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SUMMARY

This research project had three major goals: (1) to understand
the mechanism of cyclic shear stress transfer in cracked thick-walled
reinforced concrete structures, (2) to incorporate mathematical models
of the shear transfer mechanism into computer-based analysis methods
for determining structural response to earthquakes, and (3) to pro-
vide experimental and analytical background material for formulation
of improved design procedures that would result in better and less
costly designs (without sacrificing safety),.

Extensive experiments on large specimens of cracked concrete
were conducted. Shear transfer by interface, shear transfer on the
rough cracked surfaces, plus shear transfer by dowel action of reinforc-
ing crossing the crack, were studied for a wide range of variables.
The degradation of the shear transfer mechanism with continued cycling
of shear stress was of particular concern and importance in the experi-
ments. It was found that cyclic shear stresses on the order of 200
psi could be carried quite efficiently by.this mechanism. The beha-
vior of both the concrete and steel in the structure can be predicted
with reasonable accuracy on the basis of experimental evidence. Final
reduction of all data into a comprehensive, simplified model of beha-
vior is being done at the present time under a continuation of this
project.

The computer-based analysis program completed during this study
gives reliable predictions of forces, stresses, overall deformations,
and displacements of thick-walled concrete structures subjected to
earthquake forces,

Prior to Cornell University shear transfer studies, diagonally-
oriented reinforcing steel was normally required to resist the entire
seismic shear stress in reinforced containment vessels and similar
structures. Now it is possible to rely upon some shear transfer capa-
city from the combination of normal vertical and horizontal steel and
the inherent roughness of the crack surface in the concrete. This
saves reinforcing steel and permits a more rational design.
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SCOPE AND ORGANIZATION OF REPORT

This report is divided into the following sections:

A. Reduced Scale Experiments on Combined Interface Shear Transfer
and Dowel Action '

A summary of the work of Eleiott (Ref. 1) is given for experi-
ments with #4 and #6 reinforcing bars subjected to combined dowel
action and interface shear transfer. 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 action. In addition, the combination of cyclic shear and exter-
nal tension applied to the bar crossing the crack was studied.

B. Dowel Action: A Mathematical Model for Unidirectional Shear, and
Dowel Experiments with Cyclic Shearing Forces

This part of the report is extracted from the research of Stanton
(Ref. 2). A mathematical model for dowel action is presented which
predicts dowel stiffness and bending stresses in the dowel at an open
crack. The analysis is supplémented by experiments on dowel action
in #11 reinforcing bars in large specimens that had greased plates
at the shear plane normal to the reinforcing bar. Comparisons are
given between the analytical model and earlier experiments on speci-
mens reinforced with #11 bars and carrying shear by combined dowel
action and interface shear transfer.

Stanton also developed a dynamic analysis capability to account
for the nonlinear shear force-shear slip relationship that occurs
at the cracks in reinforced concrete subjected to simultaneous ten-
sion and seismic shear. The results are reported in Ref. 3. Details
of Stanton's analysis program was perfected by Smith (Ref. 4) and is
given in Section D of this report.

C. Large-Scale Tests with Combined Axial Tension and Dowel Effects
Two large specimens (225 in2 shearing area) reinforced with four

#9 reinforcing bars were subjected to combined tension and cyclic

shear to study the effect of tension on shear stiffness and strength.
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Four additional specimens with the same shearing area, reinforce
with a single #14 bar, were loaded with simultaneous tension and
reversing shear.

These experiments constitute only a portion of the extensive
experimental investigation that is central to this research. Be-
cause a definitive resolution of the effects of many variables on
shear stiffness and strength will not be reached during the current
project, the reader may find this section of the report rather lacking
in conclusions. Additional results are given in Section E, and a
comprehensive report that systematically explains the effects of each
variable will be published in the continuation of this research
grant {(Ref. 6).

D. The Effects of Cracks on the Semismic Analysis of Reinforced

Concrete Nuclear Containment Vessels

A computer program was developed to do seismic analysis of a
cracked reinforced concrete containment vessel and other thick-walled
reinforced concrete structures (Ref, 4). Since the shear transfer
mechanism at the cracks in these structures is highly nonlinear, and
degrades with continued shear cycling, the program is non-linear and
must be executed with small time steps. A synthetic earthquake genera-
ted from response spectra given in NRC 1.60 was used as the base ac-
celeration in all computer runs. Analyses were done for the uncracked
structure, for the structure including the effects of cracks, and
for several different soil stiffnesses. In addition, a system iden-
tification approach was used to develop a linear seismic analysis
capability for the highly nonlinear response of the cracked structure.

Results indicate that the shear transfer capabilities of the
combination of cracked concrete and reinforcement orthogonal to the
cracks can adequately resist the shear forces developed by design.
earthquakes normally used in reactor containment design. A final
recommendation on this important design question can be made only
after suitable experiments are conducted on reinforced concrete speci-
mens subjected to combined biaxial tension and cyclic shear (planned
as a part of the continuing research program on shear transfer at
Cornell University).
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E. Ongoing Research

The current project is being continued in two major areas:

(a) effect of bar size, specimen geometry, and level of axial ten-
sion on shear strength and stiffness, with particular emphasis on
determining the relative amount of shear force being transmitted by
dowel action and by interface shear transfer, and on the possibility
of splitting effects produced by dowel and bond forces in large bars
(#11 and larger), and (b) strength and stiffness of orthogonally rein-
forced concrete specimens subjected to combined biaxial tension and
cyclic shear stresses; this research is being conducted under the pri-
mary sponsorship of the Nuclear Regulatory Commission but is closely
tied into the NSF research on shear transfer.

A major effort is underway by Jiminez on the first area. Early
experimental results are given in Section E in a reprint of a paper
presented in 1976 (Ref. 5). The entire study (analytical and experi-
mental) will be reported later in Ref. 6.

The second area of concern, biaxial tension effects on shear
performance, likewise will be reported separately as the extensive

experimental study progresses.
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A. REDUCED SCALE EXPERIMENTS ON COMBINED INTERFACE SHEAR TRANSFER
(IST) AND DOWEL ACTION

A series of specimens with 3 in. by 5 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 action. 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 ére shown in Fig.
Al. The crack surfaces were formed in the intersection of the
vertical members and the c¢ross members to provide a total of 30
2 of 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
and crack openings were measured with dial gages.

Specimens designed to study IST alone had no embedded rein-
forcing bars. 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 IST, had embedded deformed reinforcing bars, one
per shearing plane, as illustrated in the lower half of Fig, Alb.

in
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Dowel action alone was achieved by casting greased steel plates
in the shear planes with oversize 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 reinforcing bar against an independent external
tubular steel frame.

In each test two shear planes were loaded simultaneously,
and the resulting sets 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 inz)
used in all earlier tests. Specimen parameters were:

Concrete: fé = 2920 psi with % in. maximum aggregate
Restraint stiffness: = 700 k/in on 15 in2 shear surface
= 46.7 ksi/in
Initial crack width: = 0,030 in.
Shear stress: = + 150 psi

Load cycles: 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 loading in both directions during the
first cycle. There is a pronounced "locking 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 to 0.0175 in. in cycle 15.
With each cycle, the "free slip'" that occurs at low shearing
stresses (less than 50 psi) increases, while the shear stiffness
during the upper portion of the load cycle (from 50 to 150 psi)
increases by a factor of nearly 4 from cycle 1 to cycle 15.

In the first cycle the shear resistance is provided primarily
by bedaring 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
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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. AZb for comparison. The J3 results are for + 180
psi shear stress and a restraint stiffness of 7640 k/in on a 300
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 0.01%6 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 in.
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,
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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 1st 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 c¢ritical 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 ngesses on each side of the shear
plane that may lesad 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, f_=
and 50 ksi.

5. 1level of shear stress - * 150 psi and * 180 psi for £,
= 0; * 150 psi for £, = 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

N 0, 25,

[}

the center of the shearing plane. Interface shear transfer was
prevented by casting greased plates in the specimen. Concrete
strength varied from 2830 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 = {

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 D1. 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 cycles. 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 c¢ycles at 150 psi, although the ratio of final maximum
slips (slipzslsliplo = 1.42) was greater than the ratio of shear
stresses (180/150 = 1.2).

These load-slip curves have the same general 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. 1In 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 previbus 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 obtained 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 result is extrapolated to one 0.75 in. bar
with fé = 3130 by

K = (%?)3 (7)4 (§73g) (619) = 410 k/in

This value compares very well with the measured X 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 X
values {585 vs. 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 K' is
nearly independent of bar size and the shear stiffness K is of the
form

d(X') 0.75

K= 373

where 4 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.
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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 6
and 6a were then run on the other end of the specimen, with one
cycle at £, = 25 ksi and 4 cycles at £, = 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 ft = 25 ksi were about twice
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 of 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 tension, 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
to 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 = 0. The response is shown in Fig. AB as cycles
6-15. The first cycle with ft = 25 ksi (cycle 6) produced an in-
crease in slip of 15% and a decrease in shear stiffness (after
free slip) 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 c¢ycles with ft = 0 in Test 7 (compare cycles 1
and 10 in Fig.A5 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 #6 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 zero before re-
versing the load direction, the axial stress in the reinforcement
was released. 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. AS9. 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 interface shear transfer and dowel action
tests that are described in the following section.

Combined Interface Sheatr Transfer and Dowel Action

Combined interface shear transfer and dewel 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-
forcemenf 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 1less
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 of the specimen was achieved by tensioning the re-
inforcement and, when necessary, forcing wedges into the V-shaped
crack initiating 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, 9a, 9b, and Sc in Table AS). The other
end was loaded with 28 cycles and three different stress combina-
tions (Tests 10, 10a, and 10b in Table AS).

Axial stress in the reinforcing bar at the peak shear stress
is of major importance in these tests. High 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 yielding of the bars if the initial
axial stress is high or the steel ratio is low. When the reinforce-
ment 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 inc¢rease 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 150, 250, and 400 psi
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Test results are summarized in Table A5. Test 9 was the only test
made with £ = 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. A10b) and the shapes of the lcad-slip curves re-
mained about the same as in Test 9a (Fig. AlQa).

The final loading (Test 9¢) 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 idehticany, 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
occurs during shear loading.

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

Tests 10, 10a, and 10b had the same stress levels as Tests
9a, 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. Al2 and in Table A5. The load-slip curves for
Tests 10 and 10a in Fig. Al2b 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 near 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 in2 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 concrete surfaces.

Summary
Several general observations can be made from this study:

1. Small-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 prior to application of shearing forces produces a substan-
tial decrease in shear stiffness and large increases in slip at the
shearing plane. High levels of axial tension can alsec 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 problem when high axial
loads are superimposed on dowel-action shearing stresses in the
rehars; 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 combhined
dowel action and interface shear transfer.
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Spec- Bar £, Tos
imen size pgi kgi
D1 4 2899 40
D2 4 2980 449
D3 4 3080 75
D4 6 3130 60

Ale6

Average shear

stress
Upper On
or surface On
Lower Test Axial area dowel Cy-
end no. stress psi ksi cles
U 0 150 11.25 2
L 0 150 11.25 S
3] 3 g 150 11.25 19
U 3a 0 180 13.5 7
L 4 0 150 11.25 1S
L 4a 0 180 13.5 10
U S 25 150 11.25 15
U Sa 50 150 11.25 1
L 6 25 150 11.25 1
L 6a 50 150 11.25 4
) 7 0 150 5.1 10
L 8 0 150 5.1 5
L 8a 25 150 5.1 10

Table Al - Dowel Action Specimens



Al7

Cycle Slip, Free Shear

Test No. in. slip, in. stiffness, k/in.
1 0.0165 0.0015 280
3 ; - 0.0067 340
10 - 0.0103 260
3a 1 0.082 0.011 150
5 0.124 0.015 140
il 0.0082 0.0008 600
4 2 - 0.0025 650
10 - 0.0052 500
GS 0.0125 - -
1 0.0135 0.0056 500
da 5 - 0.0070 510
10 0.0170 0.0076 500

Table AZ - Dowel Action, #4 bar with
f. = 0 (Tests 3,3a,4,4a)

t
- Ave.
crack Free Shear
Cycle £, width, Slip, slip, stiffness,
Test no. kgi in. in. in. k/in
1 0 0.0112 0.0015 410
7 2 0 - 0.0850 450
10 0 0.0159 0.0077 480
. 1 0.0110 0.0017 400
8 2 0 - 0.0045 430
5 0.0156 0.0075 470
1 25 0.018 0.0070 340
8a 5 25 L. 0.0115 365
10 25 0.023 0.0126 365

Table A3 - Dowel Action, #6 bar (Tests 7,8,8a)
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Ave.
crack Free Shear
Cycle f., width, Slip, slip, stiffness,
Test no. kgi in. in. in. k/in
1 25 0.0026 0.021 0.0025 220
5 10 25 - - 0.0108 310
15 25 0.0051 0.033 - -
Sa 16 50 0.0101 0.0393 0.0130 200
6 1 25 0.0038 0.0185 0.0032 240
6a 2 50 -0.0075 0.0265 0.0048 180
5 50 0.0095 0.0333 - -

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

5,5a,6,6a)

£t
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Fig. A4 - dowel action, #4 bar, axial stress ft = 0
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B. Dowel Acticn: A Mathematical Model for Unidirectional Shear;

and Dowel Experiments With Cyclic Shearing Forces

Dowel action of reinforcing bars in cracked, thick concrete sec-
tions 1s treated by considering the dowel as a beam on elastic foun-
dation (Fig. Bla). Since the very high contact stresses in the con-
crete near the slip plane produce some crushing action, a portion of
the bar with half-length b (Fig. Bla) is considered free to flex.
The foundation modulus provided by the concrete is determined by cut-
ting the concrete section intc thin siices (Fig. Blb) and then ana-
lyzing a typical slice by plane stress elasticity methods. The load- .
ing on each slice is shown in Fig. BZ and is cosinusoidal in nature.
The solution to.this problem, given in detail in Ref., 2, 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 considerable adjustment in load carrying in both the dowel and
concrete.

Values of circumferential tensile stresses in the concrete are

Q
|

I
[ ]

= 0.344 (32) at 6 =

= 0.657 (32) at e

Q
i

H

T
Z

Thus the tensile stress in the direction of the dowel force is high-
est, and the tensile force normal to the dowel force, which tends to
produce a wedging action splitting, is only 54% of the maximum.

The foundation modulus k was determined from the average dis-

placement (in the direction of the load) over the 60° sector of

+ I

%
The behavior of the dowel in Fig. Bla 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
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the bending and shearing deformations of the free half-length b;

it is
yo =X (lrbs . b(s2b8) , b1, bal(lrv),
(-b) EI 283 252 3 2
where V = applied shear

EI = EI of the reinforcing bar
b = free half-length where concrete is crushed

B = 4/fk
IET
kX = foundation modulus

a = bar radius
The corresponding dowel stiffness is simply V/Zy(_b).

The last term, Eé_élill , in the above equation is the shear-

ing deformation component. It can be shown that the effect of shear
strain is limited to about 4% of the maximum displacement, regardless
of bar size (Ref. 2).

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. B3, When b = 0, the stiffness reduces to

k=818 = & ¢ qEid
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,

The 8 value of 0.618 in Fig. B3 is for a 15 in. wide concrete
specimen with one #11 bar and 4000 psi concrete strength. B decreases
to 0.49 for a #14 bar and 0.39 for a #18 bar; the stiffness of one
#18 bar is shown as a dashed line, Other concrete strengths would
change B8 by the factor

4000

The rather sharp decrease in dowel stiffness with increasing
free half-length is evident in Fig. B3.
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The next step in the analysis is to combine the elasticity
analysis for concrete stresses with the beam on elastic foundation
solution. Assuming that concrete cracking initiates at a tensile
stress of 7.5 /fg, a #11 bar with g = 0.618, b = 0, and £ = 4000 psi

gives V = 650 1bs. Similarly, equating peak radial stress

cracking
to the compressive strength of the concrete, fé, the value of shear
. . - . # 3 .

is Vcrushlng 3500 1bs. for a #11 bar with the same properties as
above, This result is quite approximate since the true stress level
at which the concrete shows crushing is not known.

Bar bending stresses also may be computed from

dZ
f =M/S = -EI S
dx
.V -Bx 4
where MmaX = -z e 1 /% + Bb + (Rb)

For a typical case of fé = 4000 psi, one #11 bar, B = 0.618, b =
0.5 in,, and V = 25 k, the value of Mmax is 25 in-kips and the cor-
responding elastic bar stress is 100 ksi, which means the bar will
yield at the slip plane.

In the experimental phase of this study, five specimens with
the geometry given in Fig. B4 were loaded with c¢yclic 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. B4c and B4d, where the solid arrows indicate locad in one
direction (defined here as positive) and the dashed arrows represent
a reversal of load direction (negative). Specific questions consi-
dered were: how the stiffness of dowel bars 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 5 minimized the minor bending effects present in
the first three tests. Specimens 1, 2, and 3 had no reinforcing
other than the #11 dowel bar. Specimens 4 and 5 had transverse rein-
forcement, as detailed in Fig. BS5, to assess its effect on delaying
and restraining splitting effects produced by the dowel forces.
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Slip of omne block relative to the other was measured at each
shear plane. 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 bar.

The two ends 0of the specimens were seated in Hydrostone prior to
lcading, but some minor twisting action was still observed 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 Bl. Speci-
men 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 sup-
port the specimen.

Discussion here will focus on Specimens 3 and 5; the complete
results are given in Ref. 2. The increases in shear slip with load
cycling are shown in Fig. B6 for the two specimens. 1In both speci-
mens, cycling at loads of 30 or 35 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 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 splitting
70 k (Fig. B7a)
60 k by split-
ting horizontally along the dowel (Fig. B7b). Specimen 5 showed first

along a warped vertical surface through the bar at P

while Specimen 5, with transverse steel, failed at P

cracking on the 6th load cycle, with horizontal 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. B8-B10. In 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 Eleiott, 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 the post-free
slip stiffness of the interface shear transfer mechanism. The average
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width of the hysteretic loop increases slightly with higher cyclic
locad levels, thus implying a higher percentage of equivalent viscous
damping at high shear load 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 observed, with visible
damage extending about 1 in. in each direction from the slip plane.
Similar damage was observed in Specimen 2, and other specimens 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.

Discussion of Results and Design Implications:

Several important points from Ref. 2 are presented here, includ-
ing: (a) comparison of the dowel action analysis with results ob-
tained from Fajardo's specimens and from interface shear transfer
specimens, (b) prediction of dowel forces, bar stresses, and slips
in typical containment vessels, and (¢) overall conclusions.

Fajardo tested #11 bars in combined dowel action and interface
shear transfer with a pre-defined unbonded length of bar at the slip
plane. His specimen with a 1 in. unbonded length on each side of
the shear plane had an average dowel shear stiffness after initial
cycling of about 900 k/in, where the average stiffness is defined 'as
the applied peak shear divided by the average of the peak positive
and negative slips. This dowel stiffness value of 900 k/in was ob-
tained by subtracting out the interface shear transfer stiffness of
a specimen that had similar crack width and resisted shear by inter-
face shear transfer alone.

The corresponding dowel force on each bar was then about 11 k.
The analysis of this section can be applied 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 900 k/in obtained by subtracting out the IST
stiffness from Fajardo's Specimen #1. While the results are not
conclusive they are quite encouraging.
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An analysis for slips and bar forces in a typical containment
vessel is given in Ref. 2., A 4.5 foot wall thickness with p = 1.39%
for vertical #18 bars was assumed, and fé = 4000 psi was used. For
an initial crack width of 0.015 in. and an applied maximum shear
stress of 100 psi, the following results are obtained for various as-
sumed free half lengths of each bar at the crack:

free half- 0 0.5 1 2 4 6
length, in.

shear force 11.2 8.5 6.4 3.7 1.5 0.7
per bar, k

% of shear car- 39 30 22 13 5 2

ried by dowel

axial stress in 30,2 30.4 30.6 30.8 30.9 31.0
bar, ksi*

bending stress 8 9 9 8 6 4
in bar, ksi

shear stress 2.8 2.1 1.6 0.9 0.4 0.2
in bar, ksi

slip at crack, 3 6 6.5 7 8 8
thousandths of
in.

A second analysis was done for the case of a maximum shear
stress of 300 psi, which is the upper 1limit on dynamic shear stresses
calculated earlier. The free half-length is estimated at 1.63 in.,
which gives a dowel force of 13.9 k/bar, 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, but 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.

Conclusions that may be drawn from this work include:

a. combined stress effects in reinforcing bars at crack loca-
tions may be appreciable and should be considered in design.

b. potential splitting effects from dowel action must be ac-
counted for in design. They appear to be much more dependent on

*
Obtained from 28.8 ksi due to pressurization, plus the axial force
generated by over-riding in the IST mechanism.
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shear stress level and on bar axial tension than on number of load
cycles. Biaxially tensioned specimens are needed to resolve the
many unanswered questions about dowel effects in containment struc-

tures.
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Note: Loads helow are twice the shear force on the #11 bar.

CYCLE SPECIMEN
NO. | 1 2 z 2 3
1 5k 30 k 20 k 45 k 20 K
2 10 35 35 30
3 15 35 35 20
4 Z0 35 15 30
5 z0 45 35 30
6 20 65 . 15 30
7 25 65 15 30
8 30 65 35 30
3 35 80 75 70
10 35 a5 30
11 35 50 40
12 40 70 40
13 45 40
14 55 40
15 ‘ 40
16 | 60

Table Bl - Load sequence for dowel
: action tests
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Fig. B2 - action of dowel of concrete
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C. LARGE-SCALE TESTS WITH COMBINED AXIAL TENSION AND DOWEL EFFECTS

The experimental program involving large-scale specimens was
continued during the past year. In addtion 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. Cl1) 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 plane of zero
moment existed, (Fig. C5(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 specimen 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 cmncrete 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 location.

The specimen cross-sectional shearing area was 225 inz. Four
#9 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 specimen 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 c¢rack 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 bars were partially plastic
at 1 in. from the shear plane.

Specimen 2, also reinforced with four #9 bars, was tested
with an initial crack width of 0.01 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. C2(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 load, and it is higher than in
specimen 1.

t. 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 (c) 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 nterface shear transfer under cyclic loading.

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
area 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 bar 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 Which was about 4 in. away from the c¢rack) was in-
sufficient, and flexural cracks and subsequently large diagonal
tension cracks developed because of the combined 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 2 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 bar 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 ksi, the average
peak crack width increased to about 0.026 in. The failure mode
was similar to that in Specimen 1 and occurred 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 slips 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 bar was about 28 ksi throughout the loading, measured
outside the specimen. The internal gages 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.

Specimen 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. cycles 1-15 at + 100 psi shear stress

b. cycles 16-25 at + 125 psi

c. cycles 26-30 at + 150 psi

Major cracks appeared only in the 20th cycle, alfhough 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. C9 and against
crack width in Fig. C10. 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 Fig. C11, where it is
evident that behavior in the last 5 c¢ycles (with 150 psi shear
stress) was substantially different from the earlier cycles at
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 vielding 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. Cl12. Each curve was obtained 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 stiffaness. 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 mest of the dowel ac-
tion and also 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 skapes of bhoth loading and unloading branches 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 incornorates 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.

-
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D. The Effects of Cracks on the Seismic Analysis of Reinforced Con-
crete Nuclear Containment Vessels
This section has been published as a separate report but is inclu-
ded here in its entirety to provide complete documentation of this
important segment of the research. Figure and table numbers are not
prefixed with the letter D, and the cited references are listed on
pages D65-D67.
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Chapter 1

INTRODUCTION

1.1 Nuclear Containment Vessels

The heart of a nuclear power station is the nuclear reactor and its
steam supply system. Of equal importance, for reasons of safety, is thse
containment vessel which houses the reactor along with its steam supply
system components (see Figure 1.1). The purposes of the containment are
to prevent leakage of radioactive substances to the outside environment
and to support the structures and equipment connected to it. The vessel
shown in Figure 1.1 is typical of the large reinforced concrete contain-
ment vessels now used in pressurized water reactors. It consists of a
large cylindrical shell (4 1/2 feet thick) with a hemispherical head,
resting on a circular foundation. The containment vessel volume must be
able to dissipate the energy released during a loss of coolant accident
in the reactor. This accident creates an internal pressure which stresses
the containment vessel. The containment vessel shell must be able to
transmit these and all other forces down to the foundation mat. In
concrete containment vessels a 1/4 to 3/8 inch steel liner is attached
to the inner surface of the shell to prevent leakage. This liner per-
forms no load carrying function but must be able to undergo the strains

which are imposed on it by the concrete shell wall.
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Since the containment vessel is of great importance to nuclear
safety, it must be able to maintain its structural integrity during an
earthquake. This means that a material failure which could cause radio-
active leakage should not occur in the steel liner. One of the design
conditions for the containment combines the internal pressure from a loss
of coolant accident acting simultaneously with the dead weight of the
containment vessel and the Safe Shutdown Earthquake (SSE). The Safe
Shutdown Earthquake, as defined by the Nuclear Regulatory Commission
(NRC), is considered to be the "earthquake which produces the vibratory
ground motion for which structures, systems and compeonents important to
safety are designed to remain functional.' The horizontal design
response spectra, given in the‘NRC Regulatory Figure Guide 1.60 as '"the
spectra representing the effects of the vibratory motion of the SSE,"
is shown in Figure 1.3.

Because concrete has little tensile strength, the internal pres-
surization will cause cracks in the containment in both the horizontal
and vertical (principal) directions (see Figure 1.2). Both prestressed
steel tendons and normal reinforcing steel are being used in concrete
containment vessels. There is little or no cracking in prestressed
vessels. However, the construction of these prestressed vessels is
expensive because of the difficulty of prestressing in the circumferential
direction. Only reinforced concrete containments will be discussed in
this investigation. Presently most reinforced concrete vessel walls
have steel not only in the two principal directions but also in directions
inclined * 45° from these principal directions. This inclined steel is
designed to transfer the SSE inertial shearing forces across the cracks

in the vessel wall. In a cylindrical wall, inclined bars will form a
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series of helixes. These continuously curved bars are very expensive

to form and cause congestion problems during construction. If a design
could be developed which eliminates these inclined bars, lower construc-
tion costs and improved concrete quality (because of reduced congestion
of reinforcing bars) would result. If the orthogonal steel in the prin-
cipal directions were assumed to carry shear across the cracks by dowel
action and if the cracks themselves have shear transfer capability then
a design could be formulated that does not rely on inclined steel. The
earthquake shearing forces would then be carried to the foundation by

a combination of dowel action of the vertical reinforcing bars and by

the shear transfer capacity of the horizontal cracks.

1.2 Scope of this Investigation

The central purpose of this investigation is to study the feasi-
bility of the above proposal for eliminating or reducing inclined steel
in concrete containment vessels. Chapter 2 deals with the phenomenon
of shear transfer across cracks in_concrete. The results of tests
which give the load-displacement behavior of the shear transfer mechanism
of cracked concrete blocks (with internal reinforcing bars to include
dowel action) are shown and discussed. The distribution of shear
stresses at horizontal cracks is studied through use of a finite element
model. The maximum shear stress is an important design parameter because
a high shear stress could cause a diagonal tension failure or dowel
splitting in the containment vessel wall.

In Chapter 3 a lumped mass model of the containment vessel shown in
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Figure 1.1 is developed for linear seismic analysis. The effects of
including rotational degrees of freedom in the analysis are discussed.

A computer program which performs linear seismic analysis (modal analysis)
is developed. Soil-Structure Interaction is added to the model in
Chapter 4. In Chapter 5, the cracks caused by internal pressurization
are included in the seismic analysis of the containment vessel. Since
the load-displacement behavior of these cracks is nonlinear {as shown

in Chapter 2) the seismic analysis becomes nonlinear. The modeling of
the crack stiffness is discussed along with the analytical tools which
are required to perform the nonlinear analysis. The computer progranm
developed to perform nonlinear analysis is then used with the lumped
mass model of the containment vessel shown in Figure 1.1 for a time
history of ground accelerations corresponding to the NRC response spec-
trum of Figure 1.3. Soil-Structure Interaction is included in this
model. Three different runs which correspond to three different stiff-
nesses of the underlying soil are made. The modal analysis program of
Chapter 3 is input with the same ground accelerations and the results of
the linear and nonlinear analyses are compared. System identification
is used to obtain a linear model which produces resﬁlts which "best fit"
the results of the nonlinear anal?sis. Chapter 6 states the main con-
clusions of this investigation and proposes future work which relates to

this topic.

1.3 Design Philosophy

The design of réeinforced concrete containment vessels is governed
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by Section III Division 2 of the ASME Boiler and Pressure Vessel Code [14].
The load combination of interest is the extreme environmental load. This

load combination is
1.0OD+1,0L+ 1,607 + 1,0E + 1.0 P (1.1)
o] SS v _

where D, L, TO, E_ and Pv are the dead, live, temperaturs, SSE and

ss
external pressure loads, respectively. For the containment the only
live load is the internal pressure due to the loss of coolant accident
{LOCA) . PV and To are not included here because they are unknown.

The allowable membrane compression stress in the concrete is .60 fé
where fé is the compressive strength of the concrete (normally fé = 4 Ksi
for containment vessels). Concrete tensile strength is neglected. The

allowable tangential shear stress is dependent upon p, the reinforcement

ratio:

<
il
A

12,000 o P .01 {1.2a)

o= 93+ 2,700 0 .01 £ p 5,025, (1.2b)

<
I}

v is the maximum tangential shear stress (in psi) which may be carried

by the concrete. v, may not exceed 160 psi. p is taken as the lesser of

the reinforcement ratios in the meridional and circumferential directions.
The design yield strength of the steel reinforcement cannot exceed

60,000 psi. The average tension and compression stresses must not

exceed .9 fy’ where fy is the tensile yield strength of the reinforcing

bars.
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According the ASME Section III [14], if v, (the nominal design shear
stress) is greater than Voo then the following reinforcement shall be
provided:

(1} The meridional and circumferential reinforcement shall

be designed to resist 1.5 times the shear force corresponding
to v, in addition to the membrane forces which result from

the LOCA.

(2} The excess shear force corresponding to (vu - vc)
shall be resisted by inclined reinforcement.

The steel liner is designed on the basis of allowable tensile and
compressive strains. The ASME code states that for extreme environmental
loads €ee = .002 and € = .001 where € is the allowable liner com-
pressive strain and €.t is the allowable liner tensile strain. The
anchors which attach the liner to the concrete containment are spaced

at about 20 inches. The allowable re¢lative displacement between the

anchors that is commonly used in design is .1 inch.
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Chapter 2

SHEAR TRANSFER IN NUCLEAR CONTAINMENT VESSELS

2.1 Cracks in Nuclear Containment Vessels

Current design criteria specify that the nuclear containment vessel
must be able to withstand the simultaneous occurrence of a design basis
accident which would give rise to internal pressurization and a strong
motion {SSE)} earthquake. The internal pressure creates tension forces
in both the longitudinal and circumferential directions while the earth-
quake causes inertial forces which in turﬁ cause shearing forces and
bending moments in the vessel. These forces and moments must be trans-
ferred across the horizontal and vertical cracks in the reinforced
concrete caused by pressurization. Clearly the crack patterns, crack
widths and spacings are important. Crackwidths (caused by internal
pressurization) vary from .0l to .0l15 inches. Horizomtal cracks with
regular spacings throughout the vessel will be assumed. The possible
effects of vertical cracks will be discussed later in this chapter and
in Chapter 5. It has been found from tests at Cornell University {i1,2]
and elsewhere that a mechanism exists which makes it possible to transfer
shear force across cracks in concrete. This mechanism is called inter-
face shear transfer (IST) or aggregate interlock. The effect of the

shearing stiffness of these cracks on the shear stress distribution in
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the vessel i1s studied in this chapter. The maximum shear stresses may

then be found once the shear forces acting at each section are kinown.

2.2 Interface Shear Transfer

Several types of tests have been conducted at Cornell to determine
the behavior of IST in concrete [1]. Some of these tests were used
solely to investigate IST, with no reinforcing bars crossing the crack
plane. Other test specimens had internally embedded reinforcing bars
and had a greased plate inserted at the crack plane so that the only
shear stiffness was produced by dowel action. Still other specimens
had internal bars crossing the crack plane and thus included the effects
of both dowel action and IST. The early tests which included both IST
and dowel action were done on the testing setup shown in Figure 2.1.

This "beam-type! specimen was loaded by two beams, one above and omne
below the concrete specimen. When the positive (+) rollers were used

the shear diagram is as shown. The shear loading direction could be
reversed by use of the negative (-) rollers. All beam specimens had

a single #14 bar located in the middle of the 15 in. x 15 in., specimen.
This longitudinal bar was stressed until a crack occurred in the specimen
at mid-length of the specimen. Unfortunately, there were variations in
the width of this crack due to the self-weight of the beam and the axial
tensioning system. With the tension held constant, fully reversing

shear loads were applied. The 15th cycle load-slip curve for the beam
"specimen with the most uniform initial crack width is shown in Figure 2,2

(curve F). The load history was: cycles 1 - 15 at £ 100 psi shear,
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cycles 16 - 25 at £ 125 psi and cycles 26 - 30 at £ 150 psi. Curve [ is
for an initial crack width (ICW) of .03 inches and an axial tension at

28 ksi. The tension in the bars was maintained through the test to model
the stress which occurs in the longitudinal bars of a containment due to
internal pressurization. By this time the shearing stiffness for small
slippage has decreased from the early cycle stiffness because of the
degradation of the contact surface due to the 15 load cycles. When the
slip increases in the 15th cycle the stiffness increases also. This is
caused by an increased overriding action at the crack plane. This over-
riding increases the axial force in the reinforc¢ing bar which in turn
increases frictional resistance. Thus each load increment must overcome
greater frictional resistance and the load-slip curves are upward

curving after the low initial stiffness. The seating against the concrete
of the reinforcing bar also increases the stiffness with increasing slip.
Curve F will be used as the input for IST + dowel stiffness for the

remainder of this chapter.

2.3 Shear Stress Distributions

The shearing stiffness of the cracks (due to the IST mechanism) may
affect the shear stress distribution in the containment vessel. A con-
tainment vessel after intermal pressurization is shown in Figure 2.3. If
no cracks were present and the concrete was assumed to remain elastic
the sinusoidal shear stress distribution shown in Figure 2.5 is found.
The presence of the cracks may change the shear stress distribution as

shown by the dashed line in Figure 2.6. The increase in shear stress



Dl2

o

(over the elastic distribution) near ¢ = 0° is due to the behavior shown
in the Figure 2.2. Curve F shows that the crack stiffness increases with
increasing slip. Since the greatest slip occurs at ¢ = 0° the stiffness
is greatest here. A large stiffness concentration for low values of ¢
could cause higher shear stresses to occur for these values of ¢ than
would be predicted by Figure 2.5.

The shear stress distribution in a section of the cracked cylinder
will be found using the linear analysis program SAP IV [3]. It will be
assumed that the stiffness of all of the cracks in the vessel can be
characterized by curve F in Figure 2.2. While the initial crack width,
axial stress and reinforcing percentage may be different in the actual
vessel it is felt that the ratio of the high stiffness to the initial
low stiffness of these curves will not change drastically with variations
in these parameters. This ratio is the most important influence of the
cracks on shear stress distribution. The bilinear idealization of cufve
F is shown in Figure 2.4.

The SAP IV model of the cracked cylindrical section is shown in
Figure 2.7. Only the horizontal cracks are included in this model. The
effects of the vertical cracks will bé discussed later. Three horizontal
cracks occur in the cylindrical secticon and these are modeled by the
truss elements 1 - 27. It was felt that at least three crack layers
were required to significantly affect the sinuscidal shear stress distri-
bution. The horizontal crack spacing used in this medel is 10 feet.

This spacing was used to achieve nearly square flat shell finite elements
(see next paragraph). This improves the results obtained from these
elements. The stiffness of truss elements 1 - 27 will be the slope of

either lines 1 or 2-'in Figure 2.4. The length of each truss element (Lt)
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is

Lt =-\/(2 x sin5° x 720)2 + (.03)2 = 125.5". (2.1)

The cross-sectional area(At)of elements 1 - 27 is taken as 1/9 x the

total cross-sectional area of the quarter cylinder

A L (__(z.%gmﬂ) - 6032 in®. (2.2)

Two different Young's moduli, E, and E2 are chosen to model the slopes

1

1 and 2 in the following manner:

20 x A E_A

) £ E1f
Slope 1 = 51 =T
t
E, = 251 ksi
(125 - 20) A. "E.A
t 2t
slope 2 = g — o) - L]
E, = 220 ksi. (2.3)

A series of flat shell finite elements developed by Clough and
Felippa [4] which combine plate bending and plane stress behavior are
used to model the quarter shell. This element uses four compatible
triangles which each use the constant strain triangle and the LCCT9S
element to represent the membrane and bending behavior, respectively.
The LCCTY element is based on a cubic displacement formulation for the
transverse displacement which gives linearly varying moment fields (thus

the name Linear Curvature Compatible Triangles with 3 degrees of freedom
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at each node). These four triangles are combined to form a rectangle
with a central node along with the four corner nodes. The six degrees
of freedom associated with this central node are condensed out atvthe
element formulation level. The resulting quadrilateral element has
twenty-four degrees of freedom, i.e., six degrees of freedom per'node in
the global coordinate System.- The thin shell elements model elastic
uncracked conerete and have the appropriate Young's modulus (3640 Ksi)
and Poisson's ratio (.17).

Since only one-quarter of the shell is being modeled, certain
boundary conditions must be used to adequately model the behavior of
the full cross-section. The shear force V is assumed to act in the
direction of the global Z-axis (see Figure 2.7). This means that the
Z-axis must be a line of symmetry. To insure this, the X displacement
and rotations about the Y and Z axes are deleted for nodes 1 - 8. For
kinematic stability the Z displacement at node 8 is also deleted. The
support reactions that were developed due to this deletion were negligible
so that shear stress distribution in the cylinder was not affected. The
vertical displacements in the direction of the global Y-axis were deleted
for nodes 73 - 80. This nodal line represents the neutral axis of the
cylindrical cantilever beam so no vertical displacements should exist
along this line if bending only is considered.

The SAP IV model was loaded incrementally by imposing nodal loads
at the top nodes 73, 65, 57, 49, 41, 33, 25, 17, 9, 1. Equal but oppo-
site loads were imposed on nodes 80, 72, 64, 56, 48, 40, 32, 24, 16, 8.
The idea was to examine the shear stress distribution at the central
crack (elements 10 - 18) to see what changes from the original distri-

bution had occurred due to the top two cracks. The original shear stress
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distribution at the top nodes was assumed to be the elastic distribution
for a beam of c¢ylindrical cross-section. This distribution is shown in
Figure 2.6 with Tmax = 1.0 psi. The shear area is A/Z, where A is the
cross-sectional area. The nodal loads are arrived at by computing work
equivalent forces which correspond to this elastic shear stress. Since
the displacements which correspond to the shear stress are linear, the

work equivalent forces at node i are computed according to the following

equation:

¢i+5°
P. =1t J[" t(¢) cosd R do
Z1 d)i_sc (™

9;+5°
P, = t-/; . t(4) sing R_de (i = 1, 9, 17, 25, 33,
L 41, 49, 57, 65, 73)
T($) = Tmax cos¢
v 2V

"max ~ Shear Area - A’ ‘ (2.4)

The incremental loading procedure used will be described by reviewing
some of the typical load steps that were used and the stiffness changes
which occurred after each of the load steps. The result of the first
load step is shown in Figure 2,8, Since all of the cracked elements
{truss elements 1 - 27) had Young's modulus El the cylinder acted as in
the usual uncracked elastic manner with the SAP IV results being almost
exactly the same as the elastic (vt = 1 cos¢) distribution. Note that
the maximum stress (which occurs in bars 1, 10 and 19 which correspond

to ¢ = 5%°) is 20 psi. This means that the actual SAP IV results, which
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were based on a maximum shear stress Crmax) loading of 1 psi, have been
scaled up by a factor of 20 so that the most highly stressed bars (1, 10,
19) will be at the break point in the shear-slip curve (Figure 2.5).
Since the expected elastic shear stress distribution was obtained in the
SAP IV model the boundary conditions discussed above would seem to be
verified. In the second load step (Figure 2.9) bars 1, 10 and 19 had
the high E2 Young's modulus while the rest of the bars remained at El'
The loading corresponding to 1 cosé distribution will stress bars 2, 11
and 20 to .6 psi (see Figure 2.9). Adding this to the 19,4 psi in these
bars from the first load step produces a total of 20 psi which now puts
these bars at the stiffness break point. For the next load step bars

1, 2, 10, 11, 19 and 20 will have the high modulus E The load incre-

2
ments continue in this manner, with each successive bar along the crack
being loaded until it reaches the stiffness break point. From there on
this bar will have the modulus E2' The remaining load steps (shown in
Table 2.1) continue in this manner. Totai stresses are obtained by
simple addition of the Tesults from each load step. The shear stress
distributions from each load step are shown in Figures 2.8 - 2.16,

The stiffness change from the last stiff bar to the first flexible
bar always causes a stress concentration at the last stiff bar. The
magnitude of this stress concentration varies for the different load
steps but the distortion from the elastic distribution is quite evident
except for the run with bars 1 - 7 stiff, which is to be expected. The
maximum stress ratio (maximum inelastic stress to maximum elastic stress)
is approximately 1.7 and occurs with bars 1 and 2 stiff. While there

are large stress concentrations in the individual load steps, these

concentrations cancel each other out when total stresses after each load



D17

step are computed. This can be seen from Figure 2.17 where the deviations
from the elastic distribution of total stresses is very small. The
reason for this is that the load steps with the highest stress concen-
trations (steps 2 - 6) are very small load steps with the maximum deviation
from the elastic distribution being only 3 psi in step 6 (Figure 2.13).
Therefore, the maximum shear stress distribution does not change appre-
ciably from the elastic distribution shown in Figure 2.6 when the non-
linear actieon of IST is included. The elastic shear area of A/2 may
then be used at the cracks.

During an earthquake the overturning moment caused by inertial
forces may cause the crack width to change. If the crack were to close
completely over some portion of its circumference then this would be
the source of a large stiffness concentration which may alter the shear
stress distribution. In section 5.5 it is shown that for a total
unbonded length at the crack of 2.5 inches the change in crack width is
small compared to the initial crack width. Therefore the shear stress
distribution is not significantly altered from the sinusoidal distribu-
tion. The unbonded length of 2.5 inches was observed in tests at Cornell.
A ﬁuch larger unbonded length, such as 15 inches, may cause a significant
alteration in the shegr stress distribution because the crack may then
close completely. However, this (the closing of the crack) would only
occur for an extremely brief period of time and the assumption of an
unbonded length of 15 inches at the crack is far fetched.

Figure 2.3 shows that vertical cracks also exist in the containment.
These cracks may effectively decrease the flexural and shear stiffness
of the containment vessel. It is not yet known how much this, stiffness

decrease might be. The effects on seismic analysis of this stiffness
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decrease will be discussed in Chapter 5.
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Chapter 3

LINEAR SEISMIC ANALYSIS OF A CONTAINMENT VESSEL

3.1 Idealization of the Containment Shell Vessel

A seismic analysis of the containment shell must be performed to
obtain the forces and deformations caused by the SSE which are required
in design. The current practice is to use a linear model for seismic
analysis which deoes not take inte account the cracks in the vessel wall.
The dynamic structural model which is used in seismic analysis attempts
to model the real structure (in this case the containment vessel of a
nuclear power plant) with a finite number of discrete node points. The
number of nodes used in a dynamic analysis is normally much less than
would be used in a static analysis of the same structure. The best
rationalization for the inexactness of the dynamic model is that the
earthquake loading itself is a totally random occurrence with character-
istics which cannot be accurately predicted. Clearly there is no point
in developing a highly refined dynamic model when the loadings are
uncertain because of the random nature of earthquakes.

In this chapter a linear dynamic model of the containment shown in
Figure 1.1 will be developed. The results from this model will be ccm-
pared with the results of the nonlinear model (which includes the effects

of cracking) developed in Chapter 5.
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The equations of motion for a structure undergoing ground accelera-

tions are
M] {i} + [C€] {a} + [K] {u} = - [M] {xg} (3.1)

where i, G, u and xg are the relative acceleration, relative velocity,
relative displacement and ground acceleration, respectively. These

quantities are shown in Figure 3.1 where

{uf = Lu 8, u, 8, ug 82 u, 8, ug SSJ (3.2)

The relative displacements u, are related to the total displacements X5

by
U, = X, - X i=1....5 (3.3)

where xg is the ground displacement. The rotational degrees of freedom

8,....9. will be included in this analysis so [M], [C] and [K] in (3.1)

1 5
will be 10 x 10 matrices. Later in this chapter the effects of dropping
the rotational degrees of freedom wiil be studied.

In Figure 3.2 the actual containment vessel and the dynamic model
are shown. The lumped mass method is used to model the containment.
The 120 ft. cylinder is broken up inte four equal segments with mass of

Mc and mass moment of inertia of Imc' The density of the concrete is

.150 k/fts.

_2m % 69,75 x 4,5 x 120 x 15
c 4 x 386.4

- 22.967 k-sec’/in (3.3a)
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2 2
Re 1 (Lc 6 2
Imc = MC —2—' + 3 T = 8,293 x 10" k-sec™-in (3.3b)
Mc and Imc are the values of the lumped masses at nodes 2 - 5 in Figure 3.2.
The hemispherical head is modeled by node 1. Node 1 is located at the
center of gravity of the head [RS/Z above the bottom of the head). The

mass (Ms) and mass moment of inertia (Ims taken about the CG) of the

spherical head are

_ 21 x 68.75° x 2.5 x .15

_ 2.
. 33 = 28,822 k-sec™/in (3.4a)

R \2
1 = %-M RSZ - M (——) = 8.174 x 10° k-sec®-in (3.4b)

The mass matrix [M] for a lumped mass representation is always a diagonal

matrix. The diagonal members of [M] for the model shown in Figure 3.2

are

S M 5.5

mc

The stiffness matrix [K] in equation (3.1) is based on the shear
beam element stiffness matrix (see Figure 3.3 and Table 3.1). This

reflects the assumption that the containment vessel acts as a vertical
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cantilever beam with a thin walled cylindrical cross-section. The
validity of this assumption is discussed in [8]. For concrete typical
values of Young's mbdulus and the shear modulus are E.= 3640 ksi and

G = 1540 ksi. I and AS are the moment of inertia and shear area of the
beam. For the cylindrical beam segments I = ﬁRcstc and AS = ﬂRctc.

The shear area is one-half the cross-sectional area, since the concrete
is assumed to behave elastically. For the beam segment which models
the hemispherical head average values of AS and I are computed in the

following manner:

412.5 180
Asl h 1TRsts . 592.5 TrRctc * 592.5
AL = 97270 in® (3.6a)
51 .08

T/6 5

j cos ¢ d¢
R 0 412.5 3 180

Iy = "Rt 776 *597.3 * "ot 3975

J e

0

I, = 6.7064 1010 4p? (3.6b)

The global stiffness matrix [K] (see Table 3.2) is formed directly by
simple addition of terms which correspond to the same degree of freedom.
The damping matrix [C] is the most difficult part of the model to
define. In this analysis [C] will be based on the ratio of critical
damping which occurs in each mode of vibration. This will be explained

further in the next section on modal analysis.
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3.2 Modal Analysis

In modal analysis the first step taken is the calculation of the
natural frequencies and mode shapes of the idealized model. This corres-
ponds to the solution of the undamped free vibration problem, which may

be stated as

[M] {4} + [K] {u} = {0}. (3.7)

We now assume a harmonic sclution for the displacement {ul} in the form

1]

{u} {¢} sinut

Lo] = l¢1 by ween 410 ] (3.8)

Substituting (3.8) into {3.7) we find that there are ten possible values
of the frequency w and ten associated eigenvectors L¢J which satisfy

(3.7). The modal matrix [A] is made up of these ten eigenvectors.
[A] = [{¢}1 {¢}2 ...... {¢}10]. _ (3.9)

It may be shown [11] that the following relationships are true:

T

[}

[Al® [M] [A] = [I] = [H] (3.10a)

1]

(AT [c] [A] = [T] (3.10b)

AT [K] [A]

[E] - (3.10¢)
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where [I] is the identity matrix and [E] is a diagonal matrix containing

mlz cens m102 on the diagonal. In this formulation the eigenvectors
have been orthonormalized with respect to the mass matrix. [C] is a
diagonal matrix only if [C] is proportional to the stiffness and/or the

mass matrix:
[C] = Cf'l[M] + uz[K]’ (3-11)

Equation {3.1) may now be written as ten uncoupled equations:

G+ () + azmkz)qk + wkz q = F (k=1..... 10) (3.12a)
{q} = [A] {(u} (3.12b)
{F} = - [A]T {xg}. (3.12¢)

Equation (3.12a) represents the contribution of the kth mode to the

motion of the 10 dof system and is completely uncoupled as far as (3.11)
holds. The coefficients oy and @, can be used to get only two different
values of modal damping. In this treatment a constant damping ratio
will be used for all médes. For nuclear containment vessels, the commonly
used value is about 5%.

- Ekk

8
k ZMkkwk

= .05  (for all k). (3.13)

Equation (3.12a) now becomes
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. 2
qk - ZBkmqu L T Fk (3.14}

The computer program MODAL (source listing in Appendix A) has been
developed to do modal analysis. The Jacobi method [11] is used to find
frequencies and mode shapes. The Newmark B method [11] is used to inte-

grate the uncoupled equations of motion (3.14).

3.3 Rotational Degrees of Freedom

The linear dynamic analysis program MODAL was tested and verified
through use of the dynamic capabilities of SAP IV [3]. The test earth-
quake (ground accelerations Xg) is shown in Figure 3.4. The idealized
structural model used is that shown in Figure 3.2. The results from
both SAP IV and MODAL for the displacement of the top mass (defined as
ul) are given by curve 1 in Figure 3.5, the small differences between
the two analyses not being discernible with the scale used.

It is standard procedure in dynamic analysis to eliminate rotational
degrees of freedom. This can be done by using any one of a number of
condensation methods or by dropping all terms in the stiffness and mass
matrices which are associated with rotational degrees of freedom. Con-
densation procedures require that a matrix be inverted each time the
stiffness matrix is set up., It would be expensive to use one of these
condensation methods in a nenlinear analysis since it would require
finding the inverse of a 5 x 5 matrix every time a stiffness change was
encountered. A much simpler method would be to drop out rotational

degrees of freedom from the model and subject this new model to the test
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earthquake. Curve 2 in PFigure 3.5 shows the effects of dropping the
rotational degrees of freedom. Clearly the model is significantly
stiffer than the model corresponding to curve 1. This can be seen quite
clearly in Table 3.3. The first column shows the natural frequencies
obtained when the rotational degrees of freedom are included.

Column 2 gives the frequencies obtained by dropping the rotational
degrees of freedom. A comparison of the fundamental frequencies shows
that the 5 DOF model has a fundamental frequency which is 25% higher
than the 10 DOF model. Curve 2 shows that this increase in stiffness
affects the motion of the top mass significantly for the base motion
shown in Figure 3.4. However, it must be noted that this base motion is
of extremely short duratien (.25 seconds) and méans nothing as far as
design requirements go. The NRC response spectra shown in Figure 1.3
is the basis of seismic design of containment vessels (see Introduction).
This figure shows that the frequencies of 6.0 cps and 7.5 c¢cps occur in
a flat region of the graph for the spectral acceleration. For a maximum
base acceleration of 1.0 g both frequencies correspond to a spectral
acceleration of about 3.5 g (for 5% critical damping). The maximum
displacements for 6.0 cps and 7.5 ¢ps are 1.0 inches and .5 inches,
respectively. This would seem to indicate that dropping the rotatiomnal
degrees of freedom will give forces and moments which are acceptable but
will underestimate the maximum displacements by about 50%. This is borne
out by the results of the test case since the maximum base shears were
fairly close for the two models (,139 ksi for the 5 DOF model and .159 ksi
for the 10 DOF model). Since the time history of displacements is of
great importance it‘is concluded that rotational degrees of freedom should

be included in the seismic analysis of a containment vessel. Rotational
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degrees of freedom will be included in the rest of this study.
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Chapter 4

SOIL-STRUCTURE INTERACTION

4.1 Introduction

If a seismograph were placed in an area in which no buildings were
located the time history of the ground movements obtained would be the
"free field" accelerations. Normally, the flexible multistory buildings
built in this country do not have sufficient stiffness and mass to affect
these free field accelerations. 1If a seismic analysis were to be per-
formed on one of these buildings it would usually be sufficient to use
the free field accelerations as the base accelerations defined as ig in
the previous chapter. However, a nuclear containment vessel is much
stiffer than most multistory buildings. If the containment vessel is
at least as stiff as the underlying soil then the inertial forces developed
dﬁring an earthquake will cause local deformations in the soil in the
area of the foundation. These local soil deformations may alter the
free field motion considerably. The degree of alteration depends on the
relative stiffness and mass ratios between the structure and the soil.
Naturally if the structure is much stiffer than the soil the local foun-
dation base motion may be quite different from the free field motion.
This change in motion at the soil-structure interface is called soil-

structure interaction. Soil-structure interaction should be differentiated
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from soil amplification.

Soil amplification is the effect of local soil conditions on the
seismic waves produced by an earthquake. The effect may be one of
amplification, attenuation or filtering of the underlying "base rock"

motions. In Figure 4.1 the base rock motion is shown as X., the free

l)
field motions (which occur a large distance from the containment) are
Kz and ground accelerations at the base of the foundation (taking into

account soil amplification and soil-structure interaction) are is.

4.2 Brief Summary of Seismic Waves

The underlying causes of earthquakes are not yet well known. The
most widely accepted theory at this time is the elastic rebound theory
developed by H. F. Reid following the San Francisco earthquake of 1906.
Reid's study of the large shear displacements along the San Andreas
fault led him to conclude that the vibrational energy of earthquakes
originates from the release of accumulated strain in the earth's crust.
These strains are caused by the movement of large crustal plates. In
the case of the San Andreas fault this movement is a counterclockwise
rotation of the Pacific basin crustal plates relative to the North
Averican continental land mass [11]. The strain release is a sudden
shearing fracture.

The wave systems which result from this fracture are what actually
cause the surface vibratory motion. It can be shown [5] by using the
three dimensional wave equations that in an unbounded isotropic solid

only two types of elastic wave may be propagated. These waves are called



D30

the irrotational (P-waves) and equivoluminal (S-waves) waves., The

velocities of the P-waves (Cl) and S-waves (Cz] are

C, \/O\L + 2G)/ps

C2 =\/G/ps. (4.1)

ALis Lame's constant, G is the shear modulus and;asis the density of the
medium through which the waves travel. <Clearly the P-waves travel faster
than the S-waves through all media. When there is a bounding surface,
surface waves also occur. It can be shown that these surface waves
(one type is Rayleigh waves) decay rapidly with depth of the medium but
show much less amplitude decay than P-waves or S-waves at the surface
boundary. The surface motion contains both vertical and horizontal
(parallel to wave direction) components. They travel with a velocity
(CR) slightly less than that of the S-waves. For  (Poisson's ratio)
= ,25, CR = .0194 Cl'
Seismographic records show that earthquakes may be broken down inte
two stages. These are the preliminary tremor and main shock. The pre-
liminary tremor consists of fwo phases, which correspond to the arrival
of first the P-waves and then the S-waves through the interior body of
the earth. The main shock may be broken down into three phases. In the
first two phases the movement is horizontal and transverse to the direc-
tion of wave propagation. In the third phase the horizontal movement
is in the propagation direction. The movements in the main shock are

much larger than in the preliminary tremor. Originally it was felt that

the main shock was caused by Rayleigh waves travelling over the surface
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of the earth from the initial disturbance. However, the vertical compo-
nent of motion is larger than the horizontal component at the surface for
Rayleigh waves. Also the horizontal motion in Rayleigh waves is in the
wave propagation direction. Thus Rayleigh waves don't explain the motion
in the first two phases of the main tremor.

Love [6] proposed that the transverse movements in the main shock
are caused by waves which travel through an outer crust of the earth
which differs in material properties from the interior. These waves,
calles Love waves, do not penetrate deeply into the interior of the earth

- and because of this create large amplitude motions at large distances

from the initial disturbance. For Love waves to be confined to this

outer crust, the S-wave velocity C2 for this outer layer must be less

than C2 for the next lower layer. Love waves will not occur unless this
is true. The Love wave travels with a velocity somewhere between C2 for
the outer crust and C2 for the next lower layer. The transverse motion

in the first two phases of the main shock is then caused by Love waves.
The longitudinal motion in the third phase must then be caused by Rayleigh

waves, which travel at a speed less than C2'

4.3 Modeling of the Soil

The stiffness and damping effect of the soil will be modeled using
equivalent springs and dashpots. The values for these springs and dashpots
are found from the problem of a rigid circular footing which oscillates
on an elastic half-space. For ground motion in the horizontal direction,

we need spring constants which correspond to the ug and ¢f degrees of
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freedom shown in Figure 4.2. These springs are actually functions of the
load frequency, but it has been found [7] that the following frequency

independent expressions are adequate.

32(1 - w)Gr,
Ku = 7 - 8u
8Gr03
=9 4.
N = 3a oD (4-2)

G and u are the shear modulus and Poisson's ratio for the soil and Ku
and K¢ are the translational and rotational spring constants shown in
Figure 4.3. Poisson's ratioc varies from about .35 to .5 in soils,
depending upon the degree of saturation. A value of .4 will be used in
this investigation. From various in-situ tests, typical values of the
shear wave velocity C2 may vary from about 300 fps (weak soils) to

2000 fps (rock). G is directly related to C2 by (4.1). Table 4.1 gives

values of Ku and K, for shear velocities of 500 fps, 1200 fps and 2000

¢
fps with ¥ = .4 in all cases,

In an ideal elastic half-space only geometrical damping exists.
Geometrical damping is caused by the loss of energy which occurs when
the elastic waves travel from the footing out to infinity. Calling the
trans;ational and rotational gecometric damping ratios D and D¢G’ we
have from [7] that

b . _-288 B - (7 - 8umg
uG 1/2 u 3
(B,) 32(1 - u)osro
3(1 - W1
W15 _ f
D¢G = /2 B¢ = (4.3)

' 1
(1 + B¢)(B¢) 8pér0
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me and I, are the mass and mass moment of inertia (calculated at the top

of the foundation) of the circular foundation. pSiS the density of the

underlying soil.

m, = wr"z Zf Te . 61.74 k-sec®/in

o= Mot e f < 12,742 % 10% k-sec?-in
Yc = Unit weight of concrete = .15 K/ft3

tf = Foundation thickness = 9 ft

Foundation radius = 75 ft

=
1]

Bu and B¢ are the modified mass ratios. They essentially describe the
relationship between the mass of the foundation which undergoes either
translational or rocking motion and and effective mass of the underlying
soil. It is felt that equations (4.3) give soil damping percentages
which are too high [8].

In real soils hysteretic damping is also important. Hysteresis
occurs when loading and unloading follow different paths on the stress-
strain diagram (see Figure 4.4). In each complete loading cycle an
amount of energy equivalent to the area inside the ﬁysteresis loop is
dissipated. Hysteresis in soils is caused by slippage between particles
and clearly is dependent upon the magnitude of maximum strain in the soil,

Por SSE earthquakes (peak ground acceleration greater that .1 g) this

damping is usually taken as about 5%. The total damping ratios Du and D¢
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are then the sum of geometric and hysteretic damping.

b =D + .05 4.4
o= Pyt 05 (44
If the above value of mf and If are substituted into the equations for
geometric damping (4.3) estremely high values of DuG and D¢G result (for
u=.4,D .= .5 and D . = .14). Since the validity of equation (4.3)

uG 6G
is in doubt, the values of Du = ,25 and D¢ = .05 will be used in all
subsequent analysis. These values are recommended in [9].
The necessary additions to the global stiffness matrix are shown in
Table 4.2. The first ten rows and columns are exactly the same as in

Table 3.2. The element stiffness matrix [Kff] contains the stiffness

contributions of the translational and rotationmal soil springs.

4.4 Mass and Damping Matrices for SSI

Certain changes and additions must be made in the mass, stiffness
and damping matrices described in Chapter 3 to implement the soil-structure
interaction model shown in Figure 4.3. The degrees of freedom to be

included in this analysis are

luf = Lul 8, Uy 8, U Bou, 8, U O Up efJ. (4.5)

In (4.5) U eee Ug and u are displacements relative to the ground.
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81 . SS and ¢f are total rotations. Positive sign conventions for u

are shown in Figures 3.1 and 4.2. The mass matrix [M] is now

! 28.822

8.174 x 10°
22.967
8.293 x 10°
22.967
8.293 x 10°
M] = (4.6)
22.967
8.293 x 10°
22.967
8.293 x 10°
m
f s
'El Il * If

Since the lumped mass model of the containment vessel remains the same
the first 10 members of the main diagonal of [M] are the same as the
lumped masses shown in Figure 3.2. me and If were calculated in the
previous section. |

The normal method of assigning percentages of critical damping to
each mode in order to develop a damping matrix (see Chapter 3} is no
longer longer valid when the effects of soil are included in the analysis
since the soil has much more damping (normally more than 10% of critical)
than the containment vessel. The subregioned energy proportion method [10]

for calculating modal damping values will be used to incorporate the dif-

ferent critical damping ratios for the soil and structure into one effec-
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tive critical damping ratio for each mode. In this method, the modal

damping ratio Dm is the weighted average of dissipated strain energy:

nm
) EB. d.
i=1 im 1
D = (4.7
m

Dm = modal damping factor at mth mode
di = fraction of damping factor of ithmass
Em = total energy in mth mode
Eim = energy in ith mass in mth mode
nm = nurber of masses in analysis
21 (1) i .o
En =35 % kﬂj ¢jm 2 =1... mm j=1...nmm nosumonm
nm
E = ) E.
mo im
i=1
¢ij = modal displacement of ith mass for jth mode
(1) . . th . .
KQ. = element stiffness of 1~ member comnecting nodes £ and j (see

Table 3.1). The modal damping ratios thus calculated may then be used in
the program MODAL as described in Chapter 3 and the Appendix. If direct
numerical integration of the equations of motion is to be performed (as
will be done in the next chapter), then the fully populated damping matrix

[C] may be found:
[c] = [AT} (0] [a]7} (4.8)

[D] is a diagonal matrix which contains the modal damping factors obtained
from (4.7).
Soil-structure interaction is included in all of the seismic analyses

discussed in the next chapter. The effects of changing the stiffness of
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the underlying soil will be studied in particular.
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Chapter 5

SEISMIC ANALYSIS INCLUDING CRACKS

5.1 Introduction

In this chapter the effect of including cracks in seismic analysis
will be studied. First, new IST test results are described. The ideali-
zation of these cracks for use in the nonlinear computer program SAC is
shown. The numerical integration techniques used in SAC are described.
A synthetic time history is used as input to SAC in a parameter study
designed to study the effects of including cracks in seismic analysis and
to show the significance of varying the values of the soil springs described
in Chapter 4. Finally system identification is used to find a linear

model which can best approximate the results obtained from SAC,

5.2 Modeling of the Cracks

The circumferential (horizontal) and longitudinal (vertical) cracks
in the vessel may have a significant effect on the dynamic response of the
vessel due to the SSE. The effect of cracks on seismic analysis has been
studied previously at Cornell [15]. The important design parameters (as

described in the Introduction) which may be affected are the liner distor-
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‘tion and the maximum shear stress in the concrete containment vessel. For
the seismic analysis, recent IST test results [2] are used. In the beam
tests described in Chapter 2 the dead weight of the specimen and the axial
loading system made it difficult to achieve a uniform crack width at the
shear plane before the initiation of the cyclic shear test. In the more
recent tests, the loading setup shown in Figure 5.1 was used. An inde-
pendent frame was used to tension the internal reinforcing bars. The
crack at mid-height of the block was formed by initially tensioning the
reinforcing bars. The location of the crack was set by use of a crack-
iniating groove which was formed into the specimen during casting. The
shear loading was applied at the Qertical beams, which could be moved up
or down to reverse the loading direction. This setup resulted in less‘
tilting at the crack plane and a more uniform crack width. After the
desired initial crack width was obtained by stressing the reinforcing bars,
the cyclic shear stress tests were begun,

In one of the test specimens two #14 reinforcing bars were cast into
the specimen in a plane perpendicular to the direction of loading. The
reinforcement ratio (steel area/cross-sectional area) for the block was
.0178. The reinfercement ratio for the longitudinal steel in a typical
containment vessel is .0185 (two #18's spaced at 8 inches) which is
reasonably close to this test case. Presently, no tests have been done
using #18 bars but the effects of increasing the bar diameter may be
significant. The initial crack width was .02 inches with a bar tension of
31 ksi.

The cyclic loading schedule was: 9 cycles at 110 psi on the gross
concrete area, 6 cycles at 125 psi, 11 cycles at 202 psi, 13 cycles at

260 psi and 4 cycles more at 260 psi with the bar tension increased to
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41 ksi. Each loading cycle was composed of a complete reversal of the
maximum stresses listed above. Cycles 1, 15 and 25 were loaded incremen-
tally so that detailed measurements of horizontal slip, increase in crack
width and bar strains could be taken. The specimen failed during the 42nd
cycle at a stress of 230 psi. The mode of failure was a sudden brittle
splitting fracture which was due to the dowel forces in the reinforcing
bars. Figure 5.2 shows the shear stress versus horizontal slip measure-
ments for the lst, 15th and 25th cycle. The loading portion of the Ist
cycle is almost linear, while the 15th and 25th cycles show the same har-
dening effects as was observed in the beam tests. After the lst cycle
the shape and slope of the hysteresis loops were essentially the same with
only the maximum slip changing with each cycle. The maximum slip increased
at a ne#rly constant rate in these tests. The crack width remained nearly
constant at .02 inches until just before failure.

In the seismic analysis only the horizontal cracks will be included.
As was mentioned previously in Chapter 2, the vertical cracks may signi-
ficantly affect the shear and flexural stiffness of the containment vessel.
Since only uniaxial tests have been performed at this time it is difficult
to quantitatively assess the effects of horizontal cracks. It is felt that
a decrease in the flexural stiffness of the containment is not a signifi-
cant factor. Tests using the progfam MODAL have shown that if the flexural
stiffness of the containment vessel is reduced by one-third the fundamental
frequency ‘changes by less than 1%, However, a large change in the shear
stiffness of the vessel would produce significant changes in the seismic
analysis. Current tests under way at Cornell include cracks in both the
horizontal and vertical directions. These tests should give quantitative

results on how much the vertical cracks affect the shear stiffness of the
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containment vessel.

The stiffness of the horizontal cracks is found from the test results
shown in Figure 5.2. To simplify the analysis these curves are idealized
in the manner shown in Figure 5.3, In this figure the data from the 25th
loading cycle and the idealization are shown. The idealization consists
of six straight lines which were drawn to model as best as possible the
slope of the hysteresis curves and the area inside the curves (energy loss/
cycle). Note that in Figure 5.3 the shear-slip curve is nonsymmetric about
the yv-axis. It was felt that this was due to eccentricity in the axial
loading system and the entire hysteresis loop is moved to the left in
Figure 5.4 so that the loop is anti-symmetric about the y-axis.

In this same figure four assumptions which have not yet been experimen-
tally verified are shown. Unloading from point A on line 1-2 is dome along
line A-B which is parallel to line 2-3. This assumption should be correct
since the unloading stiffness remained almost constant for all cycles,
including the early cycles which only went up to 110 psi maximum shear
stress. The second assumption is that reloading from point C on line 2-3
goes along line C-D which is parallel to line 1-2, The reasoning behind
this is that the higher loading stiffness (the slope of line 1-2) is
activated when loading occurs at a shearing stress greater than the stress
at point 1 (30 psi in this case). The last assumption is also based on
this. Line E-F shows unloading from a stress greater than that at point 2
(202 psi). Reloading occurs along line F-G {parallel to line 1-2) since
the stress at point F is greater‘than the stress at point 1. These three
assumptions all hold true for the shear-displacement curves in the third
quadrant. The arrows in Figure 5.4 show the possible load directions

along each of the six lines. Aleng line 1-2 only loading occurs. Only
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unioading occurs along (or parallel to)} line 2-3. Slip may occur in both
directions along lines 3-4 and 1-6., Loading in the negative direction
occurs along line 4-5 and unloading along (or parallel to) line 5-6. Only
unloading occurs along 3-H and 6-I. As mentioned above, loading starts in
a direction parallel to line 2-3 from both these lines,

The hysteresis loops change with load cycling in the manner shown in
Figure 5.2. The idealization of this phenomenon is shown in Figure 5.6,
The first cycle of loading is assumed to be linear (for both loading and
unloading}. The hysteretic behavior first appears in the second cycle
and continues through the rest of the load cycles. The slope of each of
the six line segments that compose the hysteresis loop remains the same
for all cycles., The stiffness break point is 30 psi {for loading) for
all cycles. The manner in which one cycle of loading or unloading is
defined is described in the next section.

The flexibility of the cracks must be included in the global stiffness
matrix [K]. This is done by considering the cracked cantilever beam shown
in Figure 5.7. For purposes of illustration, the element stiffness matrix
will be developed for the case of one crack in the beam, but this formu-
lation may easily be generalized to the case of N cracks in a beam. First
the deflection uy and rotation due to the loads Pl and M1 are calculated.
At_the crack plane the bond between the reinforcing bars and concrete is
deatroyed for a certain length. In the tests described previously the
unbonded length was about 2 inches. Since these tests were perforned on
#14 bars the unbonded length (Lu} was scaled up to 18/14 x 2 = 2.5 inches
for use in this analysis. The linear scale factor was used because un-
bonded length is a function of the bar force/bond force ratio. The bar

force and the bonding force (per unit length) are proportional to the
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reinforcing bar area and circumference, respectively. Over the unbonded
length a conservative assumption would be that the moment of inertia is

provided only by the longitudinal reinforcement. This moment of inertia
over the unbonded length at the crack plane will be called Ic' Including

this in a moment area analysis of the cracked shear beam we find that

3 3 2
L L 1 | [ L
| (313'1' Ye_ XY A) (251 * P) P1
s c !
b = | o - — — — i
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where KC is the crack stiffness.
This equation is inverted to obtain
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From equilibrium
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PRI 1 (5.5)
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D P 1 (5.6)
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If the cracked beam element is fixed at node 1 (ul =0, 81 = 0) and free
at node 2, then U, and 82 for the loads P2 and M2 are
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After inversion (5.8) becomes
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From the reciprocal law we have that

[Klz] - [K21:|T (5.12)

The complete cracked beam element stiffness matrix for N equally sPaCed
cracks is given in Table 5.1. Formulas for A, B, C and det are also
given for N equally spaced cracks in the beam element.

The crack stiffness Kc is obtained from the hysteresis loops in
Figure 5.6. The slopes of these lines are in units of ksi/in. The
values must be multiplied by the shear area of A/Z (as was concluded in
Chapter 2) to obtain the crack stiffness Kc' The factor pf N/KC (in
Table 5.1) will be changing during the seismic analysis as the shear
stress at the cracks traverses the hysteresis loops. Some method must
be devised of keeping track of wheré each crack is on its respective loop.

This is discussed in the following section,

5.3 Nonlinear Seismic Analysis

A program has been written to perform seismic analysis incorporating

the effects of circumferential cracking. This program, which is named
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SAC (Seismic Analysis including Cracks, see Appendix) uses numerical inte-
gration rather than the method of normal modes used by MODAL. Since the
cracks are to be included the overall stiffness of the vessel is no longer
constant but is a function of the shearing stresses in the vessel. Because
of this direct numerical integration of the equations of motion (3.1} is
performed. The mass [M] and damping [C] matrices have been described in
Chapter 4. The element stiffness matrix shown in Table 5.1 is uéed in the
manner shown in Table 4.2 to obtain the global stiffness [K]. Equations
{3.1) are solved iteratively using thé Newmark g method. The convergence
criterion for ending the iterations is

(a - du_)/bu . S TOL (5.13)

Yeivl
with ﬁutibeing the change in relative displacement from time t to time

(t + At) for the ith iteration and Auti+1the same quantity for the i + 1
iteration. TOL is the convergence criterion which should be .00l or less
for reasonable accuracy. The size of the time step, At, is critical as
far as obtaining accuracy and rapidliteration convergence, It was found
during test rums that did not include crack flexibilities that the maximum
time step where convergence could be achieved was .0025 seconds. This
time step will be used throughout this chapter also.

Stiffness changes will occur during some time steps. This is obvious
when one sees the nonlinear stiffness idealization of the cracks shown in
Figure 5.4. The SAC subroutine INHYST keeps track of where each crack
is on the hysteresis loops of Figure 5.6 and makes changes in the crack
stiffness when necessary. A time step is repeated only when the stiffness

change from line 2-3 to line 3-4 or from line 5-6 to line 6-1 occurs (see
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Figure 5.5). This is because the high velocities which occur during the
unloading from lines 2-3 and 5-6 can cause the crack slip to go far below
the specified slips at points 3 and 6, which causes the loop to grow much
wider than originally specified. The iteration scheme designed to prevent
this is shown in Figure 5.53. At time t, one of the cracks is at the
position marked on line 2-3 of the hysteresis loop. At time (t + At),
point 3 has been missed by a significant amount. The program SAC goes
back to time t, refines the time step At to At' (according to simple
linear interpolation)} and computes the shear stress and crack displacement
at (t + At'). If the shear stress is not within a specified limit (£ .05
shears) of shears, then another iteration using a smaller time step AtM
is performed. This process continues until the specified limits are met.
The same procedure is used for the stiffness change between lines 5-6
(and all lines parallel to it} and for the change between lines parallel
to 2-3 and 3-4,

The changing of hysteresis loops due to cycling is shown in Figure 5.6.
All cracks start on the cycle 1 line. Once the shear stress of 30 psi is
exceeded and unloading starts the unloading proceeds along a line parallel
to line 2-3 (as shown by dashed line A-B). The 2nd cycle loop is reached
when A-B intersects line 3-4. From there on the cycles are defined in
the following manner: a cycle occurs when the shear stress across a
¢rack unloads from a stress of at least 100 psi to a stress of less
than & 50 psi.

The lines which make up all the hysteresis loops have the same slopes.
The only difference between these loops is that the points 1 and 4 move
further away from the origin at a uniform rate as cycling proceeds. This

is confirmed by the test data described previously which showed that the
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maximum slip in each cycle increased at a fairly uniform rate (.0001 in/
cycle). The method of changing from the 2nd cycle loop to the 3rd cycle
loop is shown in Figure 5.8. The shear at a crack on the 2nd cycle loop
has increased to above 100 psi. Unloading occurs along the dashed line
and goes below 50 psi. Since this means that the 3rd c¢ycle has now been
reached the unloading continues along line 3'-4' of the 3rd cycle loop
instead of 3-4 of the 2nd loop. These unloading paths have not yet been
verified completely by testing but they seem to be a rational way of
explaining a complex phenomenon and are the most convenient manner of

including the effects of cycling in the program.

5.4 Input to Linear and Nonlinear Analyses

The earthquake to be used as ground motion is specified as a time
history of ground accelerations which correspond to the horizontal design
response spectrum from NRC provision 1.60 shown in Figure 1.3, A deter-
ministic method described in [12] used a "spectrum-suppressing" technique
to develop a ground moticn time history which corresponds to £his spectrum.
This method is used to generate a baée motion time history which has a
maximum ground acceleration of .4 g (typical for an SSE} and a duration
of 11.5 seconds.

Computer Run 1 makes use of the linear model described in Chapter 3.
The member properties and lumped masses are given in Figure 3.2. The
element and global stiffness matrices are given in Tables 3.1 and 4.1.
The mass matrix is given in Table 5.6. The soil springs used are those

_given for the medium stiffness soils shown in Table 4.2. The damping
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matrix is found using the method described in Chapter 4 with the critical
damping percentages recommended there. Note that no cracks at all are
assumed in the containment vessel and that the concrete is assumed to
remain elastic throughout the earthquake. The linear seismic analysis
program MODAL is used to perform the analysis.,

Runs 2 - 4, made with the SAC nonlinear analysis program, included
the effects of the cracks shown in Figure 1.2. This figure shows the
cracking pattern of a containment vessel which has been internally pressur-
ized for test purposes. Large horizontal cracks (about .015 inches wide)
occurred at the construction joints, which were spaced at 5'-6" in this
vessel. Between these joints smaller cracks occurred which did not run
completely arcund the vessel. At the construction joints the moment of
inertia is Ic’ as was described in section 5.3. In between the joints
small cracks do exist so it would be incorrect to use the moment of inertia
of the full section there. S8ince the cracks do not extend to the neutral
axis the fully cracked moment of inertia is also not correct. The moment
of inertia I will then be taken as the average of the full section moment
and the cracked section moment. The member ﬁroperties for these three
runs are given in Table 5.4. The'element and global stiffness matrices
are given in Tables 5.1 and 4.2, respectively. The mass and damping
matrices are the same as for Run 1. The crack spacing is the 5'-6'"" shown
in Figure 1.2. The only parameters to be varied in Runs 2 - 4 are the

soil spring stiffnesses. Run 2 uses the Ku and K, given for medium

¢
stiffness soils in Table 4.2. Run 3 corresponds to soft soils and Run 4

uses the hard soil values. The medium soil stiffness of Run 2 is the most
likely soil to be encountered in practice so the results of this run have

the most importance for design considerations. Table 5.5 summarizes the
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soil types and crack spacings used for each computer run.

5.5 Discussion of Results

The displacement time histories for the top (mass 1) and bottom masses
(mass 5) are shown for Runs 1 - 4 in Figures 5.9 - 5.12, Figures 5.9 and
5.10 show the results for the uncracked containment founded on a seoil of
medium stiffness (Run 1) and for the cracked containment vessel founded

‘on a medium seil (Run 2), respectively. These figures show the effects

of including the cracks in the seismic analysis of a containment vessel.
The maximum response for both runs occurs in the interval between t = 10.15
and t = 10.5. The most obvious difference is that both the maximum posi-
tive and negative displacement peaks are greater for Run 2. This is to

be expected since the inclusion of the cracks creates a more flexible
model, The‘difference in maximum peaks is not great; the ratio of peaks
for Run 1 to Run 2 being about .85. This increase in flexibility is also
apparent in the period of'oscillation. In both runs a positive peak
occurred at t = 10.15. For Run 1 the next positive peak occurs at

t = 10.46 for a period of .31 seconds. For Run 2 the next positive peak
occurs at t = 10.53 for a period of .38 seconds. These periods are about
the same for both runs for the large oscillations which occur between

t = 8,9 and t = 9.3. This lengthening of period can once again be explained
by the inclusion of crack flexibility. The maximum values for displacement
(of mass 1, the top mass) shear and crack slip are given in Table 5.2 for
Runs 1 - 4. The difference in maximum shear stress is negligible for

Runs 1 and 2. However, Table 5.2 points out that the linear analysis
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gives no values for crack slip, an important design parameter which will
be discussed later in this section.

Figures 5.9 and 5.10 show that significant differences exist in the
displacement time histories for the uncracked and cracked seismic analyses.
The displacement or acceleration time histories are of particular impor-
tance in seismic analysis of equipment which is supported by the contain-
ment vessel. Normally this equipment is not included in the analysis of
the containment, If the equipment were included the results would probably
be unreliable because of the large difference in mass between the contain-
ment and the equipment. Because of this the containment and the equipment
are analyzed separately and the results from the containment analysis are
used as input for seismic analysis of the equipment. In Figure 1.1 it is
shown that a crane is supported by a conerete floor which frames into the
containment walil. Certainly the motion of the top of this crane would be
of importance in design. Because of the differences iﬁ maximum response
and oscillation period, it may be necessary to use the results of the
nonlinear analyses as input for seismic analysis of equipment. Figures
5,11 and 5.12 show the displacement time histories for Run 3 (cracked
vessel with soft underlying soil) and Run 4 (cracked vessel with hard
underlying soil), respectively. Figure 5.11 shows that soft underlying
soil increases the maximum displacement by a faétor of 2.565/1.543 = 1.67
and increases the period of oscillation over the maximum response interval
from .38 to .55 seconds. Figure 5.12 shows that a hard underlying soil
decreases the maximum displacement by a factor of 1.2/1.543 = .78. The
oscillation period decreases from .38 to .32. The softening and hardening
of the soils therefore produces the expected changes in response., This

is also borne out by the maximum values given in Table 5.2, While the
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hardening of the soil in Run 4 produced only a small increase in shear
stress (which would be expected in a stiffer system) the softening of the
soil produces an extremely large decrease in maximum shear stress of 54%.
The maximum crack slip increases with maximum shear stress, as expected.
The maximum number of cycles (using the cycle definition of section
5.3) naturally increases with increasing soil stiffness. It should be
noted that the number of cycles obtained is not equal to the duration of .
the earthquake divided by the oscillation period. A different cycle
definition may have caused this to come about. Certainly the higher the
number of cycles and maximum sheér stress the greater is the chance of
concrete failure by dowel splitting. In section 5.2 it was stated that
the IST test specimen failed by dowel splitting during the 42nd cycle of
loading. However, the loading schedule was more severe than could be
expected during an SSE design earthquake. Most of these cycles were com-
plete reversal cycles from shear stresses of greater than 200 psi to less
than -200 psi. Certainly this is much more severe than the criterion of
a decrease from at least 100 psi to less than 50 psi. The maximum shear
stress of 280 psi was reached only once during th¢ earthquake; Because
of this it is felt that dowel splitting will probably not occur. The only
Teservation comes from the fact that the tests were performed on #14 bars
instead of the #18 bars normally used in containment vessels. .#18 bars
unquestionably would pose a more critical dowel splitting problem, but
how severe this problem is cannot be estimated without further testing.
Figures 5.13 - 5.15 show hysteresis loops for the bottom beam segment
which models the bottom 180 inches of the containment (see Figure 4.3) for
Runs 2 - 4. These loops were drawn for the period where the maximum shear

stress for each run was obtained. These figures show that some error
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exists in making the stiffness change from lines 6-1 aﬁd 3-4 to lines 1-2
and 4-5. In Figure 5.13 the loop shown is for the 15th cycle. This means
that the crack slip at the stiffness break peint shculd be (15 - 2)x .0001
+ 2,67 x 10-3 = 3,97 x 1073 inches. The shear stress at this stiffness
break should always be 30 psi. At time t = 10.42 the shear stress is
38 psi and the crack slip is 5.5 x 10-3 inches. It would be possible to
reduce these errors by repeating the previous time step with a smaller
step size but it was not felt that these errors were critical enough to
justify this procedure. The main effect of these errors may be to increase
the maximum crack slip of 13.6 X 10'3 inches slightly from the value that
would be obtained if the time step were repeated. However, the difference
is likely to be very small and also would be on the conservative side.
Figure 5.13 also shows one of the main effects of cycling, which is
the narrowing of the hysteresis loop at low slips. The line followed by

the cracks from t = 10.61 to t = 10.63 slightly higher up and parallel to

the line followed from t = 10.17 to t = 10.22. This is the same behavior

as shown in Figure 5.6. Figure 5.14 shows an example of somewhat sur-
prising behavior. Unloading occurred from t = 10.36 to t = 10.43 along
the 7th cycle hysteresis loop. However, reloading occurred at t = 10.43
before the expected 6-1 line (dashed line} for the 7th cycle was reached.
Reloading occurred along a line parallel to 6-1 because the shear stress
was less than 30 psi. The effect of this was to cause a stiffness change
at t = 10.58 at a crack slip of 5.25 x 1,0_3 inches rather than 3.17 x 10_3
inches, Since test results did not look into a change of loading like
this it is hard to say if this is an inadequacy of the model. <(learly
this may cause crack slips to be larger than they should be, but since the

maximum slips in Table 5.2 are not unexpectedly large this 1s probably not
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a critical problem.

Table 5.3 shows the maximum seismic bending stresses which occurred
in Runs 1 - 4. The concrete stress occurs in the concrete between the
construction joints. The moment of inertia for the concrete is I (see
Table 5.4). The maximum concrete seismic bending stress is .696 ksi in
Run 4. The steel stress shown in Table 5.3 occurs in the reinforcing bars
at the horizontal cracks located at the construction joints. The moment
of inertia here is Ic (see Table 5.4). The longitudinal tensile stresses
due to an internal pressurization of 50 psi are pRC/ZtC = ,388 ksi.
Including dead weight (.165 ksi) but not including the effects of vertical
ground accelerations, the maximum total concrete compression stress in
the longitudinal direction is .696 - .388 + .165 = ,473 ksi, which is less
than the concrete allowable of .6 fc (see section 1.3). The maximum longi-
tudinal tensile stress is .696 + ,388 - .165 = .919 ksi. The tensile
stress in the circumferential direction is pRc/tC = ,776 ksi. The maximum
seismic shear stress is .280 ksi.

The seismic shear stress may cause additional cracking in the vessel.
At ¢ = -45° (Figure 2.7) the longitudinal stresses are tensile. The
principal tensile stress at ¢ = -45° is .95 ksi inclined at 40° from the
horizontal. This means that new crack planes inclined at 40° from the
vertical may be created by the earthquake. It should be noted that this
angle of inclination will change around the circumference of the vessel
as the shear stress and longitudinal bending stress change. These new
cracks may have some effect on the seismic response of the vessel but at
this time it is not known how significant this effect may be.

Using p = .0185 (the typical longitudinal reinforcement ratio for

concrete containment vessels) equation (1.2b) gives vc = ,140 ksi,
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According to the ASME code [14] the excess shear stress of .140 ksi (.280 -
.140) must be carried by inclined steel. As explained previously in this
section, it is felt that the recent IST tests performed at Cornell [2] show
that the combination of IST plus dowel action can effectively transfer
.280 ksi across the cracks without including inclined reinforcement.

If two layers of #18 reinforcing bars are spaced at & inches (1.0 inz/
in) around the circumference of the vessel then the stress in each rebar

due to internal pressurization weould be

2
iEE_E.— EEE = 20.9 ksi
R, 2 Si-

Adding this to the maximum siesmic bending stress of 29.2 ksi and sub-
tracting 8.9 ksi (dead weight) the total rebar stress is 41,2 ksi. Since
60 ksi steel is normally used in containments this is less than .9 fy'
However, if the shear andkbending stresses in the rebar due to dowel
action are included, the yield point may be reached. Presently it is not
possible to estimate what these additional stresses are. This yielding
would only occur over the unbonded length of the rebar.

The changes in crack width (shown in Table 5.3) due to the seismic
bending stresses are all small compared to the initial crack width of
.015 inches. These changes were computed over the unbonded bar length
of 2.5 inches. If the change of crack width had been at least half as
large as the iﬁitial crack width, then it could have been argued that the
crack stiffness changes during the seismic analysis, since it has been
shown that crack stiffness is a function of crack width. However, this
was not the case so the change in crack width does not affect the analysis.

In the Introduction it was stated that the steel liner and its anchors
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must be able to withstand the deformations imposed upon it by the concrete,
The maximum deformation imposed on‘the liner is the sum of the maximum
crack slip shown in Table 5.2 and the elastic shear deformation in the
- concrete between the construction joints. The maximum crack slip is .0143
inches in Run 4. The maximum shear stress of 280 psi also occurs in this

run. The elastic shear strain in the concrete is approximately

.280

1540 = .000182.

If the anchors are spaced at 20 inches, the elastic shear deformation over

this distance is

.000182 x 20 = .00364 inches.

The maximum relative displacement which occurs between the anchors is

then

.0143 + .00364 = .01794 inches.

This value is far below the allewable .1 inch used as a design requirement.
Since the liner is attached to the concrete the liner strain is assumed

to be compatible with the concrete strain. If the liner steel modulus is
29000 ksi then

.473/29000 = 1.63 x 107° < .002

U]
il

(.388 + .696 - .165)/29000 = 3.17 x 10"° < .001

[y]
1]
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where €. and £_ are the maximum compressive and tensile strains in the

t
liner. These values are far below the ASME allowables of .002Z and .001
{see Introduction).

From the stresses shown in Tables 5.2 and 5.3 it would appear that
flexible soils are the optimum soils for the foundation of nuclear contain-
ment vessels. This would be an incorrect conclusion. Besides the much
larger displacements that occur, it would be doubtful that a soft soil
such as clay or silty clays with sand could undergo the stresses imposed
upon it by the foundation and a soil failure would be likely. However,

the strength of the underlying soils undergoing dynamic stresses and

strains is an extremely difficult problem which will not be studied here.

5.6 System Identification

The dynamic response of a single degree of freedom structural system

can be described by the following single degree of freedom system:
X+ a,x + azi = p{t). ' (5.14)

Here x is the displacement of the single degree of freedom and p(t) is the
forcing function. The coefficients 3y and a, represent the stiffness and
damping properties of the system. The system identification problem is
normally concerned with determining these properties so that the above
mathematical model will yield results which are in best possible agreement

with experimental data derived from the testing of a prototype structural

system. Formulated in this manner, the identification problem reduces to
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a best-fit problem. Here the parameters a and a, will be determined so

that (5.14) will yield results that give the best possible agreement with
the results from the nonlineér analyses discussed in the previous section.
This can be done by using the direct method [13] of system identification.
In this method it is assumed that x(t), i(t) and X(t) are known from the
nonlinear analysis at N discrete points over the time interval t = 0 to

t = T. To obtain the "best fit" values for a, and a

1 oL the quadratic

functional

- . 2
J(a) = _(xi + alxi + ax; = Pi) (5.15)
1

i

nr~12

is minimized. Clearly {5.15) corresponds to a least squares curve fit.
Ps is the inertial force due to the base accelerations of the earthquake.

Minimizing (5.15) gives the following:

3J{(a) 2

Bal = ?.xixi + Zalxi + Zazxixi - 2:‘:.1p.1 =0 {(5.16a)
aJ(a) _ ., - . s 2 . _
3a2 = 2XiXi + Zalxixi + Zazxi - 2xipi = 0. (5.16b)
Summing (5.16a) and (5.16b) over the N time points gives
N N N
a ] ox 242 yoox X, = (x - x.X.) (5.17a)
1, O %07 L, Py - %0 :
i=1 i=1 i=1
N . N O2 N *
a X, X, + a X, = (x:p. - x.X.). (5.17b)
1 121 i%i 2 igl i izl i¥i i1

Using Cramer's ruls,
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- L -
a) = Io% (D1 x C22 - D2 x (C12) (5.18a)
1
ay = 3% (CI1 x D2 - D1 x C12) (5.18b)
-~ !
Cll = X Dl = {(x.p. - x.X.)
j=1 1 i=1 it i1
N. N..
iz = _Z X5 Xs D2 = .Z (xlpi - X l)
1=]1 i=1
L 2
€22 = ) Xy det = Cl1 x C22 - C12
i=

Therefore for a single degree of freedom system there exists a closed form
solution (5.18) for the parameters a, and ay. In the nonlinear analysis
performed in this chapter there are a total of 12 degrees of freedom.
Modal analysis will be used to uncouple the 12 simultaneous equations of
dynamic equilibrium. Then separate values of 2 and a, may be computed
for each mode, with each modal equation (3.14) corresponding to (5.14), If
the displacements, velocities and accelerations for each time step from
the nonlinear analysis are stored in the vectors [u , | and [if, the
transformation to the generalized coordinate Uﬂ is accomplished in the

following manner (see [3.12b]):

tay = [A17Y qw (5.19a)
{3} = [A]'1 {1} (5.19b)
gy = (a0 (5.19¢)
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Comparing (3.4) and (5.4),

B = Uy (5.20a)

By = 280 (5.20b)

for the Kth mode.

 The above procedure for determining the parameters a; and a, was
carried out during Run Z (medium soil stiffmess). This particular rum
was chosen because the values used for the two soil springs represent the
soil stiffness most likely to be encountered at power plant sites. The
values obtained for a; and a, for the first three modes are shown in
Table 5.7. These values were then used as input for MODAL. The results
for the displacement of the top mass using only the first mode are shown
by the dashed line in Figure 5.10. The results obtained using the first
two modes were almost the same. However, when three modes were included
in the analysis, the displacements became extremely large. This is probably
because the third mode participates very little in the motion of the model
and because of this the system identification method computes a stiffness

parameter a; which is very low. It would be expected that a, for the

1
third mode would be significantly higher than a; for the two lower modes,
but Table 5.5 shows otherwise. Because of this low stiffness in mode
three the coerresponding modal equation makes bogus contributions which
yield ridiculously large displacements, It appears then that using the
first mode only is the most effective way of using this particular appli-

cation of system identification. As shown in Figure 5.10, the displacement

time history yielded by the first mode gives a very good approximation to
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the nonlinear analysis. The maximum shear stress (282 psi) is also
reasonably close to the value obtained by the nonlinear analysis (272 péi)b
It is therefore concluded that the system identification using the first
mode only gives satisfactory results for both displacement time histories
and maximum stresses and displacements. If a, and a, for the first mode

2

are divided by y and ZBlwl it is found that

— 2
a, = allml = .667 (5.21a)

7, az/ZBlu1 = 1.493. (5.21b)
El shows the effect of including the cracks in the analysis. For an
uncracked vessel'ﬁl = 1.0. Clearly'z’il = 1.0 shows that the cracks increase
the flexibility of the model. TIn the same way &, takes into account the
effects of tﬁe hysteretic behavior of the cracks by increasing the viscous
damping coefficient. With no hysteretic behavior &

2

probably be incorrect to generalize these results for all base acceleration

= 1.0, It would

time histories. By this it is meant that a different synthetic earth-
quake may very well produce different values for"z-'f1 and Eé. Further work
must be done using different base acceleration histories and different

soil stiffness before (5.21a) and (5.21b) could be recommended for use in

design.
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Chapter 6

CONCLUSIONS

The maln conclusions of this study are:

1. The presence of cracks in the concrete does not significantly
affect the shear stress distribution in a reinforced concrete containment
vessel during and earthquake. The distribution is essentially the same
sinusoidal distribution which exists in elastic thin-walled cylinders.
Because of this, the shear area of A/2 normally associated with elastic
uncracked analysis is used in the nonlinear analysis in stiffness formu-
lations and for determining maximum shear stress,

2. In linear seismic analysis rotational degrees of freedom must
be included to obtain accurate displacement time histories. This must
also be true for nonlinear analysis. Therefore, rotational degrees of
freedom were included in all analyses,

3. There is a significant difference in the displacement time
histories obtained by linear (uncracked) and nonlinear (cracked) siesmic
analysis. The maximum shear stresses obtained by the two methods are
quite close. The effect of soil-structure interaction can be quite sub-
stantial. As the soils which underly the containment become softer the
maximum stresses in the vessel will decrease significantly but maximum
displacement increase by a large degree.

4,  The system identification method provides a good linear approxi-
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mation to the nonlinear analysis. The resultant displacement time history
gives sufficiently accurate results to be used as input for seismic analysis
of equipment. However, some important design parameters such as maximum
crack slip connot be provided by a linear analysis.

5. The liner distortions and strains which result from the nonlinear
analysis are within allowable values. The stresses in the concrete con-
tainment are either less than the allowables given by ASME or are less
than the stresses which caused failure in the IST tests. The biaxial ten-
sion field which exists in the containment vessel may give dowel splitting
failures at lower shear stresses than in the uniaxial IST tests that were
described here. However, the combined mechanism of IST and dowel‘action
appears capable of replacing the inclined bars presently used to transfer
shearing forces down to the foundation mat.

It is felt that adequate analytical tocls exist for seismic analysis
of cracked containment vessels. More experimental work is needed to in-
vestigate the combined behavior of IST and dowel action, particularly for
the larger #18 bars used in containment vessel construction. It would also
be interesting to see the effects of c¢cycling at low stresses in the range
- of 50 psi rather than the 200 psi actually used in the tests so far.

During an earthquake shear as high as 200 psi occur very rarely while

50 psi is quite commen. The loading schedule used in past IST tests has
been too regular. The results of seismic analyses show that shear stress
loadings in the containment are very irregular and may change directions
at unexpected places in the hysteresis loop which represents the load-slip
behavior of the cracks. Current IST tests underway include specimens with
cracks which run in both the horizontal and vertical directions and are

pretensioned in both directions to simulate biaxial tension. Input from
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these tests could be used in the nonlinear analysis program developed in

this study to give an improved model of the containment vessel.
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LIST OF SYMBOLS

A Cross-sectional area

As Shear area

{A] Matrix containing the eigenvectors

[C] Damping matrix

Du Translational critical soil damping ratio
D¢ | Rotational critical soil damping ratio

E Young's modulus

fc' - Compressive strength of concrete

fy Yield strength of reinforcing bars

G Shear modulus

I Moment of inertia

Ic ' Cracked moment of inertia

KC Crack stiffness

Ku Translational soil spring

K¢ Rotational soil spring

[K] Global stiffness matrix

L Length of beam segment

M] | Lumped mass matrix

P Internal pressure caused by loss of coolant accident
q; Generalized coordinate for ith mode

Rc Radius of the containment vessel cylinder
SSE Safe Shutdown Earthquake

t Time during seismic analysis
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Thickness of containment vessel cylindrical wall
Vector of relative displacements

Vector of relative velocities

Vector of relative accelerations

Maximum tangential shear stress which may be carried by concret
according to existing codes

Design tangential shear stress

Total shear force at a cross-section
- . : .th

Critical damping ratio for the i~ mode

Steel reinforcement ratio

Angle that meridional plane makes with x-axis in a cylinder
(see Figure 2.7)

Natural frequency for the ith mode
Crack slip

Shear stress

Poisson's ratio’

Shear flexibility factor

Lame's constant
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APPENDIX A

1.  Description of the Computer Program MODAL

This program computes the response of a linear structure subjected
to base accelerations which model an earthquake. The structure is idealized
as a vertical cantilever shear beam with the mass lumped at the node points
(lumped mass model). Soil-structure interaction may be included. When
soil-structure interaction is included effective damping ratios for each
mode are calculated using the subregioned energy proportion method. The
natural frequencies and mode shapes are calculated using the Jacobi method.
The uncoupled modal equations are integrated using the linear acceleration

method.

2. Input to MODAL

The input for a sample problem will be given. The model to be input
is the model of the reinforced concrete containment vessel shown in
Figure 4,3, Soil-structure interaction will be included. The soil springs
K, and K have the values 100,000 ¥/in and 10 x 1010 ¥-in, respectively.
The shear area and moment of inertia for all beam segments are 150,000 in2
and 9 x 10%0 in, respectively. The shear avea is taken as A/2, where A
is the cross-sectional area. The lumped masses are m, = 30 K-secz/in,

= 25 K-sec?/in and m

m, = m3 =m, = Mg £ = 60 K-seczlin. The lumped mass
moments of inertia are I1 = 12 = I3 = 14 = Is = 8 x 106 K-secz-in and
I.=13 x 106 K-secz—in. The material properties are § (shear modulus) =

£
1500 ksi and E (Young's modulus) = 3000 ksi. The modal damping ratio for
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all modes of vibration of the concrete containment is .05. The modal
damping ratios for the soil in the translational and rotational directions
are .25 and .05, respectively. The test earthquake shown in Figure 3.4
will be used as the base accelerations. The IBM cards (with FORTRAM for-
mat) to be input after the *DATA card follow. The units are kips, inches

and seconds. The maximum number of degrees of freedom is 12.

CARD 1 (515, F10.0)
cols 1-5: 12 (total number of degrees of freedom)
cols 6-10: 3 (number of modes to be included in the analysis)
cols 11-15: 12 (number of time steps in the analysis)
cols 16-20: 10 (number of base acceleration time points)
cols 21-25: 3 (number of Jacobi iterations, the suggested
nunber is 3)

cols 26-35: .01 (recommended length of time step in seconds)

CARD 2 (8F10.0)
cols 1-10: 30. [ml)
cols 11-20: @8.0E06 (Il)

cols 21-30: 25. (mz)

cols 31-40: 8.0E06 (Iz)

cols 41-50: 25, (ms)

cols 51-60: 8.0EQ6 (13)

cols 61-70: 25, (m4)

cols 71-80: B8.0E06 (I4)
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CARD 3 (4F10.0)
¢ols 1-10: 25. (ms)
cols 11-20: 8.,0EQ6 (15)

cols 21-30: 60, (mf)

cols 31-40: 13.0E06 (If)
CARD 4 (2F10.0, IS5, 2F10.0)
cols 1-10:  1500. (G)
cols 11-20: 300C. (E)
cols 21-25: 1 (1 = soil-structure interaction is to be
included, 0 = no soil-structure interaction)
cols 26-35: 10.0E1l0 (K¢)

cols 36-45: 100000, (Ku)

CARD 5 (5F10.0)
cols 1-10: 592.5 (length of top beam segment, see Figure 4.3)
cols 11-20: 360, (length of 2nd beam segment)
cols 21-30: 360. (1ehgth of 3rd beam segment)
cols 31-40: 360. (length of 4th beam segment)

cols 41-50: 180. (length of Sth beam segment)

CARD 6 (5F10.0)
cols 1-10:  9.0E10 (moment of inertia of top beam segment)
cols 11-20: 9.0E10 (moment of inertia of 2nd beam segment)
cols 21-30: 9.,0E10 (moment of inertia of 3rd beam segment)
cols 31-40: 9,0E10 (moment of inertia of 4th beam segment)

cols 41-50: 9.0E10 (moment of inertia of 5th beam segment)
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7 (5F10.0)

cols 1-10: 150000. (shear area of top beam segment)
cols 11-20: 150000. (shear area of 2nd beam segment)
cols 21-30: 150000, (shear area of 3rd beam segment)
cols 31-40: 150000, (shear area of 4th beam segment)

cols 41-50: 150000, (shear area of 5th beam segment)

8 (3F10.0)

cols 1-10: .05 (critical damping ratio for concrete contain-
ment vessel)

cols 11-20: .25 (critical damping ratio for translational
motion in underlying soil; Du in Figure 4.3)

cols 21-30: .05 (critical damping ratio for rotational motion

in underlying soil; D¢ in Figure 4.3)

9 (2F10.0)
cols 1-10: 0. (time in seconds of base acceleration)
cols 11-20: .084 (base acceleration, fraction of g acceleration

of gravity)

10 (2F10.0)

cols 1-10: .023 (time in seconds of base acceleration)
cols 11-20: .158 (base acceleration, fraction of g acceleration

of gravity)

11  (ZF10.0)

cols 1-10: .058 (time of base acceleration)
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cols 11-20: .271 (base acceleration)

CARD 12 (2F10.0)
cols 1-10: .083 (time of base acceleration)
cols 11-20: .349 (base acceleration, fraction of g acceleration

of gravity)

CARD 13 (2F10.0)
cols 1-10: .113 (time.of.base acceleration)

cols 11-20: .4406 (base acceleration)

CARD 14 (2F10.0)
cols 1-10: .148 {time of base acceleration)

cols 11-20: .509 (base acceleration)

CARD 15 (2F10.0)
cols 1-10: .186 (time of base acceleration)

cols 11-20: .382 (base acceleration)

CARD 16 (2F10.0)
cols 1-10: .23 (time of base acceleration)

cols 11-20: .191 (base acceleration)

CARD 17 (2F10.0)
cols 1-10: .256 (time of base acceleration)

cols 11-20: .058 (base acceleration)
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CARD 18 (Z2F10.0)
cols 1-10: .3 (time of base acceleration)

cols 11-20: 0. (base acceleration)

3. Qutput from MODAL

For each time step, the relative translational displacement and
inertial force associated with each mass is printed out. The shear stress
in each beam segment is also printed out. Previous to this the global

stiffness matrix, natural undamped frequencies and eigenvectors are printed.
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kkdk MODAL %%

THIS PROGRAM COMPUTES THE EARTHQUAKE RESPONSE CF A LIN
EAR

STRUCTURS THROUGH THE USE OF THE NORMAL MODES TECHNIQU
E. ‘

THE MAIN BODY OF THE PROGRAM {WHICH FOLLOWS DIRECTLY)

READS IN DATA AND CALLS ALL THE SUBROUTINES. THE SUBRD
UTINES : '

ARE NAMED STIFF,JACORY,RATIO, INQUAK AND LINACC. STIFF
SETS UP THE

STIFFNESS MATRIX AND JACDBY COMPUTES THE NATURAL FREQU
ENCIES '

AND EIGENVECTORS OF THIS MATRIX. RATIO COMPUTES THE EF
FECTIVF

CRITICAL DAMPING RATIOS FOR FACH MODE TAKING SOIL—-STRU
CTURE

INTERACTION INTO ACCOUNT.

INQUAK READS IN THE EARTHQUAKE ACCELERATION DATA AND C
OMPUTES

THE CORRESPONDING GENERALIZED FORCE. LINACC NUMERICALL
Y

INTEGRATES THE EQUATIONS OF MOTION USING THE LINEAR

ACCELERATION ASSUMPTICON. A MORE IN DEPTH DESCRIPTION I
5

GIVEN IN THE SUBROUTINES THEMSELVES.

COMMON /DYN/GSTIFF(3},4GMASS(3),DAMP(3},4EQFOR(12),GFORC
C E31}),

iolsP(12),RKFOR(L2) ]

COMMON /EIG/GLOK(124+12)+s0OMEGA(L2)4A(12,12),RMASS(12),4
C TR{12,12)

COMMON /PROP/AS(5)4RIZ{5)+SLI5)4SIZ(5]}

DIMENSION D(5)

DIMENSION BETA(5) -

DIMENSION A1{3),A2(3)

N IS THE NUMBER OF DEGREES OF FREEDOM. NM IS THE NUMBE
R

OF MODES TO BE SUPERIMPOSED. H IS THE TIME STEP AND NH

IS THE

TOTAL NUMBER OF TIME STEPS IN THE ANALYSIS. NTP IS THE

NUMBER OF GROUND ACCELERATION POINTS READ IN SUBROUTIN
E

INQUAK. RMASS IS THE LUMPED MASS VECTOR,G IS THE SHEAR
MCODULUS . '

yAS IS THE SHEAR AREA AND SL IS THE LENGTH OF EACH SHE
AR

BEAM SEGMENT,., IF IROT=1 SOIL STRUCTURE INTERACTION IS

INCLUDED. ROTK IS THE ROTATIONAL SOIL SPRING AND TRANS
K .

IS THE TRANSLATIONAL SOIL SPRING. K IS THE NUMBER QOF

JACOBY ITERATIONS AND BETA [S THE CRITICAL DAMPING RAT
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I0.
T=TIME OF ANALYSIS.

READ{S5,100 NyNM;NH,NTP,K,H

READ(S5,11) (RMASS(I),I=1,8)

READ(S5,11) (RMASS({I},1I=9,12)

READ(S5,12) G445, IROT,ROTK, TRANSK

READ (5,14} (SL(T1},I=1,5}

READ{S,414) (RIZ(I),I=1,5})

READ(5,14) (AS(T1},I=1,5}

READ{5,14) BETA,CTRANS,CROT

NTHETA=1

T=0.

ICOUNT=0

JCOUNT=0

IFLAG=0

NS=N

IF (IRDT.EQ.0) GO TO 20

NS=N~2

CONTINUE

DO 21 I=1,NM

D(I}=BETA :

CALL STIFF(MS+IROTyROTKsTRANSK, Gy NTHETA,E)
CALL JACOBY(N.K}

I (IROTLEQ.O0) GO TO 99

CALL RATIO(NIBETA,CTRANS,,CROT,TRANSK,ROTK )
CONT INUE

DO 2 I=1,NM

DAMP{I)=2.%D({1)*0OMEGA(I}
GSTIFF({I)=0OMEGA( 1) #=%2

GMASS(1})=1.000

WRITE(6448) (GSTIFF(I),I=1l,NM}

WRITE(6,48) {DAMP(I),I=1,NM)
FORMAT(/10X+5E14.7)

DO 4 I=1,NH

CALL INQUAK(N,T,NTP,ICOUNT,NTHETA,NM,IRQOT)
CALL LINACCUN,NM,H,T,JCOUNT]}

T=T+H

CONTINUE

FORMAT(515,3F10.0) .

FORMAT(8F10.0)

FORMAT(2F10.0,1542F10.0)

FORMAT(IS) .

FORMAT (5F10.0)

STOP

END

SUBROUTINE INQUAK{N,T4NTP,ICOUNT,NTHETA MM, IROT}
COMMON /DYN/GSTIFF({3) ,GMASS{3),DAMP(3),EQFOR(12),GFORC
C E(31%,

IDISP{12),RKFOR{12)

COMMON /EIG/GLOK{12,12),0MEGA({12),A(12,12),2MASS{12),4
C TR{l12,12} . '

DIMENSION GRACC(20),TIME(20}



OO0

OO0

101

D78

THIS SUBROUTINE INITIALLY READS IN THE GROUND ACCELERA
TION

HISTORY AND KEEPS TRACK OF THE CURRENT VALUE. THE GENE
RAL TZED

FORCE WHICH APPEARS ON THE RHS OF THE UNCOUPLED MODAL

EQUATIONS IS THE VECTOR GFORCE WHICH 1S COMPUTED HERE.

GFORCE=—ATR*=RMASS *GRACC,WHERE ATR IS THE TRANSPOSE OF
TH=

MODAL MATRIX AND RMASS IS5 THE LUMPED MASS VECTOR.

IF {ICOUNT.EQ.1l) GO TO 3
ICOUNT=1

DO 1 I=1,NTP

READ(5,11) TIME(I),GRACC(I)
CONTINUE

00 2 I=1,NTP
GRACC(I)=38644%GRALCIT)
CONTINUE

NOW FIND THE CURRENT VALUE (FOR TIME=T) OF THE GROUND
ACCELERATION X.

IF (T.GT.TIME(NTP)) GO TQ 7

I=1

I=1+1

IF {T.GT.TIME(I)) GO TO 4

IF (T.LT.TIME(I-1)) GO TO 4

SLOPE=(GRACC(I)=GRACC(I=-1))/(TIME(I)-TIME(I~11})

X=GRACC(I-1)+(T=TIME(I-1))%SLOPE
N1=N-1

DO 8 I=1,N1,2
EQFOR{I)==RMASS{I)*X

EQFOR( I+1)=0.

CONTINUE
DO 6 I=1,NM

GFORCE{I)=0.

DO 6 J=1,N
GFORCE(I)=ATR (1 ,J)=EQFOR{J)+GFORCE(T)

CONT [ NUE
RETURN

FORMAT{2F10.0)

END

SUBROUTINE LINACC(N,NM,H,T,JCOUNT)

IMPLTCIT REAL*4 (M)

COMMON /DYN/GSTIFF(3)},GMASS(3},DAMP(3),EQFOR(12), GFORC
C E(3),
1DISP(12) ,RKFOR{12)

COMMON /EI1G/GLOK(12412) +OMEGA{L2) +A(12,12)sRMASS(12),A
C TR(12,12)

COMMON /PROP/AS(5),RIZ{5),5L{5},S1Z(5)

DIMENSION CFORCE(L2),RINFOR({12),DELDSP{3)4DELVEL(3),DE
C LACC(3),
IMDISP{3),MVEL(3),MACC(3),B(12,12),C(12,12),ACC(L12),VEL
c (12)
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THIS SUBROUTINE USES THE ASSUMPTION THAT THE ACCELERAT
1oN

VARTES LINEARLY IN EACH TIME STEP TO COMPUTE THE CHANG
ES

IN VELOCITY AND DISPLACEMENT FOR EACH UNCOUPLED MODAL

EQUATION.RMASS AND GLOK ARE THE ACTUAL STRUCTURAL LUMP
ED

MASS VECTOR AND GLOBAL STIFFNESS MATRIX.THE GENERALIZE
D

MASS,STIFFNESS AND DAMPING ARE THE GMASS,GSTIFF AND DA
MP VECTORS.

THE RELATIVE DISPLACEMENTS AT TIME T ARE CONTAINED IN
THE

DISP VECTOR.

MDISP,MVEL AND MACC ARE VECTORS CONTAINING THE DISPLAC
EMENTS

JVELOCITY AND ACCELERATION AT TIME T FOR EACH MODAL £Q
UAT ION.

RKFOR IS THE VECTOR OF SHEAR FORCES IN EACH STORY.DELD
SP, _

DELVEL AND DELACC ARE VECTORS WHICH CONTAIN THE CHANGE

N

DISPLACEMENT,VELOCITY AND ACCELERATION FOR EACH MODE.

CFORCE AND RINFOR CONTAIN THE TOTAL DAMPING AND INERTI
AL FORCES

AT TIME T.EQFOR IS THE INERTIAL FORCE DUE TO THE EARTH
QUAKE

AND GFORCE IS THIS FORCE GENERALIZED IN THE UNCOUPLED

EQUATIONS.

AT TIME T=0 INITIALIZE DISPLACEMENTS,VELOCITIES AND AC
CELERATICNS. :

IF (JCOUNT.GT.0) GO T0O 300
JCOUNT=1

DO 1L I=1l.,N

DISP(I}=0.

RKFOR{I)=0.

RINFDOR{I}=0.

CONTINUE

DO 71 I=1,NM

MDISP(I)=0.

MVEL(TI1=0.
MACC{I}=GFORCE(I)/GMASSLT)
DELDSP{1)=0.

DELVEL{I)=0.

DELACC(1)=0.

CONTINUE

GO TO 400

FOR EACH TIME STEP SOLVE FGOR DELACC. THEN, USING THE L
INEAR
ACCELERATION ASSUMPTION, COMPUTE DELVEL AND DELDSP.
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DO 2 I=1,NM
DELACCI{I)=(GFORCE(L)-MACC(I)-DAMP(I)*(MVEL(T)+H*MACC(I
c ))-
1GSTIFF{I)*(MDISPLII+MVEL (I)*H+MACC{ I *(H*%2/2.080)))/(
C 1.0E0+

20AMP( 1) %H/2.0E0+GSTIFF(I)*(H%%2/6.0EQ))
DELDSP{I)=MVEL{ 1) *H+(H*=%2/6.,0EQ0)*(3.,0E0*MACC(I)+DELACC
C (Ih}

DELVELLTD ) ={H/2,.0E0)*(2.0E0*MACCIT)+DELACCI(TI)}
MDISP(TI)=MDISP(I}+DELDSP{ 1}

MVEL(I)=MVEL(I}+DELVEL(I)

MACC(I)=MACC(I}+DELACC(I)

CONTINUE

NOW COMPUTE THE TOTAL RELATIVE DISPLACEMENTS (DISP),

TOTAL INERTIAL FORCES (RINFOR) AND TOTAL SHEAR FORCES

{RKFOR) AND PRINT THESE QUANTITIES 0OUT.

DISP=A%MDISP

RINFOR=RMASS*A%OMEGA%MDISP.RKFOR (SHEAR FNRCE) IS THE

SUM OF ALL INERTTIAL FORCES (RINFOR) ABOVE AND INCLUDIN
G

MASS T.

DD 3 I=1,4N

DISP(I1)=0.

DO 3 J=1,NM
DISP(I}=A(T1,J)MDISP(JI+DISP(T)
CONTINUE

DO 4 I=1|N

DO 4 J=1l,NM
BUI,JY=RMASS{I)*xA(I,J)

CONT INUE

DO 5 I=1,N

DO 5 J=1,NM
C{l,J3=B(T1,J)=OMEGA(J)*=x2
CONTTINUE

DQ 9 I=14N

RINFOR{I}=0.

DO 9 J=1,NM

RINFCRII)=C({I, J)*=MDISP(J}+RINFOR(I)
CONT INUE

DO &6 1=1,5

RKFOR(I)=0.

L=2%1-1

DO &6 J=1l,L,2
RKFOR{IY=RINFOR{J}+RKFOR(I)
CONT INUE

DC 68 1-=1,5
RKFOR(TJ¥=RKFOR(T)/AS(T)
CONT I NUE

WRITE(6,10) T

D0 8 I=1,5

L=2%f{-1
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WRITE{6,11% DISP(L)+RINFOR(L},RKFOR{TI)
CONT INUE

18Xy " INERTIAL FORCE'y6X,*SHEAR STRESS'/)
FORMAT{(35X,510.3,10X,E10.3410X,E10.3}

RETURN

END

SUBROUTINE STIFF{N, IROTROTK, TRANSK,GyNTHETA,E)

THIS SUBROUTINE COMPUTES THE GLOBAL STIFFNESS MATRIX,G

LOK.

SHEAR AREA AND ROTATIQONAL DEGREES OF FREEDOM ARE INCLU

DED
IN THE VERTICAL CANTILEVER BEAM MQODEL.

COMMON /EIG/GLOK(12,12),0MEGA(12),D(12,12),RMASS({12},A

C TR(12.,12)

COMMON /PROP/AS(5),RIZ(5),S5L(5}),S51Z(5)
DIMENSTION TK(10}), ELK(4y4) VK(12)
Do 88 I=1,5
TKEII=SL{I)/(G*AS{ 1))
TK{TI)=1./TKI{I)

CONTINUE

NN=N

Nl=N-1

NN=N

IF (IRCT.EQR.0) GO TO 14

NN=N+2

DO 13 I=1,NN

DO 13 J=1,NN

GLOK(I,J)=0,

CONTINUE

DO 10 I=1,N1,2

SET UP THE BEAM ELEMENT STIFFNESS MATRIX,SLK(4,4)

SH=(3.*E*RIZ((I+1)/2)/SL({I+1)/2)**3)/TK((I+1)/2)
ELK({L, L)=12.%ExQTIZ{(I+1)/2Y/SL{(I+1)/2) %
ELK{1, 2!=—6.*EmRIZ((I+1)/2)/SL((I+11/2)**2
ELK({143)==ELK{1,y1])

FLK{Ll+4)=ELK(1,2)
ELK{2432)=4.%EXRIZ{(TI+1}/72)/S5L0(T+1)/2)
ELK{242)=ELK{2,2)%(1.+SH)

ELK(Z y3)="ELK(112v’)

ELK(2 34)=2.%E%RIZUUT+1Y/2)/7SLICT+1)/2)
ELK(2+4)=ELK({2,4)(1.—2.%5H)
ELK(3,3)=ELK(t,1)

ELK({3,4)=—ELKI(1,2)

ELK(4,4)=ELK(2,2)}

DO 3 K=1,4

DO 3 J=1,K

ELK(JsK)=ELK(J4K)/[1le+4.*SH)
ELK{K,,J)=ELK{J,K)
GLOK(I,I)=ELK(Ll,12+GLOK(I,I)

SECONDS' y5X, 'DISPLACEMENT *,



OO0

OO0 OO0N OO0

10

i1

45

D82

GLOK(I+1,I+1)=FLK{2,2)+GLOK{I+1,1I+1)
GLOK(T+#1,I)=FELK{2,1)+GLOK{I+1,1)
GLOK(I+2,I)=ELK(3,1)
GLOK(I+3,I)=ELK(4,1)}
GLOK(I+2,+1)=ELK(3,2}

GLOK( I+3, I+11=ELK(4,2)
GLOK{I+2,1+2) =ELK(3,3)
GLOK(I43,142)=ELK{4,3)
GLOK(T+3,143)=E1LK{4y4)

CONTINUE

DO 11 I=1,NN

DO 11 J=1,NN
GLOK(T4J)=GLOK(J,11}

IF (IROT.EQ.C} GT TO 45

IF [ROT=1 THEN SOIL STRUCTURE INTERACTION IS TO BE INC
LUDED. )

GLOK{NN—-1 ¢4NN-1) =GLOK{ NN—-14NN—-1)+TRANSK
GLOK{NNyNNI=GLOK(NNsNN}+ROTK

RETURN

END

SUBRCUTINE RATIO(N3LRETA2,CTRANS,CROT,TRANSK,ROTK)}
COMMON /OYN/GSTIFF{3) ,GMASS(3},DAMP{3), EQFOR(12),GFORC
C E(3),

1DISP{12),RKFOR(12)

COMMON /EIG/GLOK(L12,12),OMEGA(12},A{12,12),RMASS(12},4A
C TRrR{12,12)

COMMCN /PROP/ASI(5)+RIZ(5),S5L(5),ST1Z( 53

DIMENSION V(5),RMOM{5}

DIMENSION EN(12,12),ET{12},B(12)

THIS SUBROUTINE IS CALLED ONLY IF SCOIL STRUCTURE INTER
ACT ION

IS TC BE INCLUDED IN THE ANALYSIS. SINCE THE CRITICAL
DAMP ING

RATIOS IN THE STRUCTURAL AND SOIL DEGREES OF FREEDOM U
SUALLY

DIFFER BY A LARGE AMUOUNY SCME COMMON MODAL DAMPING VAL
UES

ARE REQUIRED. THE SUBREGIONED ENERGY PROPORTION METHOD

IS USED TO DB THIS. THE STEPS INVOLVED IN THE METHOD A
RE

EXPLAINED BELOW.

FIRST SET UP THE VECTOR B WHICH CONTAINS THE CRITICAL

DAMPING

RATIO FOR EACH MASS. THE DAMPING RATIO FOR ALL THE STR
UCTURAL

MASSES 1S BETA2, THE TRANSLATIONAL SOIL DAMPING RATIO
IS CTRANS

AND THE ROTATIONAL SOIL DAMPING RATID IS CROT.

NM=12
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N=N3-2

N2=N/2

DO 100 I=14N
BUI)=BETAZ2
CONT INUE
BIN+1)=CTRANS
B{N+2)=CROT

NOW COMPUTE THE STRAIN ENERGY IN THE ITH MASS. THE STR
AIN

ENERGY FOR EACH LUMPED MASS FOR EACH MODE IS STORED IN

THE MATRIX EN.THE INTERNAL MODAL STRAIN ENERGY IS ONE

HALF THE PRODUCT OF THE AVERAGE INTERNAL FORCES AT THE

LUMPED MASS AND THE MODAL DISPLACEMENT.

PO 1 J=1,NM

DO 2 I=1,N2
SK=SL{1)/(G=*AS(1))
XF=0.

EI=E%RIZ(1)

DET=SL(T)®%4/ (12 . %ET®=2)+SL{T)=SK/ET+S*SL(T)/EI+Cx
LESL{T I ®%3/ET+SK+S)-TxSL(I)**2/E[-T**

RMOM{ T)=({A(2*T+1,J)-A(2%]=1,J) )= (SLIT)**2/ET+T)+A(2%*]
C  4Jd)= '

TOSLAT)*%3/E I+ SK+S)+A(2%T+2, J)%(SLITIRRI/ETHTHSL(T)
2-SK-S))/DET
VITY=((A(2%T~1,Jd)=A(2%T+1,J))*{SLOL)/ET+C)—A(2*],J}*(S
C  L{I}*x2

1/ (2.%ET}+T I +A(2%[+2,J ) *F(T=SL(I})**=2/12.,*%ET)-SL(I)*C)}) /D
C ET

EN(2%I=1,J)=V{I 1 X*2%5SK/2,
EN(2*T+J)=11e/{24*EXRIZLT))I*(RMOM{T ) ==2%SL{I}+RMOM(I}
C =V(I)

LRSI P %%2+V (T )*x2%SL([)1%%3/3.)
EN(2%T4JI=EN(2%I,J)+RMOM( 1) +=%2%UL*XF /2. +RMOM(I)*V{]]}*B
C B+

IVOI PHex2*AA

CONTINUE

EN{N+19J)=TRANSK=A(N+1,J}%%2%,5
EN{N+2,J)=ROTK*A(N+2,J)*%x2%,5

CONTINUE

COMPUTE THE TOTAL ENERGY IN EACH MCDE AND STORE IN VEC
TOR .

ET.
DD 7 I=1,NM
ET(1})=0.

DO 7 J=1,NM
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ETCII=EN(J,I)+ET(T)
CONTINUE

NOW COMPUTE THE MODAL DAMPING RATIOS (STORED IN VECTOR
Dl

CC 8 I=1l,NM

D{I)=0.

DD 8 J=1l,NM

DOTY=EN(J,T)=B(JI+D(]I])

CONTINUE

DO 13 I=1,NM

D{IY=DCIY/ZET(])

CONTINUE

DO 9@ I=1,NM

WRITE(6412) 1,D(1)

CONTINUE

FORMAT(/10X, *MODAL DAMPING FOR MODE',I1,'=',E10.3)
RETURN

END :

SUBRODUTINE JACOBY(N,K)

COMMON /DYN/GSTIFF(3) 4GMASS{3},DAMP({3),EQFOR(12},GFORC
C E(3),

10ISP{12),RKFOR(12)

COMMON /eI1G/GLOK(12,12)+s0OMEGA{L2)4A(12,12),RMASS(12),A
C TR(12,12)

DIMENSTON EM(12),5TB(12,12),T(12,12},TT{12,12),8(12,12
C )

1ST(12,12),A1(12,12)

DIMENSION ClLl2,12)

THIS SUBRCUTINE CALCULATES EIGENVECTORS AND EIGENVALUE
S

FROM A GIVEN STIFFNESS MATRIX AND MASS VECTOR. N IS TH
E

NUMBER 0OF STRUCTURAL DEGREES OF FREEDOM IN THE SYSTEM,

EM IS THE MASS VECTOR AND ST IS THE STRUCTURAL STIFFNE
SS MATRIX.

ONLY THE STRUCTURAL PORTION OF THE GLOBAL STIFFNESS MA
FRIX

IS DIAGONALIZED SO THE FREQUENCIES AND MODE SHAPES ARE

FOR
A FIXED BASE 3STRUCTURE.

DO 75 I=1,4N

DO 75 J=1,4N
ST(1,J)=GLOK(T,J)
CONTINUE

DO 76 I=1,N
EM{T)=RMASSI(T)
CONTINUE

CALL PRINTS{ST,N)
CALL UNIT(AL,N)
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STB={1/SQRT{EM)}*=(ST)*{1/SQRT(EM)}. THE STIFFNESS MATR
IX

ST IS TRANSFORMED INTO 4 FORM IN WHICH THE JACDBI METH
aly)

CAN BE APPLIED.

DO 10 I=1,N

EM{T)=SQRT(EM{TI})

DO 12 I=1,4N

DO 12 J=1,4N

STBUT yJ}=STUT JJI/(EM{JIEEMIT))
DO 20 KK=1,K

DC 15 I=14N

DO 15 J=14N :

IF (1-d) 14,15,14

T IS A UNIT MATRIX EXCEPT FOR T{I,I),T(JyJ},T(I,d),

AND T(J,1}. BY PRE AND POST MULTIPLYING ST8 BY T THE

ELEMENT STB&I,J) IS SET=0. THIS ACTUALLY A SERIES OF

ORTHOGONAL TRANSFORMATICONS TO DIAGONALIZE STBLAFTER ST
B :

15 DIAGONALIZED IT WILL CONTAIN THE EIGENVALUES ON ITS

MAIN DIAGONAL.

IF (ABS(STB(I,.J)).LT.1.0E-10) GO 7O 15
CALL UNIY(T,N]
DIFF=STB(I,1}-STB(J,J)

IF (ABS{DIFF}-.0000500} 30,30,32
TH=.785398BEC

GO TO 33

THC=2 .0EQ0*STB(I,J) /DIFF
TH=,5EQ*ATAN(THC)

T{I,1)=COS{TH)

T(J'J’=T(IOI,

T(I,d)==SIN(TH)

T{J, IV ==T(1,J)

CALCULATE THE TRANSPOSE OF T (TT).
CALL TRA(T,TT,N)
TT*STB*T=ST8

CALL PRMULT{(STB,TH,I,J,N)
CALL POMULT(STB,yTH,1,J,N)

Al*T=Al. Al STORES THE RESULTS OF

T1*T2%T3.eee TKe { THERE ARE K ITERATIONS) (AL=SQRT{EM)*A

WHERE AIS THE MODAL MATRIX.T1 IS T FOR THE FIRST ITERA
TICN

T2 IS T FOR THE SECOND ITERATION UP TO TK FDR THE KTH

ITERATION.

CALL POMULT{AL,TH,IsJ4N)
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CONTI NUE

THE MODAL MATRIX A=(1/SQRT(EM)}*A1.THE FIRST ROW OF A
IS NDRMALIZED 70 1

DO 18 J=1,N

DO 18 I=1,N
A(T,J3=A1(I,J)/EM(T)
CONTINUE

DO 50 I=1,N
OMEGA(T)=SQRT(STB(I,1))
CONTINUE

SORT FREQUENCIES AND EIGENVECTORS STARYING FROM MODE
(LOWEST)
AND GOING UP TGO MODE N.

NN=N-1

00 80 I=1,NN
L=T+1

DO 9 K=L,yN

IF (OMEGA(K).GT.OMEGA(TI)) GO TO 9
WX=0MEGA(I)
OMEGA(I)=CMEGA(K)
OMEGA (K )=WX

DC 300 II=1,N
AX=A(1I,11)
A(IT,1)=A111,K)
ACIT,K)=AX
CONTINUE
CONTINUE
CONTINUE

PRINT QUT THE NATURAL FREQUENCIES AND EIGENVECTORS.

DO 11 1=1,N

WRITE(6,122) 1,0MEGA(T)

FORMAT (/10X FREQUENC Y, 15,4'=",F10.2)
CALL PRINTS(A4N}

CALL TRA{A,ATR,N)

RETURN

END

SUBRQUTINE MULT(A,B,CN)

DIMENSION A(12412),B(12,12),4C{12,12)}
DO 10 I=1,4N

DO 10 J=1,4N

C(I,J)’-’0.0EO

DO 10 L=1,N
Cllsd)=C{Tl,d)+A(I,L)}*B(L,J1}

RETURN

END

SUBRDUTINE UNIT(A,N)

DIMENSION A(12412)

DO 10 I=1,N

1
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DO 8 J=1,N

A(l,J1=0.0E0

A(1,17=1.0E0

RETURN

END

SUBROUTINE TRA(A,B8,N)

DIMENSION A(12,12)48{12,12)

DO 10 I=1,N

DO 10 J=1,N

B{I,JI¥=A0J,1)

RETURN

END

SUBRCUTINE POMULT{STBsTHsIsJ,N)
DIMENSTION STB(12412)4C(124+2)

DO 1 II=1,N
COIT,1¥=5TB(IT,I)*COS(TH)+STB(IL,J)=SIN(TH)
CAOTI,2)=STB(IT,J¥*COS(TH)=STBLIT, II=SIN(TH)
CONTINYE

PO 2 1I=1,N

STB(II,I)=C(TII,1)}
STB({IT,J)=C(1I1,2)

CONTI'NUE

RETURN

END

SUBROUTINE PRMULT{STE,THsI,JsN)
DIMENSION STB(12,12),C(2,12)

DO 1 JJ=14N
COL+JJII=STBII»JJI*COSCTHI+STBIJJJIHSIN{(TH]
C(2,4J3=STB(J+»JJ)*COS(THI=-STB(I,JJ)*SIN(TH]
CONTINUE

DO 2 JJ=1,N

STB(I,JdJ)=C(1,JJ)}
STB(J+JJ)=C(2,JJ)

CONTINUE

RETURN

END

SUBROUTINE PRINTS{A,N)
DIMENSION A(12,12)

WRITE{6,20)

DO 10 I=1,N

WRITE(6+12) (A{I,J),d=1,N)
FORMAT(10X,10E10.3)

FORMAT(//)

RETURN

END
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APPENDIX B

1. Description of the Computer Program SAC

This program performs the seismic analysis of cracked nuclear contain-
ment vessels, Only horizontal cracks are taken account of. Because shear
transfer across cracks exhibits stiffness characteristics which change with
the slip at the crack plane, the seismic analysis of cracked containment
vessels is nonlinear. The structure is idealized as a vertical cantilever
shear beam with the cracks contributing additional shear flexibility. The
mass of the vessel is lumped at the node points. Soil-structure inter-
action is included through use of translational and rotational springs
which model the stiffness of the underlying soil. The damping properties
of the structure and soil are included by assigning critical damping ratios
for each mode of vibration. Effective critical damping ratios for each
mode (that include the large soil damping capacity) are calculated through
ﬁse of the subregioned energy proportion method. The symmetric fully
populated damping matrix is generated from the critical damping ratios in
the manner shown in section 4.4. Because the model is nonlinear direcf
numerical integration of the equations of motion is performed using the

linear acceleration method.

2. Input to SAC

The same sample problem will be used as in Appendix A, The input is
similar except that the additional information of crack spacing and crack

stiffness will be input. It will be assumed that the horizontal cracks
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are spaced at 5'-6". The crack stiffness is input by specifying the six
pairs of values for shear stress and crack slip which define the second
cycle hysteresis loop (see Figure 5.6)., Both cracked and uncracked values
for the moment of inertia must be input. The "uncracked" moment of
inertia occurs in the concrete between the horizontal cracks (see section
5.4). The cracked moment of inertia is the moment of inertia supplied
solely by the longitudinal reinforcing bars which cress the open horizontal
cracks. The maximum number of beam segments which may be used is 5. This
could be increased by changing the pertinent DIMENSION statements (see
source listing of SAC). The units are kips, inches and seconds. The
times for which output is printed out may be controlled as described in

the next sectiom,

CARD 1 (2F10.0, 2I5)
cols 1-10:  .0025 (recommended time step size)
cols 11-20: .25 (duration of analysis)
cols 21-25: 5. (number of beam segments)

cols 26-30: 10 (number of base acceleration time points)

CARD 2 (I5, 2F10.0)
cols 1-5: 1 (=1 if soil-structure interaction is to be
included, = 0 if not)
cols 6-15: 10.CE10 (K¢)

cols 16-25: 100000, (Ku]

CARD 3 (3F10.0)

cols 1-10: .05 (critical damping ratio for the containment)
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CARD

CARD

CARD

CARD

cols 11-20:

cols 21-30:

4 (3F10.0)
cols 1-10:
cols 11-20:

cols 21-30:

5 (2I5)
cols 1-5:
cols 6-10:
cols 11-15:
cols 16-20:

cols 21-25:

6 (4F10.0)
cols 1-10:
cols 11-20:

cols 21-30:

cols 31-40:

7 (4F10.0)

cols 1-10:

D90

.25 (critical damping ratio for translational
motion in underlying soil)
.05 (critical damping ratio for rotational motion

in underlying soil)

1500. (G, shear modulus, ksi)
3000. (E, Young's modulus, ksi)

837. (Rc, radius of the containment vessel cylinder)

w

(number of cracks in top beam segment)

O

{number of cracks in 2nd beam segment)

6 (number of cracks in 3rd beam segment)

=2}

(number of cracks in 4th beam segment)

3 (number of cracks in bottom beam segment)

150000. (shear area of top beam segment)

592.5 (1ength of top beam segment)

9.0E10 (uncracked moment of inertia of top beam
segment)

2.0E1C0 (cracked moment of inertia of top beam

segment)

150000. (shear area of 2nd beam segment)



CARD

CARD

CARD

CARD

cols 11-20:

cols 21-30:

cols 31-40:

8 (4F10.0)
9 (4F10.0)
10 (4F10.0)
cols 1-10:

cols 11-20:

cols 21-30:

cols 31-40:

11 (8F10.0)

cols 1-10:
cols 11-20:
cols 21-30:
cols 31-40:

cols 41-50:

cols 51-60:
cols 61-70:

cols 71-80:
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360. (lehgth of 2nd beam segment)

9.0E10 (uncracked moment of inertia of 2nd beam
segment)

2.0E10 (cracked moment of inertia of 2nd beam

segment)
{same as CARD 7 for 3rd beam segment)

(same as CARD 7 for 4th beam segment)

150000. (shear area of bottom beam segment)

180. (length of bottom beam segment)

9.0E10 (uncracked moment of inertia of bottom
beam segment)
2.0E10 {cracked moment of inertia of bottom beam

segment)

30. (ml]

8.0E06 (I,)

25. (m

5]

8.0E06 (Iz)

25. (ms)

8.0E06 (I,)

25. (m

4
8.0E06 (I,)



CARD

CARD

CARD

CARD

CARD

CARD

12 (4F10.0)
cols 1-10:

cols 11-20:
cols 21-30:

cols 31-40:

13  (2F10.0)
cols 1-10:

cols 11-20:

14 ({2F10.0)
cols 1-10:

cols 11-20:

15 (2F10.0)
cols 1-10:

cols 11-20:

16 (2F10.0)
cols 1-10:

cols 11-20:

17 (2F10.0)
cols 1-10:

¢ols 11-20:
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25. (mg)
8.0E06 (I.)
60. (mg)

13.0EQ06 {If)

.03 (rl in Figure 5.6)

.0027 (Al in Figure 5.6)

.110 (Tz in Figure 5.6)

. 005 (AZ in Figure 5.6)

-.00053 (13 in Figure 5.6)

.0037 (AS in Figure 5.6)

~-.03 (14 in Figure 5.6)

.0027 (A4 in Figure 5.6)

.110 (TS in Figure 5.6)

-.005 (a; in Figure 5.6)



CARD

CARD

CARD

CARD

CARD

CARD
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18 (2F10.0)

cols 1-10: .00053 (ré in Figure 5.6)

cols 11-20: -.0037 (A6 in Figure 5.6)

19 (I5)

cols 1-5: 3 (number of printout intervals)
20 (3F8.0)

cols 1-8: .10 (1st printout interval)

cols 9-16: .20 (2nd printout interval)

cols 17-24: .26 (3rd printout interval)

21 (3F8.0)
cols 1-8: .025 (time between printouts in lst interval)
cols 9-16: .01 (time between printouts in 2nd interval)

cols 17-24: .025 (time between printouts In 3rd interval)

22 (2F10.0)
cols 1-10: 0. (time in seconds of base acceleration}
cols 11-20: ,084 (base acceleration, fraction of g, accelera-

tion of gravity)

23 (2F10.0)
cols 1-10: .023 (time in seconds of base acceleration)

cols 11-20: ,158 (base acceleration)
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CARD

CARD

CARD

CARD

CARD

CARD

CARD
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24 (2F10.0)
cols 1-10: .058 (time in seconds of base acceleration)
cols 11-20: .271 (base acceleration)

25  (2F10.0)
cols 1-10: .083 (time in seconds of base acceleration)

cols 11-20: .349 (base acceleration)

26 (2F10.0)
cols 1-10: .113 (time in seconds of base acceleration)

cols 11-20: .446 (base acceleration)

27 (2F10.0)
cols 1-10: .149 (time in seconds of base acceleration)

cols 11-20: .509 {base acceleration)

28 (2F10.0)

cols 1-10: .186 (time in seconds of base acceleration)

cols 11-20: .382 (base acceleration)

29 (2F10.0)
cols 1-10: .23 {time in seconds of base acceleration)

cols 11-20: .191 {base acceleration)

30 (2F16.0)
cols 1-10: .256 {time in seconds of base acceleration)

cols 11-20: .058 {base acceleration)
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CARD 31 (2F10.0}
cols 1-10: .3 (time in seconds of base acceleration)

cols 11-20: 0. (base acceleration)

3. Output from SAC

The times at which output is desired is controlled in the manner shown
by CARDS 19, 20, 21. CARD 19 inputs the number of printout time intervals.
In this case the first printout interval is fromt = 0 to t = ,10 seconds,
In this interval the time between printouts is ,025 seconds sc the first
three printouts cccur at t = 0, ,025, .05. At t = .10 the time between
printouts changes to .0l seconds. Printouts occur at t = .10, .11, .12
«v.. At t = .20 the time between printouts changes back to ,025 seconds
again. The maximum number of different printout time intervals which may
be specified on CARD 19 is 10.

For each printout time the translational displacements, shear stresses
and crack displacements in the Fontainment are printed out. In the dis-
placement column the top number corresponds to the displacement of the top
mass, the second number cofresponds to the displacement of the second mass
and so on down. The shear stress and crack slip columns have the values
for the top beam segment in the first row, the second beam segment values
in the second row and sc on. After the analysis is completed the maximum
values for shear stress, bending stress, displacements (including rota-
tional and soil degrees of freedom) and crack slip are output. Units are

kips, inches and seconds.
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%k R R ok SAC e ek X
THIS PROGRAM,NAMED SAC (SEISMIC ANALYSIS INCLUDING CRA
CKS Y,
PERFORMS THE SEISMIC ANALYSIS QOF CRACKED NUCLEAR CONTA
' INMENT

VESSELS., THE CONTAINMENT VESSEL IS MODELED BY A VERTIC
AL

CANTILEVER SHEAR BEAM WITH 5 LUMPED MASSES. AT ECACH MA
SS

POINT 2 DEGREES OF FREEDOM EXIST,ROTATIONAL AND TRANSL
ATIONAL.

THE SOIL UNDERLYING THE CONTAINMENT VESSEL FOUNDATION
s

MODELED 8Y 2 SPRINGS, TRANSLATIONAL AND ROTATIONAL, IN
ALL

THERE ARE 12 DEGREES OF FREED(OM.

COMMON /DYN/RMASS(12),DAMP(12,12)4CK(6) ,CFORCE(L2]),EQF
C OR{121},

1RKFOR(12) ,OLDFOR(12),RINFOR(L2},ACC(12),DISP{12),VEL(L
C 2,

20LDVEL(12),0LDACC(12) ,SHEAR(12),0LDSHR(12},REL{12),0LD
C AMP(12),
3SHEARK(5),GLOK(12,12),NCR(5),0L0CK{6),NLOIPD(5),0LDREL
C (12} 4RXK(8)

4y TK(6),0LDISP(L2)

COMMON /EI1G/OMEGA(12),A(12,12),ATR{12,12)},D(12)

COMMON /B/RLOAD(&) ,DELTA{6) ,IPD(S),NCYCLE(5),RLOAON(S,
C 6},

IDELTAN(5,6}

COMMON /PRQOP/AS(5),RIZ{5),SL(5),+5,6,51Z(5)

H IS THE TIME STEP SIZE AND ENDTIM IS THE TOTAL DURATI
ON

OF THE SEISMIC ANALYSIS. NSEG IS THE NUMBER OF BEAM SE
GMENTS.

NTP IS THE NUMBER CF GROUMND ACCELERATION TIME POINTS.
NH 1S

THE TOTAL NUMBER (QF TIME STEPS. BETAZ IS THE CONSTANT

CRITICAL DAMPING RATIO OF THE CONTATINMENT VESSEL. IF 1

ROT

=1 THEN SOIL-STRUCTURE INTERACTION [S TQO BE INCLUDED.
ROTK

AND TRANSK ARE THE ROTATIONAL AND TRANSLATIONAL SOIL S
PRING :

CONSTANTS, CROT AND CTRANS ARE THE SOIL CRITICAL DaMPI
NG RATIOS

FOR ROTATIONAL AND TRAMSLAT IONAL MOTION. G AND & ARE T
HE SHEAR

AND YOUNG,S MODULII FGQR CONMCRETE. R IS THE RADIUS QF T
HE

CONTAINMENT VESSEL WALL. NCR(I) IS THE NUMBER COF HORIZ
GNT AL

CRACKS IN THE ITH BEAM SEGMENT, AS(I) AND SL(I} ARE TH
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E SHEAR

AREA AND LENGTH OF THE ITH BEAM SEGMENT. RIZ(I} IS THE
MOMENT

OF INERTIA OF THE UNCRACKED CONCRETE. SIZ(I} IS THE MO
MENT

OF INERTIA AT THE HORIZONTAL CRACK 0OR THE MOMENT OF IN
ERTIA

PROVIDED BY THE LONGITUDINAL REBARS ONLLY. RMASS CONTA
INS THE

VALUES OF THE LUMPED MASSES. RLOAD(l...6) AND DELTA{L,
'.6’

CONTAIN THE SHEAR STRESS AND CRACK SLIP FOR THE 6 POIN
TS

WHICH DEFINE THE SECOND CYCLE HYSTERESIS LOOP WHICH IN
TURN

DEFINES THE HORIZONTAL CRACK STIFFNESS. STIFFL IS THE-
CRACK

STIFFNESS FOR THE FIRST CYCLE. DINC IS THE INCREASE IN
DELTA({1}

WHICH OCCURS WITH EACH ADDITIONAL LOAD CYCLE.

READ(5,100) H,ENDTIMyNSEG,NTP,NH

N=2%NSEG

READ(S5,106) IROT,ROTK,TRANSK
READ(5,101) BETAZ,CTRANS,CROT
I[FLAG=0

JFLAG=0

KFLAG=0

ISTIFF=0

KREF=1

LFLAG=0

K=3 :

DINC=.0001

T=0,

BETA=.1666667 .

OH=H

NM=4

NOOF =N

NQUAK E=N

READ(5,101) G4.E,R ‘
READ(5,110) (NCR(1),1=1,NSEG)
DO 1 I=1,NSEG

READ(S54+101) AS{I)+SLET)YRIZ(T)4STIZ(T)
SHEARK(I) =G2AS(I)/SLLT)
CONTINUE

IF (TROT.EQ.O) GO TO 60

NDQF =N+2

NQUAKE=N+1

CONTINUE

READ(5,101) {(RMASS(I),I=1,8}
READ(5,101) (RMASS(I),1=9,NDOF)}

INPUT THE P-DELTA RZLATIONSHIP FOR THE HYSTERESIS LOOP



— -

. W

e EREe]

OO0

OO OO0

201
200

701
700

703

1¢C

D98

S
BY READING IN RLOAD(l...4.6) AND DELTA{(lL..ae6).

DO 200 1=1,6 |
READ(5,201) RLOAD(I),DELTA(I)
FORMAT{2F10.0)

CONT INUE

NOW THAT THE P-DELTA RELATIONSHIP HAS BEEN READ TN

THE SLOPE QF EACH STRAIGHT LINE SEGMENT WHICH MAKES UP
THE

HYSTERESTIS £230P IS COMPUTED.THEN THE VECTOR OF SHEAR S
TIFENESSES

FOR THE BEAM SEGMENTS {(TK) IS COMPUTED.

RK(1}=18.3
RK(2)=(RLOAD{2)-RLOAD(1) ) /(DELTA(2)-DELTA(1))
RK(3)=(RLOAD(3)~RLOAD(2))/(DELTA(3)-DELTA(2))
RK(4)=(RLOAD(4)~RLOAD(3) )/ (DELTA(4)-DELTA(3))
RK(5)=18.3

RK{6)=RK(2)

RK(7)=RK(3)

RK(8)=RK(4)

DO 700 1=1,8

WRITE (6,701) RK(I)

FORMAT(10X,E14.7)

CONTINUE

THE MATRICES DELTAN AND RLOADN STORE THE SLIP AND SHEA
R STRESS

WHICH DEFINE THE HYSTERESIS LOOPS FOR EACH BEAM SEGMEN
T

INITIALLY THE HYSTERESIS LOOPS CORRESPONDING TO THE SE
COND CYCLE
ARE INPUT FOR ALL BEAM SEGMENTS.

DO 703 [=1,NSEG
DELTAN(I, 1)=DELTA(L]
DELTAN(I,2)=DELTA(2)
DELTAN(I,3)=DELTA(3)
DELTAN(I,4)=DELTA(4)
DELTAN(I,3)=DELTA(S5)"
DELTAN( I, 6)=DELTA(6)
RLOADN(I,1)=RLOAD(L)
RLOADN(I,2)=RLOAD(2)
RLOADNI{I,3)=RLCAD(3)
RLOADN(I,4)=RLOAD{4)
RLOADNII,B5)=RLOAD(S]
RLOADN(I, 6}=RLOAD( 6]}
CONTINUE

DO 10 1=1,NSEG
CK{TI)=RK(1)

CONTINUE

UL=2.5
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CALL STIFF{N,NSEG,IROT,ROTK,TRANSK,KREF,ISTIFF,UL)
CALL JACOBY(NDOF,K)

CALL RATIO(N,BETAZ,CTRANS,CROT,TRANSK,ROTK,UL)

CALL INDAMP({NDOF)

DO 102 I=1,NH

NFLAG=0

IF (I.EQel} GO TO 300

IF (H.LT7.0.) GO TO 999 7

CALL STIFF{NyNSEG, [ROT,ROTK,TRANSK,KREF,ISTIFF,UL)
CALL INQUAK(T4NTP,NQUAKE+HyIFLAG)

CALL NUMINT(H,T,BETA,NDCF,IRQT,ENDTIM4R)

IF (T.GTLENDTIM) GO TOD 105

CALL INHYST(A4+T,0H,NSEG,JFLAG,PRINTyKREF,NFLAG)

IF {1.EQ.1) GO TO 102

IF (NFLAG.EQ.1) GO TO 102

CALL CYCLE(NSEG,LFLAG,DINC)

CONT I NUE

FORMAT{2F10.0,515)

FORMAT(8F10.0)

FORMAT(I5,2F10.0)

FORMAT(5I5)

WRITE(6,998) T,H

FORMATI{/10X,2E14.7)

sTQP

END

SUBROUTINE STIFF(N,NTR,IRQT,.ROTK,TRANSK,KREF, ISTIFF,UL
c ) ‘

THIS SUBRQUTINE COMPUTES THE GLOBAL STIFFNESS MATRIX W

HICH .
1S STORED IN GLOK. THE VECTOR TK CONTAINS THE SHEAR
FLEXIBILITIES OF THE CONTAINMENT VESSEL. l./SHEARK(I)
13
THE ELASTIC FLEXIBILITY OF THE UNCRACKED CONCRETE., FOR

THE -
ITH BEAM SEGMENT NCR(OI}/(AS(II*CK(I)) 1S THE TOTAL SHE
AR '
FLEXIBILITY OF ALL THE HORIZONTAL CRACKS IN THE BEAM S
EGMENT.,

C OMMON /DYN/RMASS(12) 40AMP(12,12),CK{6}+CFORCE(12),EQF
C . 0OR(12),

1RKFOR(12) ,0LDFOR{12),RINFOR(12),ACC(12),DISP(12},VEL(1
C 2),
20LDVEL{12),0LDACC(12),SHEAR(12),0LDSHR(12),REL(12),0LD
C AMP(12), '
3SHEARK(5) ,GLOK(12,12),NCR{5),0LDCK{6),NLDOIPD(5),0LDRFL
C (12),RK(8)

4,TK(&),0LDISP(12)

COMMON /PROP/AS{5},RI1Z{5)4SL(5),5,G,512(5}

DIMENSION ELK(494),VK(5)

DIMENSION A{5)4B{5},C(5)

{F IRGOT=1 THEN SOIL STRUCTURE INTERACTION IS TQ BE INC
LUDED. '
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IF (KREF.EQ.O0) GO T3 45

NN=N

D1 I=1,NTR

TKOT)=(NCRODY Z(CROTI=AS(TI NI+ (L./SHEARK (I}
CONTINUE

CCONTINUE

SET UP THE GLOBAL STIFFNESS MATRIX ,GLOK{N,N}.

NI=N-1

NN=N+2

DO 13 I=1,NN

D8 13 J=1,NN

GLOK{I+J1=0.

CONTINUE

DO 10 T=1¢N1,2

IF (ISTIFF.GT«3) GO TO 222

SET UP THE BEAM ELEMENT STIFFNESS MATRIX ELXK{4,4) FCR
THE LTH ’
BEAM SEGMENT.

L={I+11)/2

EI=E*RIZ({L)

SUM=0.

SUM2=0.

NC=NCR(L)

BRNC=NCR(L)

DT 22 K=1,NC

AK=K

RX=(2.%AK-1.]1/(2.%RNC)

SUM=SUM+RX

SUMZ2=SUM2+R X#*2

CONTINUE

ALY =({L./STZALI) (L. /RTZLL DI IASL L) *%2ULRSUM2/E"
BIL)=({1./STZLI) = (L /RIZILIII=SL{L)*UL*SUM/E
CLI=((L /S TZIUII = (L /RIZIL )Y YHULHNCR(L)/E
CONTINUE '

L=(I+1})/2

EI=E%RIZ(L)

DET=SL{L)**4/ (12, %ET#%2)+TK{LY*SLILI/ET+A(L)*SL(L)}/ET+
C C(L)x
LOSLAL Y ¥43/ (34 *ED)+TK(LI+A{L)I=B(L)=SL(L)*x2/EI-B(L)*%2
X=1./DET

ELK(L,1)=X*{{SLILY/ETI+C(L))

ELK(L 42)==X=*={ (SL(LI1*%2/(2.,*%E]))+B(L))
ELK{1,3)=-SLK{1l,1)
ELK(L1,4)=X:(B(L)=(SLILI*%2/(2.%E1)}-C(L}=SL(L))
ELK(2,2)=X*({SLILI**3/ {3, %ET))+TK(LI+A(L]))
ELK(Z243)==ELK(1,2]

ELK(2,4) =X (SLIL)**3/7(6., T }+B(L)®SLILI-TK(L)=-4(L))
ELK{3,3)=ELK(1l,1)

ELK(3,4)==ELK(1,2)



[aNaYeNeNe

A0 0G0 a0,

10

11

44
45

D101

ELK{4,4)=ELK{2,2)
DO 3 K=1,4

DO 3 J=1,K

ELK{K,J)=ELK{J,K)
GLOK(TI+I)=ELK(1,1}+GLOK(I,I}
GLOK(I+L,I+1}=ELK(2,2)+GLOK(T+1,I+1)
GLOK(I+1,I)=FELK{24+1)+GLOK{I+1,1} ‘
GLOK(I+2,I)=ELK(3,1)
GLOK(I+3,I)=ELK{4,1}
GLOK(I+2,I+1)=ELK(3,2)
GLOK(I+3,I+1)=ELK(4,2)
GLOK({I+2,I+2)=ELK{3,3)
GLOK(I+3,1+2)=ELK(4,3)

GLOK({ I+34 I+3)=ELK(444])

CONTINUE

DO 11 I=1,NN

DO 11 J=1,NN

GLOK(I,J}=GLOK(J,1}

IF (IROT.EQ.0) GO TO 44

ADD TO THE GLOBAL STIFFNESS MATRIX THE TRANSLATIONAL
TRANSK) AND ROTATIONAL (ROTK) SOIL SPRINGS WHICH MODEL
THE STIFFENESS DF THE UNDERLYING SOTItL.

GLOK{NN—-L,NN=-1} =GLOK{ NN-1,NN—-1}1+TRANSK
GLOK( NNy NN)=GLOK (NN,NN}+RQOTK
ISTIFF=ISTIFF+1

CONTINUE

RETURN

END

SUBROUTINE NUMINT(H,T,BETA4N, IRCT,ENDTIM,R)

THIS SUBROUTINE CALCULATES THE CHANGES IN DISPLACEMENT

b

VELOCITY AND ACCELERATION FOR EACH TIME STEP IN THE SE
ISMIC

ANALYSIS., DDF(I) AND DSF(I} ARE THE CHANGES FDOR EACH T
IME

STEP IN DAMPING AND SRING FORCS FOR THE ITH DEGREE OF
FREEDOM.

CFORCE(I) 4RKFDOR{I) AND RINFOR(TI) CONTAIN THE TOTAL DAM
PING

FORCESySPRING FORCES AND INERTIAL FORLCES AT TIME T. DI
SP(1)

s VEL{I) AND ACC(I) ARE THE DISPLACEMENT,VELOCITY AND

ACCELERATION FOR THE ITH DEGREE 0OF FREEDOM AT TIME T,
SHEAR(T)

~CONTATINS THE SHEAR FORCE IN THE ITH BEAM SEGMENT. REL(

1y 18 .
THE CRACK SLIP FOR THE CRACKS IN THE ITH BEAM SEGMENT.
OLDSHR{1),OLDAMP(I) ,OLDFOR(I},OLDACC(I},0LDVEL{I} AND
OLDISP(I} CONTAIN THE SHEAR, DAMPING FDORCE,SPRING FORC
EyACC" .
ELERATION,VELOCITY AND DISPLACEMENT FOR THE ITH DEGREE
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FREEDOM AT THE PREVIQUS TIME POINT.

DIMENSION ZMOM(5),ZMAX(5)

DIMENSION DELACC(12),DELDSP{12},DELVEL(12)

COMMON /PRCP/AS{5),RIZ{5),SL{5),5,G,STZ(5]

DIMENSION X{12)

COMMON /DYN/RMASS(12),DAMP(12,12),CK(6),CFORCE(12),EQF
C 0OR(12},

IRKFOR(12) ,0LDFOR(L2),RINFDR{L2)4+ACC(12),DISPL12),VEL(L
c 2,
20LDVEL(12),0LDACCH12),SHEAR(12),0LDSHR(12),REL(12},0LD
C AMP(12),
3SHEARK(5),GL0K{12,12),NCR(5),0LDCK{6)NLDIPD(5)4QLDREL
C (12),RK{8)

49 TK(&6),0LDISP(12)

CIMENSION DDF{12}),DSF(12),EQERR{12)

DIMENSION SHRMAX(12)4DISMAX(12),RELMAX(1Z)

THE VELOCITIES AND DISPLACEMENTS OF THE LUMPED MASSES
ARE SET EQUAL TO THEIR INITIAL VALUE,

I1F (T,GT.0.) GO 7O 302
NP=N

N1=MP-1

NP2=N/2

IF {IROT.EQ.Q)} GO TD 447
NP=N-2

N1=NP-1

NP2=NP/2

CONT INUE

DO 32 1=1,N

DOF{I)=0.

DSF(I1)=0.

CFORCE(I}=0.
RKFOR(I)=0.

DISP(I)=0.

VEL({I)=0.
ACCIIN=EQFOR(I)/RMASS(I)
RINFOR(I)=RMASS({IV1*=ACC(1)
DELDSP(TI)=0.
DELVEL{I)=0.
DELACCI(I) =0,
SHEAR({I)=0.

REL(I)=0.

OLDSHR(I)=0.
QLDAMP({I}=0.
OLDISP{I)=0.
OLDREL(I)=0.
OLDFOR({I1=0,
DLDACC(I1¥1=0.
OLDVEL(I)=0.
SHRMAX({I)=SHEAR(})
DISMAX(I)=DISP(I)
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RELMAX(I)=REL(I)
CONT INUE

DG 23 I=1,NP2
ZMAX(T)=0.
CONTINUE

GD TG 84

THE CHANGES IN DISPLACEMENT AND VELOCITY FOR THIS TIME

~ STEP ARE :

CALCULATED ACCORDING TO THE NEWMARK BETA METHOD. FIRST
THE VALUE

FOR THE CHANGE IN ACCELERATION (DELACC) FOR THE PREVID
US TIME

STEP IS ASSUMED FOR THE PRESENT TIME STZP., THE CHANGE
IN THE

VELOCITY (DELVEL) AND DISPLACEMENT (DELDSP) CAN THEN B
£ SOLVED

FOR.

ITER=0
ITER=TTER+]

. D0 49 L=1,4N

¢
1

X{L)=DELDSP(L)

DELVEL(LYI=(2.*ACCIL)+DELACC(L))I*H/2,

DELDSP(LI={VEL{L)*H)+(.,5-BETA)I*ACC{LI*H**%2 + BETA*(ACC
(L)

+DELACC (L) )3 *%*2

49 CONTINUE

45

48

99

C
1

IF {ITER.LT.4) GO TO 48

JQuT=0

DC 45 1=1.N

IF (DELDSP(I}.EQ.0.) GO TO 45

IF (ABS((DELDSP(I)-X{I)}/DELDSP(I}).LE..Q01}) GO TO 45
JOUT=1

CONTINUE

IF (JOUT.EQ.0) GO TO 350

DO 44 T1=1,N

08 99 K=1,N
DDF(I)=DAMP(I,K}*DELVEL(K)+DDF(TI}
DSF(I)=GLOK(I ,K}*DELDSP(K)+DSF(1)
CONTINUE

EQERR IS THE E&RROR IN EQUILIBRIUM DUE TGO THE ASSUMPTIO
N OF
VALUES FOR DELACC.

EQERRITI=(RINFOR(I}+RMASS{IV*DELACC(I)V+(CFCORCE{I)+DDF
(1))

+{(RKFCR{I)+DSF(I)I-EQFOR(I)

DSF(I1=0.

PDF(I)=0.

44 CONTINUE

DO 47 I=1,N
DELACC(TI)=(RMASS(T)*DELACC(I)-EQERR(I)}/{RMASS(I})
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47 CONTINUE

S350

OO0

97

98

28
T2
401

201

540

501

GO TO 300

CONTINUE

DD 98 I=1,N

00 97 K=1,N

DSF(I}=GLOK(I ,KI*DFLDSP{K}I+DSF(I)
DDF{IY=DAMP(I,K)*DELVEL(KI+DDF(T)
CONTINUE

OLDFOR(I) =RKFOR(T)
OLDISP(IN=DISP(I)
OLOVEL(I)=VEL(T)

CLDACC(I)=ACCII)
OLDSHR{I ) =SHEAR(T)
OLDAMP(I)=CFORCE(I}
OLDREL(I)=RELI(I)

THE VALUES OF DISPLACEMENT,VELOCITTY AND ACCELERATION

FOT TIME
T ARE CALCULATED.

DISP(T1)=DISP(T)+DELDSP(T)
VEL(1)=VEL(I)+DELVEL(T)
ACC(I}=ACC{I)+DELACC(I)
RKFOR(I)=RKFOR(I}+DSF (1)
RINFOR(I)=RMASS(II*ACC(T)
CFORCE(I)=CFORCE(T)+DDF(I)

SHEAR(1)=0.

DDF{1)=0.

DSF(1)=0.

CONTINUE

D0 401 T=1,NP2

15=2x%1-1

DO 72 K=1,15,2

SHEAR(T)=RKFOR(K)+SHEAR(1)

IF (1.6T.1) GO TO 28

ZMOM( 1)=RKFOR(L11%SL (1}

G0 TO 72

ZMOM( 1) =ZMOM(I-1)+SHEAR(T)%SL (1)

CONT INUE |

CONTINUE

DO 201 I=1,NP2

SHEAR (1) =SHEAR(I)/AS(T)

ZMOM( 1) =ZMOM{ 1) *R/RIZ (T}

CONTINUE

D0 540 I=1,NP2
REL(I)=0OLDREL(I)+(SHEAR(I)=OLOSHR(I))/CKIT)
CONT INUE

DO 501 I=1,N

IF (ABS(DISMAX(I)).GE.ARS(DISP(I})) GO TR 501
DISMAX(I)1=DISP(I)

CONT TNUE

DO 701 I=1,NP2

IF (ABS(SHRMAX(I)).GE.ABS(SHEAR(T))} GO TQ 501
SHRMAX (1} =SHEAR(I)
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IF (ABS(ZMAX{I)}.GE.ABS{ZMOM(I}))} GO TO 801
IMAX{ T1=ZMOM{ 1)

IF (ABS{RELMAX{I)).GELABSIREL(I))) GO TOQ 701
RELMAX(I}=REL(I}

CONTINUE

IF (T.LTLENDTIM) GO TO 84

WRITE(6,1)

FORMAT (/11X ,"MAXIMUM SHEART ,3X,"MAXIMUM DISPLACEMENT?,
C 33X,

1'MAX CRACK DISPLACEMENT',3X,'MAX BENDING STRESS'}

DO 411 I=1,NP2

WRITE(642) SHRIMAX({I},DISMAX{I),RELMAX(I),ZMAX(I)
FORMAT(L10X+El4.T+6XsE14.T7410XyE14eT74,9X4C14.7)

DO 412 I=6,N

WRITE(6,3) DISMAXI(I)

FORMAT{30X+E14.7}

WRITE{6,333}) (CK(Il),I=1,5}

FORMAT(/10X,5E14.7)

CALL PRINTS{GLOK,12)

RETURN

END

SUBROUTINE RATIO(N¢BETAZ2,CTRANS,yCROT, TRANSK,,ROTK,UL)
COMMON /DYN/RMASS(12)DAMP{ 12412} +CK(6) LFORCE(12),EQF
C OR(12},

1RKFOR{12) ,OLDFOR{12),RINFOR(12),ACC{12},DISP(12},VEL(]
C 2},
20LDVEL(12),0_DACC(12)4SHEAR(12},0LDSHR(12),REL(12),0LD
C AMP(12},
ISHEARK({S),GLOK(12,12)},NCR(5),2LDCK{&6)},NLDIPD(5),0LDREL
€ [(12),RK(8)

4, TK(6),0LDISP(12)

COMMON /EIG/COMEGA({12),A(12,12)Y,ATR({12,12),D(12)

COMMON /PROP/AS(5) 4RIZ(5),SL{5)+E4G,S1Z2(5)

DIMENSION V{5),RMOM{5)}

DIMENSION ENf12,12),ETI(12),B{12)

THIS SUBRCUTINE IS CALLED ONLY IF SOIL STRUCTURE INTER
ACTTION '

IS 7O BE INCLUDED IN THE ANALYSIS. SINCE THE CRITICAL
DAMPING

RATIOS IN THE STRUCTURAL AND SOIL DEGRXES OF FREEDOM U
SUALLY

DIFFER BY A LARGE AMOUNT SOME COMMON MODAL DAMPING VAL
UeS

ARE REQUIRED. THE SUBREGIONED ENERGY PROPCRTION METHOD

IS USED TO DO THIS., THE STEPS 'INVOLVED IN THE METHOD A
RE

EXPLAINED BELOW.

FIRST SET UP THE VECTOR B WHICH CONTAINS THE CRITICAL
DAMPING

RATIO FOR EACH MASS. THE DAMPING RATIO FOR ALL THE STR
UCTURAL

MASSES [S BETA2. THE TRANSLATIONAL SOIL DAMPING RATIO
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IS CTRANS
AND THE ROTATIONAL SOIL DAMPING RATIO IS CROT.

NM=12

N2=N/2

DO 100 I=1,N
B{I}=BETA2
CONTINUE
B{N+1)}=CTRANS
BIN+2)=CRCY

NOW COMPUYTE THE STRAIN ENERGY IN THE ITH MASS, THEZ STR
AIN

ENERGY FOR EACH LUMPED MASS FOR ZACH MODE IS STORED IN

THE MATRIX ENL,THE INTERNAL MODAL STRAIN ENERGY [S ONE

MALF THE PRCDUCT DOF THE AVERAGE INTERNAL FORCES AT THE

LUMPED MASS AND THE MODAL DISPLACEMENT,

DO 1 J=1,NM

DD 2 I=1,N2 .

SK=NCR(I)/{CK{T}=AS{I)I+(1./SHEARK(I))

EI=ExRIZ{I)

SUM=0.

SUM2=0.

NC=NCR(I}

RNC=NCR(1I)}

DO 22 K=1,NC

AK=K

QX=(2-*AK-1-]/(2.*RNC,

SUM=SUM+RX

SUM2=SUM24R X% %2

CONT INUE

XE={1,/S1Z{1)—=1./RIZ{1))/E

S=XFxULASL{T) *#%2%x5UM2

TaXFxULaSL (1) *SUM

C=XEXULRNCR(T)

AA=XF UL #%3%2SUM2/6.

BB=XF*®UL=%*2%xSUM/2.
DET=SL{I)*%4/ (12, %E[%%2)+SL{I1*SK/EI+S*SL{T)/E]+Cx
L(SL(T)}*%3/ET+SK+SI-THSL{ Iy ¥=2/E]~T=x*
PMOMCT)I=C((A[2%TI+1,J)-A(2% =1, J} )R {SL{T)*%2/ET+T)+A(2*]
C JJI=
LOSL{TY*®3/EI+SK+S)+A(2#1+2,J)*{SL{T)*%=3/ET+T=SL{])
2-SK=S))/DET

VIII=({A(2%]= 1y JI=0(2%T+1 )} (SLOIV/ET+C)—A(2%] ,J)=(S
€ LI}==%2

F/(2.% 11 +T)HA (25T 42,15 {T=SL{T)=%2/ (2. %B1)~SL(1)}*C))/D
c ET

EN(2%T-1,J) =V (] )}*%2%SK/2, .

EN(2% Ty Jd)=(1l /(2. %¥EXRTZ{T ) I (RMOM(T ) %%2%SL (1) +RMOM( )
C #y(1)
IRSL{T b2 4V (1
EN{2%T,J)=EN{
C B+

®x2uSL (1) %%3/3,)
*1

)
2Ty JY+RMOM(T ) ek 20X F/ 2. «RMOM{ T )*V (1) *8
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CONT INUE

EN(N+L,J) =TRANSK*A(N+L,J}¥%2%,5
EN(N+2,J)=ROTKRA(N+2, J)%*2%,5
CONT INUE

COMPUTE THE TOTAL ENERGY IN SACH MODE AND STORE IN VEC
TOR
ETa

PO 7 I=1,NM
ET{I)=0.

DO 7 J=1,NM
ET(II=EN(J,I)+ET(I)
CONTINUE

NOW COMPUTE THE MODAL DAMPING RATIGS (STORED IN VECTOR
D).

DO 8 I=1,NM

DI(I}=0. .

DO 8 J=1,NM

DOIY=EN(J,I)*B(J1+D(I)

CONTINUE

DO 13 I=1,NM

DOINI=DCIN/ET(I)

CONTINUE

DO 9 I=1,NM

WRITE{6,12} I,0(1)

CONTINUE

FORMAT(/L0X,*MODAL DAMPING FOR MODE',I1,'=',E10.3)}
RETURN

END

SUBRCUTINE INDAMP{N)

COMMON /DYN/RMASS(12),DAMP(12,12),CK(&),CFORCE(L2),EQF
C DOBR(12),

1RKFOR(12) +OLDFOR(12),RINFORI(12),4CC(12},DISP{12),VELIL
C 2},
20LDVEL{12)+0LDACC(12}+sSHEAR(12),0LDSHRI(12)4REL(12},0LD
C AMP{L1l2), ,
3SHEARK(5),GLOK(12412) +NCR(5)+0LDCK(6) NLDIPD(5),0LDREL
C  (12)4RK{(8) .
4y TK(6),0LDISP(12)

COMMON /FIG/DMCGA(12)vA(lZ;12),ATR(12912)1D(12)
DIMENSION C(12,12)

FROM. MODAL ANALYSIS,DAMP{N,N)=INV(ATR(N,N))*CBAR(N,N)*
INVIA(N,N)

WHERE CBAR{N,N} IS A DIAGONAL MATRIX WITH THE TERMS C{
I,7112.%D{1)

*OMEGA(I).THE FOLLOWING STATEMENTS COMPUTE DAMP(N,N} U
SING THE

FACT THAT INV(A{N,N))=ATR(N,N)*=RMASS(N,sN).
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DO 1 I=1,N

0O 1 J=1,4N

ClIyd)=2. %D {JIV=OMEGA(JY*A{T,J)%RMASS(T)
CONT I NUE

CCALL MULTIC,ATR,DAMP,N]

101
100

55

44

102

DO 2 I=14N

D0 2 J=1,N

DAMP( I,J)=DAMP(1,J)*RMASS{J]}

CONTTINUE

DO 3 I=1,N

WRITE(6,4) (DAMP(I,J),J=1,N)

FORMAT (/10X,TE14.7)

RETURN

END

SUBROUTINE INQUAK(T,NTP,M.H,IFLAG)

COMMON /DYN/RMASS(12) ,DAMP{12,121,4ZK{(6},CFORCE(L2},EQF
C ORrR(12},
1RKFOR(12),0LDFOR(12),RINFOR(12}4ACC(12),DISP(12),VEL(]1
C 21, '
20LOVRL(12)+0OLDACC(L2)+SHEAR{L2},0LDSHRI{12),REL{12),0LD
C  AMP(12),
3SHEARK(5) 4GLOK{ L2y 12Y 4 NCR{5),0LDCK(6) NLDIPD(5},0L0OREL
C (12),RKI(8)
4,TK{6),0LDISP(12)

THIS SUBROUTINE READS IN THE GROUND ACCELERATION HISTO
RY AND

KEEPS TRACK OF THE CURRENT VALUE OF THE GROUND ACCELER
ATICN,

DIMENSION GRACC(10Q),TIME{10O)
IF (IFLAG.EQ.1} GO TC 44
[FLAG=1

DO 1Q0 I=14NTP

READ(5,101) TIME(I),GRACC(T)
FORMAT(2F10.0}

CONTINUE

DO 55 I=1.+N,2
EQFOR(I}==RMASS{T1}=*GRACC(L)*38.64%
EQFOR(I+11=0.

CONTINUE

GaQ TO 200

NOW FIND THE CURRENT VALUE OF THE GROUND ACCELERATION
Xe

CONT INUE

IF (T.GT.TIMEINTP)Y} GO TQ 200
I=1

I=1+1

IF (1.GT.NTP) GO TO 150

IF (T.GT,TIME(I)) GO 70 102
IF (TLLT.TIME(]I-1)) 6T TO 102
J=I-1
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J IDENTIFIES WHICH OF THE STRAIGHT LINE SEGMENTS CONTA
INS THE
CURRENT GROUND ACCELERATION.

SLOPE=({GRACC{J+LI-GRACC(JIII/(TIME(JI+L)I-TIME(J})}
X=GRACC(J)I+{(T-TIME(J) }=SLQOPE
DO 98 I=1,4N,2
EQFOR{I}==RMASS{I)*X%386.4%
EQFOR(I+1)=0.
S8 CONTINUE
GO TO 200
150 WRITE(64151)
151 FORMAT(20X,'THE GRCUND ACCELERATION CORRESPONDING TO T
C IME T HAS
INOT BEEN FOUNDt/)
200 CONTINUE
RETURN
END
SUBROUTINE JACOBY(N,K)
COMMON /DYN/RMASS(12),DAMP{12,12),CK{(6)},CFORCE(12},5QF
C DOR(12),
IRKFOR(12),0LDFOR{12),RINFOR{12),ACC{(12),015P(12),VEL(L
C 2),
20LDVEL(12),0LDACC(12) +SHEAR{12),40LDSHR(12)4REL{12),0LD
C AaMpP(12),
3SHEARK(5) 4GLOK{12412)¢NCR(5)40LDCK(6}4NLDIPD(5),0LDREL
C (12),RK(8)
4, TK(&),0LDISP(12)
COMMON /EIG/OMEGA(12) ,A(12,12)4ATR(12,12},D(12)
DIMENSION EM{12},57TB(12,12),T(12,12),TT(12,121,8(12,12
G )y
15T(12,12)4,A1(12,12)
DIMENSTION C(12,12}

THIS SUBROUTINE CALCULATES EIGENVECTORS AND EIGENVALUE
S . ,

FROM A GIVEN STIFFNESS MATRIX AND MASS VECTOR. N IS TH
E

NUMBER QOF STRUCTURAL DEGREES OF FREZDOM IN THE SYSTEM,

EM IS THE MASS VECTOR AND ST IS THE STRUCTURAL STIFFNE

SS MATRIX.
ONLY THE STRUCTURAL PORTION OF THE GLOBAL STIFFNESS MA
TRI X
IS DIAGONALIZED SO THE FREQUENCISS AND MDODE SHAPES ARE
FOR

A FIXED BASE STRUCTURE.

DO 75 1=1,N

DO 75 J=1,N

ST(I,J)=GLOK(T,J}
75 CONTINUE

DC 76 I=1,N

EM{TI=RMASS(])
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CONTINUE
CALL PRINTS(ST,NI)
CALL UNIT(ALl,N}

STB=(1/SQRT{EM) ) *(ST)*(1/SQRT{EM)). THE STIFFNESS MATR
Ix

ST IS TRANSFORMED INTO & FORM IN WHICH THE JACOBI METH
30

CAN BE APPLIED.

DG 10 I=1,N

EMITI=SQRT(EM(I))

BC 12 I=1,N

DO 12 J=1,N
STB{I,J}=ST(1,J)/{EM(JII*EM(T]))
DO 20 KK=1,K

DO 15 I=1,N

DO 15 J=I.N

IF (I-J) 14415,14

T IS A UNIT MATRIX EXCEPT FOR TU(I,I),T{Jed)yT(IyJd),

AND T(J,I)s BY PRE AND POST MULTIPLYING STB BY T THE

ELEMENT STB(I,d) IS SET=0, THIS ACTUALLY & SERIES QOF

ORTHOGONAL TRANSFORMATIONS TO DI AGONALIZE STBLAFTER ST
B8

IS DIAGONALIZED IT WILL CONTAIN THE EIGENVALUES ON ITS

MAIN DIAGONAL, )

IF (ABS({STB{{,J)}.LT.1.0E-10) GO 7O 15
CALL UNIT{T,N)
DIFF=STB(T,1)=5TB(J,J)

[F (ABS(DIFF)-.0000500) 30,30,32
TH=.785398E0

GG TO 33

THC=2.0E0*STBI(I,J)/DIFF
TH=.5EC0*ATAN{ THC)

T(I,1)=COS{TH)

T(J,Jd)=T(1,1)

T{I,J)==SIN(TH}

TS, 1)==-T(I,4)

CALCULATE THE TRANSPQSE OF 7 (TT).
CALL TRA(T,TT,N)
TT%STB=T=ST8

CALL PRMULT(STB:sTHsIsJeN)
CALL POMULT{STB,TH,LsJsN)

Al*T=Al. Al STORES THE RESULTS 0OF

T1®T2%T3 400 s TKLUTHERE ARE K TTERATIONS) AL=SQRT{EM}=A

WHERE ATS THE MODAL MATRIX.T1l IS T FOR THE FIRST ITERA
TION
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T2 IS T FOR THE SECOND ITERATION UP TO TK FOR THE KTH
ITERATICON.

CALL POMULT{AL,TH,T,J4N)
CONTINUE

THE MODAL MATRIX A=(l/SQRT(EM})=ALl.THE FIRST ROW OF A
IS NORMALTIZED TO 1

L0 18 J=1,4N

DO 18 I=1,N
ACT,3)=A1(T 3} /EM(I)
CONT INUE

DO 50 I=1,N
OMEGA(I)=SQRT(STB(I,I})
CONTINUE

SORT FREQUENCIES AND EIGENVECTORS STARTING FROM MODE
(LOWEST)
AND GOING UP TO MODE N.

NN=N=-1

DO 80 I=1,NN
L=1+1

DB 9 K=L,N

IF (OMEGA(K).GT.OMEGA(I)) GO TO 9
WX=OMEGA(T)
OMEGA(T)=0MEGA(K)
OMEGA (K)=WX

DO 300 II=1,N
AX=A(I1, 1)
A(TT,1)=A(T1,K)
A{IT,K)=AX

CONT TNUE

CONTI NUE

CONTINUE

PRINT QUT THE NATURAL FREQUENCIES AND EIGENVECTORS.
DD 11 I=1,N

WRITE{6,122) 1.,0MEGA(T)
FORMAT(/10X,"FREQUENCY"',I5,'=",F10.2)

-CALL PRINTS5(A,N)

CALL TRA(ASATR,N)

RETURN

END

SUBROUTINE MULT(A,B,CsN)
DIMENSION A(12,12)9+B(12,12),C(12,12})
DO 10 I=14N

DO 10 J=1,N

C(I,4¥=0.0E0

DO 10 L=1,N
COI4d)=CUI s +A(T,L)=B(L,J)
RETURN
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END

SUBRQUTINE UNIT(A,N)
DIMENSTON A(12,12)

DN 10 I=1,N

DO 8 J=1,N
A(I,J1=0.0E0
A{I,I)=1.0E0

RETUPN

END

SUBRQUTINE TRA(A,B,N)
DIMENSION A{12,12),8(12,12)
DO 10 I=1,N

D0 10 J=1,N
3{I,J1=A(J,1)

RETURN

"END

SUBRQUT INE POMULT(STB,TH,I,4,4N)
DIMENSION STBR{12,12),C(12,2)
DO 1 II=1,N
C(ITI,1)¥=STR(II,I1)*COS(TH)+STB(
C{I142)=STB(I1,J}*COS(TH}~=STB(
CONTINUE

DD 2 TI=1,N

STB(11,I)=C{II,1}
STB{I1I,+Jd1=C{I1,2)

CONTINUE

RETURN

END

SUBRCUTINE PRMULT(STB,TH, 1+J4N)

SIN(TH)

I1,J)=
II, T)%SIN(TH])

Iy
Iy

"DIMENSION STB(12,12),C(2,412)

D0 1 JJ=1,N

C Ly d ) =STBLOT,JJ)HCOSUTHI+FSTB(S »JJ)ESIN(TH)
C(2+JdJ1=STBLI,JIIHCOSETHY=STB{L 4 JJIXSIN(TH)
CONT INUE

DO 2 JJ=1,N

STB{I,34¥1=C(1, 4N

STB(J.JJV1=C(2,44)

CONTT NUE

RETURN

END

SUBROUTINE PRINTS(A,N)

DIMENSION A(12,12)

WRITE{6,20)

DO 10 I=1,N

WRITE(6,12) (A(I,d),d=14N)
FORMAT(10X,10E10.3)

FORMAT(//)

RETURN

END

SUBRDUTINE CYCLE(N,LFLAG,DINC)

THIS SUBROUTINE KEEPS TRACK OF WHICH CYCLE OF LOADING
EACH CRACK IN 7THE VESSEL IS ON. THE LOAD CYZLE NUMBER
FOR ALL
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THE CRACKS IN THE ITH BEAM SEGMENT IS STORED IN NCYCLE
(1.

AT T7=0, NCYCLE{I}=1., THE FIRST CYCLE CRACK STIFFNESS I
S

LINEAR WITH NO HYSTERESIS LOOP.

COMMON /DYN/RMASS{12) ,0AMP(12,12]) +CK{6),CFORCE(12),EQF
C O0OR(12}, :
1RKFDOR(12)OLDFOR(12),RINFOR(12),ACC{12),DISP(12),VELI{1
C 2,
20LDVEL(12},0LDACC{12),SHEAR(L2),0LDSHR(12},REL{12}),0LD
C AMP(1r2),

BSHEARK(5) yGLOK(12412) 4 NCR(5B),0LDCK(6) NLDIPD{(5),0LDREL
C (12)4+RK(8)
4. TK({6),0LDISP(L2)

COMMDON /B/RLOAD(é)QDELTQ(é)9IPD(539NCYCLE(5)9RLUADN(59
C 61}y
IDELTANC(S,6)

DIMENSION PEAK(S5)

IF (LFLAG.GT.Q)Y GO TO 2

LFLAG=1

DO 1 I=1,N

PEAK(I}=0.

NCYCLE(I)=1

GO TD 45

THE PEAK SHEAR STRESS FOR THE CURRENT LOAD CYCLE IS ST
CRED
IN PEAK{Il) FOR THE ITH BEAM SEGMENT,

DD 10 I=1,N

IF (ABS{SHEAR(I))}.LE.ABS(PEAK(I))) GO TO 10
PEAK({I})=SHEAR(TI)

CONT I NUE

FOR THE FIRST CYCLE, IF ABS(PEAK(I}) IS GT RLOAD(L) AN
D

UNLCADING 1S OCCURING THEN THE SECOND CYCLE HYSTERESIES

LODP 1S SWITCHED TO.

DO 3 I=1,N

IF (ABS{SHEAR{II).GE.ABS{OLOSHR(I)}}) GO 79 3
TF (NCYCLE(TI}.GT.1) GO TO 4

IF (ABS{PEAK{I}))}.LT.RLOAD(L)) GO TO 3

IF (PEAK(T).LT.C.) GO TO 8

IPD{I}=3

CK{IVI=RK(3}

PEAK(TI}=0.

NCYCLE(I)=NCYCLE(I)+1

GO 70 3

AFTER THE FIRST CYCLE THE DEFINITION OF AN ADDITIONAL
LOAD CYCLE CHANGES,., IF ABS(PEAK(I)} GT .1KSI AND ABS{
SHEAR(I)) LT .05 KSI THEN NCYCLE(I} IS INCREASED BY 1.
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THE HYSTERESTS LO0P FOR THE ITH BSAM SSGMENT, AS DEFIN
ED BY

DELTAN(I;lessss6&) AND RLOADN(I,l....6) B2RE CHANGED

ACCORDINGLY .

IPD(I =7

CK(I}Y=RK(T)

PEAK(I)=0.
NCYCLE(IY=NCYCLE(I}+1

ce 1N 3

IF (IPD{I}.EQ.3) GO 7C 5

IF {IPD(I).EQ.T) GO TO 6

GQ T2 3

TF (ABS{PEAK({I)}.LT..1) GOQ TQ 3
TF (SHEAR(T}.GT..05) GO 7O 3

GO 7O 7

IF (2BS{PEAK{I}).LT..1) GO TO 3
IF (SHEAR(I).LT.{(-.05}) GO 7O 3
MCYCLE(I)}=NCYCLE(I)+]
PEAK{TI}=0.

DELTAN(I 1}=0ELTAN(I,1)+DINC
DELTAN(I 42)=DELTAN{I,2)+0INC
DELTAN(I44)=—-DELTAN(I,1)
DELTAN(I,5)=—DELTAN(I,2)
DELTAN(E3)=(RLOAD(2) -RLOAD (4} +RK{4)*DELTAN(T,4)}-RK{(3)
C  =DELTANI(
1142) ) /7(RK{4)-RK(3))

RLOADN(I »3)=RK(4)*{DELTAN(I,3)-DELTAN(T 44)}+RLOAD(4)
DELTAN{I 6)=—DELTAN(I,3)
RLOADN{1,6)}=—RLOADN{I,3)

CONT INUE

RETURN

END

SUBRQUTINE INHYST(H,T,0H,N,JFLAG,PRINT,KREF,NFLAG]}
INHYST KEEPS TRACK OF WHERE THE SHEAR STRESS IN EACH B

EAM

SEGMENT IS IN THE CYCLE DEPENDENT HYSTERESIS LOOPS,
THE CRACK STIFFNESS FOR THE ITH BEAM SEGMENT IS CK(I).
DIMENSION TI{10),VPRINT(10)

COMMON /DYN/RMASS(12} 4DAMP(12,12),CK(6),CFEDRCE(12]),EQF
C DR(12),

1RKFOR(12} ,0LDFOR(12),RINFOR(12),ACC(12),DISP(12),VEL(L
C 2),
2OLOVEL(121,0L0ACC(12),SHFAR(L12),0LDSHR(12)4REL(12),0LD
C AMP(12}),

3SHEARK(5) ,GLOK(12,12) 4 NCR(S1,0LDCK(6}NLDIPDO(5),0LDREL
C (12),RK(8)
4y TK{6) 4BLDISP(L12)

COMMON /B/RLOAD(B)+DELTA(B) ,1PD(5) ¢NCYCLE(S),RLOADN(S,
c 61,

IDELTAN(S,56}

IF {JFLAGL.GT.0) GO TO 202
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JFLAG=1

PRTIM=0,

OLDT I M=0. -

READ{5,13) NTI

FORMAT(I5)

PRTOL=MH/10.

READ{Ss101) (TI(I)4I=1,NTI)
READ{5,101}) (VPRINT(I),I=1,NTI)
PRINT=VPRINT(1)

Jd=1

FORMAT (10F8.0)

THE INITIAL STIFFNESS IS ASSUMED 7O BE RKI(1)

DO 46 I=1,N
CK{I)=RK(1)}
IPD(TI)=1
NCYCLE(I)=1
CONTINUE

GO TO 500

IPD IDENTIFIES WHICH LINEAR SEGMENT OF THE HYSTERESIS
LocP you
ARE ON.

CONT INUE

DO 131 L=1,N
OLDCK{LY=CK(L)
NLDIPD(L}Y=IPO(L)

CONTIMUE

DO 299 I=1,N

IF (IPD(T}.EQ.8) GO TO 212
IF (IPD(I).GEL3) GO TO 205
IF (IPD(I).GT.1) GO TOQ 204

IPD HAS BEEN TESTED TO SEE IF IT IS EQUAL 70 1.THE

SHEAR STRESS IS THEN CHECKED TO SEE IF IT IS NEGATIVE.
IF S0C,

THE STIFFNESS CK IS SET EQUAL TO RK(5),THE INITIAL

NEGATIVE STIFFNESS,

IF (SHEAR({I).GE.O.) GO TO 299
IPD(IN=5

CKI)=RK(5)

GO TO 299

CHECK TO SEE IF A CHANGE OF STIFFNESS HAS OCCURED DURI
NG THE

LAST TIME STEP.IN THIS CASE THE STIFFENESS CK HAS CHANG
ED

FROM RK(1) TO RK(2}.

THE STATEMENTS BELOW PEQTAIN‘TD CRACKS ON THE RK(2} SE
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CTION 9F
THE LOOP. A CHECK 15 MADE TC SEE WHESTHER UNLOADING HAS
STARTED
DURING THE LAST TIME STEP., IF S0, THE STIFFNESS BECOME
S RPK(3),

IF (SHEAR(I).GE.OLDSHRI(I)) GC TC 299
IPD{11=3

CKEI1=RK(3)

GO 70 299

IF (IPD(1}.GT.3) GO TO 207

THE FOLLOWING STATEMENTS DEAL WITH CRACKS ON THE RK=RK
(3)

SECTION OF THE HYSTERESIS LOOP. A4 CHECK IS MADE TO SEE
IF THE

RK(&4) BRANCH HAS BEEN REACHED,

IF (SHEAR(I).LT.OLDSHR(I}) GO TO 29

1F {SHEAR(T).LT,.RLOAD(L)) GO 7O 68

IpPo(l1)=2

CKITY=RK({21

GO 7D 299

IPD(T) =4

CKII)=RK(4)

GO 70O 299
FLAG3=RLOADN( [ ,3)+(RELIT)-DELTAN(T,3))%RK(4)

IF (SHEAR({I}.GT.(FLAG3+.05%RLDAD(1))) GO TO 299

NOW CHECK TO SEE HOW MUCH FLAG3 HAS BEEN EXCEEDED BY.
THE

ACCEPTABLE ERROR IS 5 PER CENT. IF THE ERROR IS GREATE
R THAN

THIS GC BACK TG THE LAST TIME STEP AND USE A SMALLER H

ERROR=SHSAR({I)-FLAG3

TF {ABS{SRROR}.LELABS{.05*RLCAC(1))) GOJ TO 300
IF (OLDSHRI(I}).GT.FLAG3) GO TQO 90

OLDCK (11=RK (4)

NLDIPD(I) =4

KREF=1

GO TO 60

H={{(FLAG3-0OLDSHR(I}}/ (SHEAR(I)-OLDSHR{I}) }=H
G0 TCO 59

CONT TNUE

IPD(T) =4

CK(T)=RK(4)

G0 TO 299

THE FOLLOWING STATEMENTS CHECK TO SEE IF THE CRACK STI
FENESS

EQUALS RK(4). IF SO ,A CHECK IS MADE TO SEE IF RELQADI
NG IS
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OCCURING. IF IT IS AND SHEAR{I} IS GREATER THAN RLOADI
1) THEN THE

STIFFNESS IS CHANGED TO RK(2). IF NO RELOADING HAS OCC
URED

A CHECK 15 MADE TO SEE IF A CHANGE TO RK{é&} SHCULD BE
MADE.

IF (IPD(I).GT.4} GO TO 209

IF {SHEAR(I).LE.OLDSHR{I}) GO TO 208
IF (SHEAR(I).LT.RLCAD{1)} GO 7O 299
IPD(IY=2

CK{I)=RK{2)

G0 To 299 : :
IF {RLCAD{4).LT.SHEAR(I}) GO TO 299
IPDII)=6

CKIT}=RK(6)}

GO TO 299

THE FOLLOWING STATEMENTS APPLY TO CK=RK{5). & CHANGE 0
= .

STIFFNESS IS CHECKED FOR.

IF (IPD(I).GT.5) GO TO 210

IF (SHEAR({I).LT.0.) GO TO 299
IPD(IN=1

CK{I}=RK(1)

GQ TO 299

THE FOLLOWING STATEMENTS APPLY TQO CK=RK(6). RELCADING
IS CHECKE
FOR. :

IF (IPD(I1.GT«6) GO TO 211

IF (SHEAR{I).LE.OLDSHR{I)) GO 7O 299
IPD(I)=7 '

CK(I)=RK[T)

GO TO 299

THE FOLLOWING STATEMENTS APPLY TO CK=RK({(7). & CHANGE O
F STIFFNESS
IS CHECKED FOR.

IF (SHEAR{T1).GT.OLDSHR(I))} GO TO 39

IF {(SHEAR{I}.GT.RLDAD(4)) GO TO 78

IPD(I1)=6

CK(I)=RK(6]).

GO TO 299

IPD(T)=8

CKEI}=RK(8)

G8 TO 299
FLAGS6=RLOADN(I,6)+{REL{TI}-DELTAN(T,56)) *RK(8)

IF (SHEAR(I}.LT.(FLAG6—-.05%RLOAD(1))) GO TO 299

CHECK TO SEE HOW MUCH FLAG6 HAS BEEN EXCEEDED BY. THE
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ACCEPTABLE EQROR IS 5 PER CENT. IF THIS IS

EN GO BACK 7T
LAST TIME STEP AND USE A SMALLER H.

ERROR=SHEAR(TII-FLAGS

1F (ABS(ERROR}.LELABS(.O05*RLOAD(L1))})Y GO TO 400

IF (CLDSHR(I).LT.FLAGS)Y GO TO 91
OLDCK(T)=RK (8]

NLDIPD(I) =8

KREF=1

GO TC &0

H={{FLAGS=0OLDSHR({I} )/ (SHEAR(I)-CLDSHR(I))I*H

GO TC 59
CONTINMUE
IPD(I)=8
CK{I=RK(8)
GO TC 299

E OF
STIFFNESS AND UNLOADING ARE CHECKED FOR.

IF (SHEAR(I}.GE.OLDSHR(I)) GO 7O 213
IF (SHEAR(I).GT.RLOAD(4)) GO TOQ 299

IPD(I¥=6

CK{I)=RK(6)

GO 70 299

TF (SHEAR(T).LTLRLOAD(L)) GO TO 299

1PO(I) =2

CKUI)=RK(2)

CONT INUE

M=0H

KREF=0

99

23
94

59

&0

DO 99 T=1,N

IF (NLDIPD(I}.EQ.IPD(IYY GO TO 99
KREF=1

CONT INUE

IF {(T.LT.10.) GO TN 94

IF (T.GT.10.8) GO TO 94

WRITE(6,93) T,SHEAR(5},REL(5),NLDIPD(S)
FORMAT(/10X,3EL4.7,15)

CONTINUE

IF ((T+PRTOL-PRTIM) . LT.0.) 5O TO 450
IF {ABS{T-PRTIM},LE.PRTOL) GT TO 17
H=PRT [M-OLDT M

CONTINUE

KREF=Q

NELAG=]

T=0LDTIM

oC 89 K=14N

IPDCK) =NLDI PO(K)

SHEAR{K)=0LDSHR({K)

REL(K)=0LDREL (K)

CK{K) =0LDOCK(K)

EXCEEDED TH
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89 CONTINUE
DO 189 K=1,12
DISP(K)=0LDISP(K)
VEL(K}=0LDVEL(K)
ACC{K)=0DOLDACCI(K)
RKFOR(K) =0OLDFQRI(K)
RINFOR(K}=RMASS({K}*ACC(K)
CFORCE(K)=0LDAMP (K

189 CONTINUE
GO TC 461

PRINT OUT DYNAMIC RESULTS AT TIME=T,

17 CONTINUE
WRITE(6,12) {NCYCLE(D),I=]1,N)}
12 FORMAT(/10X,515]
WRITE(&,22) T .
22 FORMAT(/10X,'FOR TIME = ',F8.2,8X,'DISPLACEMENTY,8X,
1'SHEAR STRESS',9X, '"CRACK DISP',10X,'STIFFNESS'/)
DA 73 I=1,N
WRITE(6,76) DISP(2%I-1),SHEAR(I),REL{I},0OLDCK(I}
76 FORMAT(36X4ELl4e716XsEL4aT26X9E14.796X,514.7)
73 CONTINUE
IF (TLT.TICJJ)) GO TO 5
Jd=JJ+1
PRINT=VYPRINT(JJ)
5 PRTIM=PRTIM+PRINT
450 OLOTIM=T
461 T=T+H
500 RETURN
END

B
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TABLE 2.1

INCREMENTAL LOADS FOR THE SAP IV MODEL

© Step Load* Bars with E, Modulus
1 20 cosé None
2 1 cos¢ 1, 10, 19
3 2 cosd 1, 2, 10, 11, 19, 20
4 4 cos¢ 1-3, 10-12, 19-21
5 6 cos¢ 1-4, 10-13, 19-22
6 9 cosé 1.5, 10-14, 19-23
7 23 cos¢ 1-6, 10-15, 19-24
8 77 cosé 1-7, 10-16, 19-25
9 138 cos¢ -8, 10-17, 19-26
Total 280 cos¢

* These loads are shear stress distributions which are

converted to equivalent nodal loads using equations (2.4).
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TABLE 3.1

BEAM ELEMENT STIFFNESS MATRIX

12 .8 _ 12 8
LS L2 L3 L2
-5 RIS & 20 -2
2 L 2 L :
L L
[K.] = —
E 1 + 4
oz 6_ 12 6
L3 LZ LS L2
-5 20 -2 & TSI
L L
_3EI L
A= 3 AG
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TABLE 3.2

i]

GLOBAL STIFFNESS MATRIX

EI

1+4),
i

K. .
1]
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TABLE 3.3

NATURAL FREQUENCIES (CYCLES/SEC)

Mode 10 DOF 5 DOF
1 6.0 7.5
2 15.3 18.4
3 24.0 31.2
4 30.2 43.9
5 43.2 51.0
6 43.5 ————
7 50.6 —————
8 68.2 -———
9 94.5 ————

10 109.2 _———
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TABLE 4.1
Soil Type cz(fps)' K, (k/in) K¢[k-in/rad)
Soft Soil 500 30,647 2.184 x 10%°
Medium Soil 1,200 176,528 1.258 x 10°%
Hard Soil 2,000 490,356 3.494 x 101
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TABLE 4.2
u363 u484
0 0
K, 0
¥
Kog' + Kzz K34
1
Ky3 Kig' + Ky
0 Key
0 0
K = __E..]ié__
5f 1 + 4AS
T
Keg = Kgg

ug0g
0
0
0
K4
1
Kgg' * Kgg
Kes Kss
12 6
=5 -3
h he
6 2
=7 B
h 5

5f

+

£f
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TABLE 5.2

Run Displacement Shear Stress Crack Slip Cycles
(inches) {psi) {inches)
1 1.330 288 ee--- ————
2 1,543 272 .0136 18
3 2.565 126 .0125 7
4 1.200 280 .0143 25
TABLE 5.3
Run Concrete Stress Steel Stress Change in
{ksi) (ksi) Crack Width
(inches)
1 —— e ammae
2 .599 25,10 .0022
3 .237 9.93 .0009
4 .696 29.17 .0025
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TABLE 5.4
4 4 .2
Beam I (in") IC-(ln ) AS (in™)
1 4.483 1010 1.074  10%° 97,270
2 6.202 100 1.179 1010 142,000
3 6.202 10%Y 1.179 10 142,000
4 6.202 1010 1.179 1040 142,000
5 6.202 1010 1.179 100 142,000
TABLE 5.5
Run Soil Type Crack Spacing
1 Medium === amemeee
2 Medium 50 - g
3 Soft 5oL g
4 Hard St - g"
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TABLE 5.6
DOF up 9y uy=tgs 8,-85 Ups bg
Mass 28.82 22.97 61.74
(k-sec?/in)
Mass Moment 8.17 » 8.29 12.74
(k—secz-in X 106)
BOF = Degree of Freedom
TABLE 5.7
Mode 1 2 3
a, 240,38 1070.33 443.02

a, 5.78 4.27 - 2.25
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a. Actual Containment Vessel b. Lumped Mass
Model
Mass Moment of Inertia Mass Moment Shear Area
Node  (k-sec>/in) (int (k-sec®-in) (in?)
10 6
1 28,822 6.7064 x 10°°  8.174 x 10 97,270
2 22.967 9.9476 x 1010 8.293 x 10° 142,000
3 22.967 9.9476 x 107 8.293 x 10° 142,000
4 22.967 9.9476 x 10%0 8.293 x 10° 142,000
5 22,967 9.9476 x 101 8.293 x 10° 142,000
Figure 3.2
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E. Ongoing Research

Experimental results for a series of shear transfer specimens
are presented on pages E1-E10 in the form of a reprinted paper (Ref. 5).
These results and others will be factored into a comprehensive model
for shear transfer in a pending publication (Ref., 6.
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