5 cvcles (with 150 psi shear

lower stress levels. This may have been caused by additional in-
ternal cracking that was not visible, but that greatly decreased
the effective axial stiffness of the bar and thereby increased

the crack width, thus leading to larger slips. Or the reinforcing
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bar could have undergone considerable yvielding near the crack,
which would increase the crack width and the level of slippage
during shearing.

The results of these tests will be included in more detail
in Fajardo's thesis, along with further analysis and discussion
of these and other results.

3. Comparison of Various Test Results

Load-slip curves for several types of specimens are summarized
in Fig. C12 (Ref. C1). Fach curve was chtained during the 15th
cycle of shear loading at the indicated stress levels. Curves A,
B, and C were obtained from specimens with external restraint rods
to give results for interface shear transfer alone {no dowel action
with the condition of rather low axial stiffness. Curves D and E
were measured on specimens that were cracked, separated to produce
an initial crack width of 0.030 in., and then had four #11 rein-
forcing bars grouted in place with either 1 in. or 4 in. unbonded
length at the shear plane. This eliminated most of the dowel ac-
tion and a2lso increased the axial stiffness of the restraining
reinforcing that acts to prevent the crack from opening. Curve
F is combined interface shear transfer and dowel action and was

obtained from a beam-type specimen with parameters as indicated.

The basic stapes of hoth loading and unloading hranches of
all the curves in Fig. C12, B16, and A8 are quite similar for
the three cases of interface shear transfer alone. dowel action
alone, and combined interface shear transfer and dowel action.
A rational model of shear transfer that incorporates all important
parameters is under development. The effects of biaxial tension
in the specimen may alter the behavior substantially because of
the cracking that is expected to occur under these more severe
stress conditions.

REFERENCES:

Cl. Gergely, P., Stanton, J., and White, R.N., "Behavior of
Cracked Concrete Nuclear Containment Vessels During Earth-
quakes', Proceedings, 1975 U.S. National Conference on
Earthquake Engineering, June 19875,
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