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FOREWORD

This report is the culmination of an exténsive experimental and analytical

investigation of the loading response of PCRV head regions conducted by the
University of I11inois under the Oak Ridge National Laboratory Program of

Prestressed Concrete Nuclear Pressure Vessel Development {189a 01331). The

)

studies undertaken under this task area were unique re]atfbe to other portions
of the program owing to the complex geometries and states of stress encountered

in the PCRV head region. The findings will be integrated into the other

N
v o«

A
program task areas for analysis methodt,?%ve1opment and structural model

testing. 3

& .
Other reports published on the head failure studies include:

10 S. L. Paul, M. A. Sozen, W. C. Schnobrich, B. I. Karlsson, and Alan
Zimmer, Strength and Behavion of Prestressed Conerete Vessels and
NuclLear Reactorns, Volume T, Structural Research Series No. 346,
University of I11inois, Urbana, 111inois (July 1969).

2. S. L. Paul, A. Zimmer, H. L. Gotschall, R. H. Matson, B. I. Karlsson,
B. Mohraz, M. A. Sozen, and W. C. Schnobrich, Strength and Behavior of
Prestnessed Goncrete Vessels gorn Nuclean Reactons, Velume 11, Structural
Research Series No. 346, University of I11inois, Urbana, I11inois
(July 1969).

w

R. Higashianna and W. C. Schnobrich, Lumped-Parametern Analysis for Shear
Fallure in the End Stab of Cylindnical Prestressed Concrete Pressure
Vessels, Structural Research Series No. 363, University of I1linois,
Urbana, I11inois (August 1970)..

4, d. D. Reins, J. L. Quiros, Jdr., W. C. Schnobrich, and M. A. Sozen,
Shean Stnength of End SLabs o4 Prestressed Concrete Nuclear Reactor
Vessels, ORNL/Sub/4164-1, Oak Ridge National Laboratory (July 1976).

5. B. I. Karlsson and M. A. Sozen, Shear Strnength of End SLabs W.ith and
Without Penethations in Prestressed Concrete Reacton Vessels,
UILU-ENG-71-2019, University of I1linois, Urbana, I11linois (July 1971).
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! ' 1. INTRODUCTION

Vg

1.1 Object and Scope

¥ A

This report describes the results of an investigatioﬁ of the behavior
and'strength of flat end-slabg of cylindrical prestressed'égncPete nuclear
reactor Jésse?s. The 1nvestjgat10n included tests cf ten small-scale
pressure vessels and deve]opﬁent of a nonlinear' finite-element modé] to
“simu1ate the deformation response and strength of the end f]abs. Because. ..
earlier experimenté] studies (1,2) had shown that thenflexufélfétrength of
the end slab could be calculated using intelligible procedures,gthe emphasis
of this investigation was on shear strength.

The Eest specimens were designed to investigate the strength of flat
end slabs (Fig. 1.1) of cylindrical vessels. The role of the side walls
was primarily to provide proper boundary condi%ions.

;%he main experimental parameters were end slab thickness, size and
distribution of penetrations (Fig. 1.1), gnd concrete strength. The 6ut1ine
of the experimental 1nvespigation is given in Chapter 2. Chapter 3 records
observed behavioral characteristics of the test vessels.

The analytical model isctwo-dimensional (axisymmetric) and uses a-
simple set of rules for defining thé material behavior of concrete. Its
development and the method of numerical solution used are describéd in
Chapter 4.

Analytical solutions for pressure-deflection and pressure-strain rela-

tionships are compared with experimental data in Chapter 5.
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2. OUTLINE OF THE INVESTIGATION ¢

, » o2 .
The test specimens were small-scale cylindrical pressure vessels designed

Vi

to investigate the influence of penetrations in ‘the end slab on strength and

1
N

behavior of t vessel. The overall dimensions of the ten test vessels
described in this report were 40 by 40 in. round (1.02 by 1.02m) as shown
in Fig. 1.1. The cavity, closed at one end by the test slab and at the

éiher by a 4-in. (0.10m) steel plate, had a diameter of 25 in. (0.64m). .
Circumferential prestressing &és provided by five bands, each“containind -
approximately 290 wraps of 0.08-in. (2mm) high strength wire at an effective ’
prestress at time of test of approximately 120 ksi (830 MPa). Sixty Stressteel
rods, uniformly distributed arouqd the perimeter in two rows, were used to
develop a total effective longitudinal, prestress force of approximately

e

2700 kips (12 x 100 N). N\

The target concrete compressive strength was 5500 psi (37 MPa) for the
first eight vessels. No reinforcing bars were used in the end slab. The
bar; in the skirt were placed to maintain integrity of the specimen auring
circumferential prestressing.. i

A composite Tiner made up of thin sheets of stee1jjcopper, and neoprgne
was used for all specimens. @

The three main variables in the experimental progr;h were (1) tHe
thickness of the end slab which was either 10 or 12.5 in. (0.25 or 0.32m)
(2) the size and arrangement of the ‘penetrations (Fig. 2.1), and (3)&the con-
crete strength, which was reduced for the last two vessels (Table 1)TL The
ten test vessels were distributed as indicated below with respect to the

three variables. The two specimens with 10& concrete strength are identified

by asterisks.

4
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/behetrations (Pv29, PV30, PV31, PV34), spaced at 3 in. (0.075m) center-to-

[
X

Clear §gan/Nomina1§Depth'of S]ahr

pe )

;L 2.5 2.0
s 85 }
Solid slab . ” Upv2g Y23
+Six penetrations, &-in. pv27 PV32,PV33,PV35*
{7 “yty-seven penetrations, 2 in. pV29 © " PV30,PV31,PV34* L
\al /‘J c ‘ é ’,\\
s o,
The five-in. (0.13m) penetrations (PV27, PV32, PV33, PV35) were arranged Vg

.. uniformly on an 8-in. (0.20m) radius. Locations of the two-in. (0.05m)

3.
¥

center to each other, are shown in Fig. 1.1. MNo reinforcing sleeves were
used in the penetrations. The penetrations were closed by steel plates on
the pressurized surfacg of the slab.

o The test vessels were first!prestressed circumferentially. ther
installation of the Tiner, a 4-in. (0.70m) steel plate was p]aced at the
open end and tre ]ongi%gﬁina] prestressing was applied. The vessel was
then placed in the test;ng room and pressurized interinally using oil,

after the cavity was initially filled with‘water, to failure over a

period of approximately three hours. In addition to the‘pressure,ﬂmeasure-

ments included deflections of the end slab and the side wall, and sf?ains
in the concrete and the 1ongitudin§1 rods, with the majoritg‘of”thg J
gages conceritrated on.the walls of the'fénetrations, if any.
The analytical Qode? was developed with the objective of simulating
the observed pressure-displacement re]ationship§’?@§311 ranges of response.
No emphasis was placed on generating crack trajectories,on the premise o
that the important issug was to locate the internal thrusts which influenced
overall response directly. N v
The analytical model was used to calculate the entire range of response

for eéch type of vessEW tested. A particular study was also made of the

sensitivity of the calculated strength to drastic changes in concrete quality.
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'”?> BEHAVIOR OF THE TEST VESSELS

3.1 Pressure-Deflection kelationships

The measured re1ationsh{ps ?etween def]ectionqat the center of the
slab ana internal pressure for all eight vessels are shown in Fig. 3.1 '
and 3.2. The entire set‘of recorded pressure-deflection re]ationship?ﬁk
are included in Appendix A. The def]ections reported are the tota? -
deflections with respect to the Enitial position of the slab and include |
the ima11 bdt finite extension of the sideﬂwa]]. In compgring the pressute- }“
deflection curves, it must be considered that these refer to second-loadings
for PV26, 28, 31, and 33. As recorded in Appendix B, fth1iner in some of
the vésse1s leaked during initial pressurization at various levels (PV26,
80 psi; PV28,”3;OO‘psi [22 MPa]; PV31, 1200 psi [8.3 MPa]; PV33, 1700 psi
[11.7 MPa]). The liners for these vessels were repaired and they were
subsequently loaded to failure. The curves in Fig. 3.1 and 3.2 refer to
the tests in which structural failure was achieved and have not been modified

to account for the initial loading.

The measured relationships between internal pressure and end-slab

deflection provide a measure of the overall behavior of the test véssels. | e

As would be expected, initial response was linear. Nonlinear résponse

was introduced by development of cracks at the reehtrant corner (interiecfion
of interior surfafes of end slab and side wall) caused by tensile stresses

in the radial plane and/or at the exterior surface of the end slab caused

by circumferential tensile stresses. The‘inittation of some}nonlinear
response could be inferred frém slab deflection measurements (Appendix A) at
approximately 100 psi (7 MPa) internal pressure. The influence of the experi-
mental narameters, such as concrete strenath and presence of nenctrations.

could not be identified decisively from the deflection measurements. -

v
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Although a certain amount of ducti]fty may be read 1nfo some Q; the
pressure-deflection curves (they cog?d be 1dea1izeé ugfng tvio stra{ght
lines, the giope of the second one Géing considerably less than that of\
the first), that would be.a dubious 'definition of ductility considerind

that “Lthe maximum slab deflection observed at failure was less than half

PR W .
- a percent of the clear span and less than one percent of the slab thickness.

o ((\ gl
In relation to the question of "ductility," it should be pointed out

I

‘»that, had the only available sensor duringfthe test been the slab deflection

i

at midspag, structural distress would have been signaled simply from com-
paring the changes fh measured deflection in two consecutive 1oaq\increments.
Cgﬁgidering that the incremental stiffness of the slab in the 11neaf range
of response was estimated satisfactorily by elastic analysis, it wougq be
possible to sense the initiation of nonlinear response well in advanég of
fajlure.

3.7 Failure Mode - "

N N

In reference 1, failure modes of end slabs have been classified as

w32

13

flexural and shear failures depending primarily on the matertal providing

the weaker 1ink. If the strength of the end slab is limited 'by yielding

or fracture of the reinforcement, the slab is said to have failed in flexure.

If the strength‘isvlimited by distress in the concrete, the slab ig said

to have failed %n shear. ﬁAs in the case of slender beams, analysis of slab

strengtﬁ is simpler and more reliable for flexural failures. A1l ten vessels

of this series failed in shear. ) ¢ é
Despite the use of fluid for developing internal pressure,'?ailure.

occurred explosively in every case. Chunks of slab concrete were ejected

at failure. This phencmenon was attributed primarily to trapped gas in

i

the pressurizing fluid.

45



Cross sect1ons and photographs of the fdiled end s1abs are shown in

Figure 3.3 through 3.11. The pressures feg1stered at failure are listed in

o

Table 1 along with data on the geometry of the vessel, index values for )
the circumferential and longitudinal prestresses, and the compressive‘

strength of the concrete in the end slab. (The index value for the - ™

1}

circumferential prestress is determined as the internal pressure required
to balance the force, at time of test, in prestressing band$ 1 and 2

Tocated on and next.to the end slab.)
o

..,,-

Cond1t10ns of the end slab after testing indicated that final collapse

~occurred always through failure of the concrete in a complex state of stress
\’ iy

but that the failures could be classified in two types depending on the

location of final distressvin the concrete.

&) &}

One type of failure is illustrated in Fig. 3.3 and 3.6 which refer

to solid slabs. As in the tests reported by Karlsson (2), a three-dimensional

A\
inclined crack carves out from the end slab the kernel shown in the Wﬁﬁgr

photograph leaving behind a ”cryptodgme" to resist the internal pressure.
Collapse occurs as a result of failure of the concrete in the cryptodome

near the center of the slab. Viewed in two dimensions (in the verticai

.3

plane), this mode of failure has characteristics similar to the shear-

i

compression failure observed in reinforced concrete beams. o

o)

The "shear-proper" or "punching" failure is illustrated best by

Yo

the state of thé failed end slab of vessel PV30 (Fig. 3.7) hav1ng a 12 5~1in
e
(305-mn) end slab with two—in (50-mm) penetrations. After 1n1t1at1or of

«

inclined crack1ng within the stab, concrete in the reduced area betwepn the

o

open1ngs fails allowing the central portion of the slab to éxtrude along a
o & B ' N i "

nearly cylindrical failure surface. < o

) ‘?{J(;’ ' “ ‘%
& Y (; e ’ o o :
U {r

2
b (i iz
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]
The failure modes for each vessel are identified as SD (cryptodome) N

and SP (sheer:proper) in Table 1. Not every failure could be classified “
as, belonging c]ear]y to one category or the other The failed end slab
of vessel PV29 Fig. 3.5), 1n/add1t1on to a we]b developed dome had a
vertical failure plane through thL outermost 11ne of penetrations.
The detailed analysis of the shear strength of the end s1abs is
presented in Chapter 5. The maximum pressures developed Qy the{test

vessels are discussed here primarily for a qua]itative{understanding of
- 4

the fajlure phenomena. " v v o

1 - E \Y
The raw results (maximum pressures attd1ned) are 1]1u§%rated in

£

Fig. 3.12 for all ten tests to compare re]at1ve magnitudes=of_ the strengths

e,
of end slabs with different properties. = » «
0" .
For shear failure, it is not surpr1s1ng thdt an.increase in slab
u Q-
thickness results in an increase in strength and»that, as observed for
. . . < B wy
the 12.5-in. slabs, a reduction.in concreté strength leads to Tower
. . . 5 94 ! ‘
strength. . ‘ LA ¢

o

From the relative magn1tudes of the measured strengths for slab thick-
3 “ (> (]
nesseszof 10 and 12.5 in. (254 and 305 mm) ST units’, it may be concluded
that penetrations reduced the strength of the slab. ,However, the reduction
- © ' K I

was very small considering the amount of concrete removed by the penetrations.

i

It may also be condluded that,.on the basislbf the recorded strength data the

effect of ejther type of penetration was approximately the same. )
Tﬁevincrease in observed nominalashear strength at the net sectioe

with decrease @g~net section is reconcilable in terms of Coulomb's failure

S

criterion.

7]

19}
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indicated by the elementary friction concept.

forces represent ideally the effect of the c1rcumferent1a1 prestress1ng

o | * p :

v ~ L$ %] o )”\
F1gure 3.13 prov1des a biased view of the data in Fig. 3.12.
’tv)z,
The max1mum nom1na1 shear stress in the slab, m’ , carresponds to

i

the value computed at the maximum pressure attained in the test. It was

calculated at a radius of 12.5 for the solid slabs, 8 in. for thgds1abs )

{3

“with 5-1in. penetrat1on5f\and at sections through the centerlines of the

outermost arrays of penetrations for the slabs with_2-in. Efﬂet“et1ons. . "
TSN ’

Drd1nates represent ratios of the nominal shear stress, Vm’ to the square

t

root of the compressive strength of the slab concrete (in psi).
The x-axis values (noﬁ%na1 prestress ratio) are the ratios of the qrosé
[

th net cross- sect1ona1 area at the sect1ons where the shear stress is calcu-

lated. In effect, they represent approximations to the vratio of the mean

o ’ ’ . b 3
normal stress on the net section to. the normal stress on the gross section,

at the eadius(where the shear stress has beencalculated.
(3
In terms of the parameters used in Fig. 3.13, the increase in nominay

shear strength (as a ratio of the square root of concrete strength) with

decrease of net section may be shown to parallel the trend that would be %k I
el " ‘ !:' -
v L

P{g

Consider the idealized model in Fig. 3.14. A circular concrete section
with perforations is subjected to six planar forces colinear with the axis

of the "spokes" connect1ng the outer ring with the central section. The

tr

i

force. To simplify the model further, assume that the re]at]onshwp between

the circumferential®stiffness of the outer ringﬁgﬁd the radial stiffness ofA

~the spokes is such that a change in the width of the spokes causes relatively?

1ittle change in the thrust acting on each spoke.
One bound to the resistance of the slab to a uniform load applied

on the central solid section, perpendicul@r to fhe plane of the slab, may



be expressed simply in terms off friction. Accordingly, the shear force
that can be transmitted through each spoke becomes a function of the normal
force on the spoke modified by a constant coefficient. Shear strength
would then be {hdependent of the area of the net section; or the smaller
the net section the higher would be the 1imiting nominal shear stress.

This trend is seen in Fig. 3.13 and the model rationalizes, if only
qualitatively, the relative insensitivity of tpe é%d-s]ab shear strength

to the presence and sizc of the perforations.

3.3 Strains Measured on Walls of Penetrations

(a) Introductory Remarks

Strains were measured using electrical resistance gages at three
Tevels on the walls of several penetrations of each test vessel with
perforated end slabs. Because these measurements provide information
on changes in thiy]oaa—resisting mechanisms of the end slab, pressure-
strain plots for four vessels (PV30 and PV34 with 2-in. [51 mm] and PV32
and PV35 with five-in. [1]7 mm] penetrations) are included in the report.
The Tocations and individual designations of the strain rosettes
(45-deg. rosettes, gage length = 0.75 in. [19 mm], gage.wideth = 0.14 in.
[3.6 mm]) are shown in Fig. 3.15 and 3.16. The rosettes were mounted on
the walls of the penetrations at three levels, at distances of 2-1/4, 6-1/4,

and 10-1/4 din. [57, 159, and 280 mm] from the pressurized surface of the

end slab. .

A

Walls of five penetrations, as identified in Fig. 3.15, were instrumented
fﬁ*end slabs having 2-in. [51 rm] penetrations. Gages were mounted on
opposite ends of a diameter perpendicular to a line joining the center of

penetration to center of slab.
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In end slabs having 5-in. penetrations, walls of two penetrations
(locations shown in Fig. 3.16) were instrumented. Gages were mounted at
four locations in plan, 90° apart, and designated by reference tn the
face of a clock viewed from above center of slab.

Strain data are shown in Figs. 3.17 through 3.115.

In reading and comparing these strain measurements it must be
recognized that (1) horizontal (strain) scales are not all the same,

~(2) minus sign in the horizontal axis indicates tensile strain, (3) where
the stress in the dirégtion of the gage is low, the observed strain may
be influenced appreciably by stress changes in orthogonal directions, and
(4) gages at 45° to ,the horizontal read compressive or tensile strains
depending on tﬁeir orientations. In a few cases, the orientation, but
not the 1ocatioq, of these diagonal gages were different in different
vessels.

Each measured concrete strain increment was corrected by the corres-
ponding mean increment indicated by a set of check gages, gages mounted on
blocks of concrete located near the test specimen, in order to compensate
for changes in the sensing system. The maximum total strain correction
was less than 1 x 10'5, or less than the overall accuracy of the strain ¥
measuring system. '

Not all of the strain gages functiqned throughout each test. Therefore,
data for some of the strain gage locations are not plotted or are plotted
only for part of the loading.

=
H

(b) Strains Measured in End-Slabs of Vessels PV30 and PV34

2

Test vessels PV30 and PV34 had end slabs with 2-in. [51 mm] penetrations.

The main difference between the properties of the two test vessels was

/S \

N
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the concrete compressive strength which was 6300 psi (43.4 MPa) for PV30
and 2440 psi (16.8 MPa) for PV34. The internal pressure at failure was 3210
psi (22.1 MPa) for ¥V3O and 1800 psi (12.4 MPa) for PV34,

For test vessel PV30, the initial indication of nonlinear strain respanse
was provided by gages measuring horizontal strains in the central opening
at level 1 or at the top level (Fig. 3.30). Both gages 29 and 20 deviated
from linearity at slightly above 1000 psi (7 MPa) and indicated a sudden
increase in strain which may be interpreted definitely as the development of
radial cracking (due to tensile stresses in the circumferential direction)
at an internal pressure of approximately 1500 psi (MPa).

The corresponding readings for vessel PV34 (Fig. 3.80) suggests only a
small degree of nonlinearity at internal pressures below 1500 psi (10 MPa).
This comparison is plausible in that tensile cracking at this location depends
primarily on the external circumferential prestress and is relatively
insensitive to changes in the tensile strength of the concrete.

For vessel PV30 with the higher concrete strength, the next critical
event in internal stress distributipn is signaled by the diagonal gages
at level 2 in penetrations 1 and 3. Both compressive and tensile strain .
; réadings indicated (Fig. 3.19 and 3.20) definite nonlinear response at an
internal pressure of approximately 1500 psi (]0 MPa). The tensile strain
readings were more siénificant in that, compared with the calculated compressive
prestrain of 2 x 10—4 in the direction and at the location of the gages,

a tensile strain increment of 5 x 10"4

would Le a strong indication of
cracking. ‘The increase in gtrain rate of the gages reading compressive
strain also suggests a rearrangement of the paths through which pressure
is transmitted from the slab to the wall of the test vessel. The com-

pressive strain increment at which nonlinear response was initiated
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(apﬁroximate1y 5 x‘10_4) is too small to justify ascribing the observed
phenomena to inherent inelastic action of the material (6300 psi [43.4 MPa]
concrete). An increase in the ratio of compressive stress to internal pressure
must have contributed to the increase in the observed strain rate.

For penetrations 1 and 3 of vesseﬁ PV34 (Fig. 3.70) with the 1ower concrete
strength, a perceptible acceleration in the strain response is indicated to
start at an internal pressure of approximately 750 psi (5 MPa). It would
appear from the data for both vessels that internal inclined cracking was ”
initiated i; the end slabs within 3.5 in. (90 mm) of the inside face of the
side wall at pressures approximately half the maximum pressure reached for
each vessel.

For vessel PV34, the magnitude of the measured compressi&e strains at

Tevel two in-penetrations 1 and 3 is also of interest. The final readings

2

indicated a projected compressive strain increment of virtually 0.005 at_
failure (Fig. 3.73). The diagonal compressive strains recorded at level 3
of the same penetrations (Fig. 3.75) were of comparable magnitude though not
as large. The values projected to the failure pressure of strains measured
in penetrations four and five, which were located closer to the center of
the slab span, were smaller (Fig. 3.86, 3.92).

Vertical strain readings, distorted as they are by background noise
because of their typically low magnitudes, dd confirm in both vessels PV30
and PV34 the changes in the Toad-carrying mechanism inferved from other strain
measurements. Vertical strain; at levels 1 and 2 of penetration 2 in PV30
stopped increasing at a pressure of 1800 psi (Fig. 3;29), while the vertical
strain at level 3 continued to increase (Fig. 3.25). For PV34, vgrtica1
strains increased at a increasing rate at level 3 (Fig. 3.75) but not at

level 1 (Fig. 3.67).
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Strain measuremékfﬁyin PV30 and PV34 were in general agreement with the
hypothesis of the deve]ogment of a cryptodome within the thick end slab.
Viewed in two dimensions, in the radial plane, this™is tantamount to the ‘
development of an arch with its "crown" in the middle of the slab at
the pressurized surface and with its "abutments" near the anchorages of the
Tongitudinal prestressing rods. The flow of internal forces associated

with this arch would tend to generate Targe compressive strains in the

diagonal direction (in the radial plane) and very low strains in(regions

g \

near the nonbressurized surface and within the inner radius of the siab.

{c) Strains Measured in End Slabs of Vessels PV32 and PV35

Because the penetrations in end slabs of vessels PV32 and PV35 were
all at the same distance from the center of the slab, iniormation provided
by the strain measurements is not of as wide a scope as {hat from strain
measureme@ﬁs jn PV30 and PV34. The main difference in the properties
of vessels PV32 and PV35 was the concrete strength which was 5720\psi for
PV32 and 3150 for PV35. Failure pressures were 3075 psi for PV30 and
1900 psi for PV35.

It is noteworthy that the diagornal gages at the 6 and 12 o'clock
positions at level 2 (mid-height) in both vessels indicated negligible
strains, suggesting at least that these gages were functioning properly.

Readings of horizontal gages at level 1 signalled the reaching of
the radial cracks to the 6 o'clock sides of the penetrations at apprgxi—
mately 1300 psi (9 MPa) for PV32 (Fig. 3.48) and 111 psi (7.6 MPa) fér PV35
(Fig. 3.96). Data from both tests show that the gages at the 12 o{c1ock
sides of the penetrations were relatively insensitive to the event (Fig. 3.48,

- 3.96).

&

"
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In PV32, the'change in the rate of increase of diagonal strains, at
3 and 9 o'clock locations at level 2, (Fig. 3.58 and 3.59) which occurred at
épproximate]y 2000 psi is attributable to the onset of inclined cracking. The
increase in the compressive gtrain rate is attributable to rearrangement of &
internal stress distribution rather than to changes in the incremental §£iff—
ness of the material. It would appear from the strain measurements at level 2
that permanent internal damage occurred within the end slab at an internal
pressure of approximately two-thirds of the ultimate pressure. Permanent
damage rgfers to development of inclined cracks directly associated with

shear failure.

For PV35, inclined cracking was indicated to have occurred at an
iﬁternal pressure of approximately 1250 psi (Fig. 3.108 and 3.109) or
at two-thirds of the ultimate.pressure. 5

Reversal ofvthe pressure-strain plots for 3 and 9 o'clock positions i
at level 3 (Fig. 3.49 and 3.97) is attributable to separation of the

slab froq/ﬁheasidewa]] as a result of development of the crack at the

reentrant corner. .

(d) Concluding Remarks

Strains measured in the walls of the penetrations in vessels PV30
and PV32 indicated that the ]oad—ca;;yf%g mechanism of the end slab
changed at a pressure of approximately two-thirds of the pressure
corresponding to failure. Changes in the strain measurements were
compatible with the anticipated effects of the development of inclined
cracks in the radial plane.

Strain measurements also indicated that local nonlinear response

was initiated at approximately one-third of the maximum pressure.
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Strains measured in PV34 and PV35, vessels with lTower concrete

strengths, also indicated similar changes in internal stress redistribution

resulting from inclined cracks.

In comparison.with the vessels having

higher concrete strength, the pressure at which the redistribution took

place was reduced, as a result of the change in concrete strength, by

approximately one-sixth while the failure pressure was reduced by over

a third.

The strength of the end slab failing in shear was found to be

more sensitive to the change in concrete strength than to the Joad at

which inclined internal cracking deve]opsf

[

(s,
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4. THE ANALYTICAL MODEL

4.1 General Characteristics

The pressure vessel was idealized as an axisymmetric strucpf;é and
modeled using axisymmetric quadrilateral isoparametric e]ements;ﬂjb;éphical
interpretation of such an element in tﬁree dimensions is illustrated 1in
Fig. 4.1a. Two displacement components were considered at each of the
four nodes (I, J, K, L), resu]fing in a total of eight degreés’of freedom.
Nonlinearity resulting from changes in geometry was assumed to be negligible. |

Force-displacement relationships for the model elements were patterned
after behavior of concrete. Overall nonlinear response was obtained by
recognizing local fajlures of the concrete in tension (cracking) and in
combined compresgi@n and shear as described in, this chaptér.

Steel compdhents were simulated by increases in the stiffness of

the appropriate elements and by external forces whiéh were varied during

the loading process to account for changes in steel stress.

4.2 Concrete in Tension .

A Timiting-strain criterion was used to define the cracking of .

A

concrete in a given direction. On reaching that strain,"stress in the
concrete was abruptly reduced to one half the assumed tensile strength

(rather than to zero) in order to approximate the gradual decay in strength

of the concrete with furtber increase in strain. The nominal "after-
strength" was reduced to an infinitesimally small value at a strain of

ten times the cracking strain defined by ft/EC where ft and EC are the assumed

values of tensile strength and Young's modulus for the concrete.
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4.3 Concrete in Compression
Concrete in compression was assumed to have a limiting stress defined

by Mohr's criterion of failure represented as fallows:

o S
1= —3 (/ (a.1)
f' + 4o
C 1 \ .

where 1 = index not to exceed unity

f

ff

0g maximum principal compressive stress

9

1

minimum principal stress {(zero if tensile)

i The coefficient for oq Was based on the experimental work by Richart,
Bréwn, and BraQAtzaag (4). As long as the index I did not reach unity,
the stiffness of the concrete was based on’the iqjtia] modulus. After
I = 7.0 was reached o3 was continually adjusted so that I = 1 was not
exceeded and the shear stiffness was reduced abruptly to one ha]% its
original value to be maintained at that level up to a shear strain of ten

times the cracking strain. For larger values of the shearing strain, the

shear stiffness was reduced to an infinitesimally low value.

4.4 Modeling for the Effect of the .enetrations //7

"t

The axisyﬁmetric model 1is by definition ?ot suited to accommodate the
effects of penetrations in the end slab, if the centers for the penetrations
are not coincident with the center of the end slab. However, their effects
on internal strains and stresses may be approximated in‘an axisymmetric model
by modifying the stiffnesses of appropriate elements in the end slabs.

For the spécimens tested, the penetrations were contained in plan

within a single circle (as in the case of 2-in. openings, Fig.%}.1) or

between two concentric circles (as in the case of 5-in. openings, Fig. 1.1).

o~
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Tn represent the effect of the penetrations, the stiffness of the elements-)
p
in these reqions were reduced in proportion to the area of concrete removed.

Accordingly, the equivalent moduli were expressed by Eq. 4.2.

where E} = the equivalent (reduced) stiffness modulus in direction i,
p = ratio of net to gross area in the region of the penetrations, and
Ei = the stiffness modulus for the material. The equivalent modulus
need not be the same in all three directions. |

The softening effect of the reduction factor is reflected in the form
of higher displacements and strains in the region of the penetrations.
Besause of compatibd]ity of strains in copposite materials, these strains
represent the strg?}‘fie1d in the solid material left out by the penetrations.
The %;kesses or séress increments obtained, however, represent the spréss
field existing in the equivalent homogeneous material with thewrgqpced
stiffnesses, An estimate of the stresses existing in the actual material
can be obtained by multiplying these stresses by the inverse of the
reduction factor:

[N

E

The use of.7this modeling procedurexﬁgg linear response of end slabs
R

7

. . . o J
with penetrations was found to yield re._.:ls comparable to those from three-

dimensional finite-element analyses and from tests (2, 3).
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4.5 Solutign of Equations
i

Static equilibrium equations for the structural system are represented

%)

by Eq. 4.4.

(KU Uy = (P) (4.4)

The system is nonlinear as a result of the variation of the stiffness matrix
withﬂehanges in nodal displacements. The instantaneous: stiffness matrix

[K({U1)] is assembled by adding the contributions of the individual elements

(<} fr

according to their connectivities. By specifying appropriate kinematic
constraints to simulate the displacement boundgry conditions, the rigid
body motions of the structure are eliminated. The instantaneous stiffness
matrix becomes positive def1n1te hence a solution of the equations exists.

The Toad vector {P} is obtained by proper summation of all the forces applied

on the structure.

In order to achieve a solution to the nonlinear equations, Fhe system
was assumed to be piecewise linear and the system solved increment211y.
Gaussian elimination procedure was used to solve the linear equations. It
required the least amount of operations of all the available techniques,

provided that the nodes were numbered to minimize the bandwidth of the

stiffness matrix.

(&)

In the purely 1ncrementa1 method, the loads are applied 1ncrementa11y
but no equ111br1uM(/terat1ons are performed (Fig. 4.2b). The stiffness
matrix is updated at the beginning of each load step by incorporating
the material properties at the end of the previous Toad increment.
Variations\qfﬁfEe method %Rvo]ve the addition of the residual forces
to the next Toad fhcnement so as to reduce the drift from the "correct"

Y,
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curve (Fig. 4.2c). Accuracy is also improved by using the tangent
stiffness corresponding to the midpoint of ﬁﬁg”ﬁoad increment. This
average or secant stiffness is estimated by JZ%ng a numerical procedure
such as Runge-Kutta. "

’e

«The purely iterative ﬁethod is a one-step Newton-Raphson process.
The total loads are applied in a single step and iterations\;re performed
Jntil the procedure converges. The rate of convergence is also improved
by updating the stiffness matrix duriné“the iteration pfocess. Tﬁe major
disadvantage of this one step method is. that it provides only one point
of the response history of the structure.

A combined incremental-iterative procedure is used in the solution
5rocess. The following.is an outline of this generalized Newton-Raphson
procedure used for solving the equilibrium equations.

A]. A typical increment of external loads {AP} is applied to the

structure.

2. The incremental displacements corresponding to the incremental

loads are computed using the most recent stiffness matrix:

(w3 = KT Py (4.5)

The increments of nodal displacements {au'} for each element

are extracted from the structural displacement increments:

53

{Au'}n = [L] {aU}, (4.6)

where [L] is a localizing matrix, and the total structural

displacement vector is updated.

(W), = (U1, _y + (AUl (4.7)

\

i,

0
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Incremental element strains are obtained from the strain dis-
placement relations:
' (wd
- nL Com
{Ae}n = [B] {ru }n (4. 8); YJ

[0

and added to the previous strains to give the total strains:

i

(e}, = fe}, 4 + (se} " ,. (4.9)

Approximate incremental stresses are obtained by using the

,stress—strain relations from the previous step or iteration:
{Ao}n = [D]n_1 {Ae}n (4.10)

Better estimates could be obtained by using the midpoint
tangent moduli but that involves additional computations.
Adding the incremental stresses to the existiné element stresses

give the updated stresses: ‘
{o}n = {U}n—] + {aoly (4.11)

The total stresses and strains are evaluated according to

the material criteria in use:
e
f({ol,, {e})) = 0. (4.12)
The outcome of this evaluation is generally an adjusted stress
vector and the new tangent material matrix [D]n corresponding

to the current stress and strain states.

Using the principle of minimum potential energy or virtual work,

the element noda]:forces corresponding to the adjusted stresses "

are computed.

{r} = B-J [B] , av (4.13)

vol.

{

¥

4]
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Here p is the reduction factor for modeling the penetrations described

in Section 4.4. If it is specified that the tangent stiffness matrix

should be evaluated during the current step,'then the element tangent
<)

stiffpess is computed from

it

(1, = | (81 o], (8] o (@18

The static equilibrium of the structure is checked by compariﬁﬁ

the total external nodal loads {P} with the e1eme3t nodal 'Forcesw

equivalent to the prevailing stresses in the structure. The e
1 "
equivalent forces vector for the whole structure is obtained RN
by proper summation of the contributions of the indivi“ual o
’ N '

elements. The difference is the residual force vector: : "

m — fo Ir)
. (R} ={P} - (] p [ (81" o} dv) - (8.15)%
‘ ) vol. \d’s .
The residual forée vector (R} is a measure of the convergence o
b
of the procedure. The vector is compared with- the adopted s

convergence criterion. If the latter is satisfied, the.next =

increment of external loads is applied and the whole procedure

. ¥

_is repeated. If convergence is not achieved, existing residual '

o

forces are applied as external forces, and the solution proceeds

again from the second step. The structural stiffness matrix

“ may be reassembled and inverted at preselected iteration. intervals.

It should be observed that any unbalanced -forces negiected “

.because of the convergence criterion are automatically incorporated

o

2 ) . > . < i '
in the subsequen® load increment. This is a consequence of the

manner of evaluating the residual forces outlined above,
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4.6 Convergence Criteria

The convergence criterion used in nonlinear equilibrium analysis
should reflect the balance between the internal stresses and the external
fo%ces. Lvaluation of the norm 6f the residual-loads vector provides
a reasonable choice. Physically it represents the magnitude of the
resul tant vector in the hypothetical multi-dimensional space. Hence,

1

satisfactory convergence was assumed to have been attained when the

inequality
[RY| / |aPy] = oy (4.16)
was satisfied. Here |iR:! = ARiT HRY, the norm of the residuals, is

compared with the nbrm‘of’fhe‘incrﬁ#ﬁnt of the applied loads |{aP}| =
. o NERRNRAY y

—————— ,

A

/fEAP}T‘}AD}. Convergencn‘toﬂerancélc“pan be selected according to
desired accuracy andvavaila$1e comput?ng resburces. In this 1nvestigatipn,
a tolerance factor of/o,l% was used’for most of .the load steps. As the
ultimate load is approached, the number of iterations necessary for a
very fine tolerance increased rapidWx, so values of c between 1% and 5%
had to be tolerated. Additional insight into the performance of the
numerical procedufe was obtained by monitoring the norm of the displace-
ment increments. They were found to follow the same pattern as the norms
of the load vectors.

The question of the convergence of the incremental—iterativg procedure
is intimately related to the concept of simulating the failure of the
structure being analyzed. : In the physical world, the strugture starts
to fail when the applied loads produce internal stresses exceeding the
carrying-capacity of the material at certain points of the continuum.

The structure responds by redistributing the stresses to the less

[#]

0]
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stressed areas. Redistribution will result in a new stable equi1ibriuﬁﬂ
f
configuration as long as the ultimate capacity of the structure is not&a:

L.

‘I’Tu 7 § 7
exceeded. Failure of the structure starts when the readjustment prbcggsf

|

stresses as stiffness of the structure drops and its deflections increasg,

~

starts a chain reaction whereby redistributed stresses generate larger

leading to the collapse of the unstable structure. Failure is manifested
in the formation of a "mechanism" in which part or all of the structure
can undergo arbitrarily large rigid body motions.

The simulation of this sequence of events in a finite element
environment is facilitated by the incremental-iterative procedure. As
the external loads are incremented, somé)e1ements meet or exceed the :
transition criteria of the material model. Ihe stiffnesses of these
elements are adjusted and their excessive str;sses aré reapplied to the
structure as residual loads in the subsequent iteration. These residual
loads are resis?ed by the stiffer, less stressed elements. There will
be a potential equilibrium configuration as long as an internal stress
distribution that pa1ances the applied loads can be éstablished without
violating the constraints of the material properties. Distress is
initiated when the elements fail to accommodate the residual loads.
Because this is accompanied by a steady drop in the stiffness, the
displacements keep on increasing and more elements shed off part or
all of the load they have been carrying. This, in turn, inflates the
residual lcads. This process continues until the numerical procedure

becomes unstable. The simulated instability and failure of the structure

is related to the condition of the stiffness matrix of the structure. '
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The deterioration of the stiffness matrix reflects the decay in the %
stiffness of the actual structure. When the stiffness matrix ceases

to be positive definite, rigid body displacements of one or more of

the degrees of freedom become possible and the numerical procedure

becomes unstable. The Titeral application of the procedure does not
distinguish between an insignificant localized failure and the global
failure of the structure. However, localized failures can be circum-

vented eaéi]y by avoiding zero values "in the mainmdﬁagonal of the element
material matrix. In this way the stiffness matrix of the st;ucture vill

not become positive semidefinite, while relatively large ‘displacements o
can still be obtained. This mathematical mode} approach has the advantage
of providing an insight into the conditions af the point of failure of

b
the structure. The mechanism of failure of the structure may then be

It

deduced from the sequence and coﬁfiguration of the elements that have

H 1
met the failure requirements.
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5. COMPARISON OF ANALYTICAL AND EXPERIMENTAL RgSU:LS

5.1 Introductory Remarks

The analytical model assembled to simulate the experimental models
has two special features in addition to the use of a simple material
model for the concrete:

(1) The object of the modeling effort has been the successful
simulation of the changes in internal-force trajectcries rather than
tracing the changes in crack geometry. The main benéfit provided by
this choice was freeing the model from having to satisfy a very difficult
and unnecessary test. Internal-crack trajectories tend to be very
sensitive to properties of the material model and to the numerical
accuracy achievable in the gtrain computations. But simulation of
crack development is not essential because overall behavior is defined

by the main force trajectories and not directly by inferred crack

—t N
(néac)

Tocations.

(2) Three—diéénsiona] phenomena, introduced by the presence of
penetrations in the end slab, have been represented in a two-dimensional
model by modifying the stiffness of certain elements.

The critical experimental test for the model is whether it reproduces
overall behavior, represented by the relationship between internal
pressure and slab deflection. However, the plausibility of the two
features indicated above requires comparisons at a "lower" level of
response. Consequently, this chapter contains a detailed discussion,
for a particular vessel, of calculated changes in deformations principal=

stress trajectories, and internal strains. This js followed by comparisons

of pressure-deflection relationships for all test vessels. A discussion
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of the calculated effect of concrete strength on end-slab strength

> concludés the chapter.

5.2 Calculated Resporse for a Test Vessel

(a) Assumed Properties for PV30

The axisymmetric analytical model is coépared with the verticaj
section of the experimental model in Fig. 5.1. The vessel was represented
by 124 nodes dqfining 100 rectangular isoparametric elements. The four
node quadrilateral isoparametric element is known to be excgssive]y
stiff in shear. In order to circumvent this, nonconforming modes are
added to the normal definition of the e]ement‘ 0f the total, only 12 e
of the elements were used for the skirt wall because the contribution
of nonlinear response in the wall to the overall response was anticipated
to be small and because the main function of the elements representing
the wall in the analytical model was simply to provide a satisfactory
boundary to the end slab. It is only necessary to provide enough elements

“s0 as to not unduly constrain the rotation of the vert%ca1 wall.

The effective prestressing forces were applied as equivalent nodal

loads. The magnitudes shown in Fig. 5.1 in kips (1000 1b. or 4.4 kN)
correspond to a segment of the vessel subtending an angle of one radian at
the axis of symmetry. The coordinates of the nodal points {nvo1ved were
selected to coincide with the centroids of the prestressing rods and

the bands of wrapped wire. Because no e1e;ents were used to model the
circumferentia] prestressing wires, their stiffnesses were incorporated
into the concrete wall in the form of an equfva]ent additional thickness
of 1.25 in. (38 mm), smeared over the entire height of the wall. The

increase in the prestressing forces with the deformation of the vessel

e



was estimated from the calculated and measured deflections at the Toad
points. These“fdfce increments were assumed to vary linearly with the
internal pressure, and were added to the initial forces.

In order to make use of the nonconforming modes effectively, the
88 elements in the end slab included four additional non-nodal degrees
of freedom. This enabled the elements to respond to the sharp stress
gradients in the slab. The nonconforming modes were, however, shut off
in the 12 s]éﬁder elements representing the wall. In this way, parasitic
shear stresses were prevented from cropping up in the head while the
stiffness of the wall was adequately represented.

The nodes along the axis of symmetry were not allowed to displace
radially because of axial symmetry. Those along the bottom of the wall
were completely restrained since the closing steel plate does not a11o@
any appreciable displacements. |

The region in the slab containing the penetrations was represented
by 64 elements (arranged 8 rows by 8 columns, starting at axis of symmetry).
A stiffness reduction factor of 0.6 was determined from the ratio of the
gross plan area to the actual plan area of the penetrations. Because
the triangular pattern of the penetrations softened the end slab equally
in all directions, isotropic material properties withkreguced moduli were

used. Interaction between the radial and hoop directions was suppressed

by setting the appropriate values of Poisson's ratio to zero.

{(b) Numerical Solution Procedure

Behavior was defined by eight solutions obtained for internal
pressures increasing from zero by finite selected increments. The

solution for zero internal pressure represented the condition of the

-
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vessel under the initial prestressing forces. It was needed as a
benchmark for calculated response in subsequent steps because the
laboratory measurements started after prestressing. Sequence of

loading, number of iterations in cvery load steys and instances of
reassembling and solving the system of equations are summarized ip

Table 3. Convergence was achieved with no residual Toads in each of

the first six loading steps. In the seventh load step, iteration was
stopped when the norm of the residual loads was less than 5% of that

of +he appliéd loads. In the eighth load step, residual loads started

by decreasing slightly. Thgiﬁihey increased steadily until their a,
magnitude exceeded that of the applied load increment. The iterations
were continued until it was evident that nc convergence could be achieved.
Although the solution obtained does not represent equilibrium cond1t10ns,
“ it represents the unstable conditions before fa11ure The comp]ete
solution required less than 90 seconds of central- processor time on the
CDC Cyber 175 system of the D1g1ta1 Computer Laboratorv at thé University
of I1linois.

s
(c) cCalculated Changes in Deformation ’

Profiles of one-half of the end sTab indicated by the eight solutions
are shown in Fig. 5.2a through 5.2h. The plotted deflected shape is
exaggerated in that the nooa1 dfsp]acemepts were plétted to a scale 150

#

times that’of the dimens?ons of the vessel.
The deflected shapes provide little insight into the response of the

znd slab other than indicating the primérx source of the increase in

dzflection rate at 1nterpaﬁ stresses over 2000 psi (13.8 MPa). The 'dis-

rortion is indicated to be concentrated at the slab-wall interface.

e

t

P

vt b



31

(d) Calculated Principal Stresses

Changes in the behavior of the end-slab are defined by the plots of
principal stress magnitudes and directions in Fig. 5.3a through 5.3h.
The principal-stress plot for 1000 psi internal pressure suggests

the tendency of the end slab toward dome-action even at relatively Tow

.stresses. Radial tensile stresses near the re-entrant corner and the

center of the slab near the exterior surface are indicated to be small
relative to the "diagonal" compressive stresses. This tendency is
emphasized in solutions corfesponding to higher internal-pressure levels.
The trajectories of the compressive stresses suggest that the pressure
on the inside surface of the slab is transmitted to the external reactions
(provided by thé forces representing the prestressing reinforcement)
primarily th{gugh dome action. The boundary oiathe softened region,
(representing penetrations) is also identified by the stress patterns.

The failure mechanism may be inferred from Fig. 5.4 which shows

the relative values of the failure indices (Eq. 4.1) for the elements.

. The intensity of the shading, as identified in the upper left-hand

corner of the figure, indicates the relative magnitude of the failure
index. The distribution of the magnitudes of the failure indices shows
that failure is likely to occur at a section near the’edge of the

perforated region.

(e) Comparison of Calculated and Measured Strains

The measured pressure-strain data for PV30 are reproduced in Fig. 5.5
through 5.33 in order to compare them with calculated pﬁ%ssure-strain curves
shown on the same figures by broken lines. Locations an@ orientations

for the strain gages are indicated in Fig. 3.15.

P
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It is seen from Figs. 5.5 thréugh 5.33 that the comparison was, iﬁ
genera1, quite favorable especially with respect to the shape of the
pressure-strain curves. Consider, as a measure of success of the
theoretical model, comparison of the measured and calculated strains
for the gages oriented ARagonal]y (Figs. 5.7, 5.8, 5.11, 5.12, 5.15,

5.16, 5.19, 5.24, 5.25, and 5.31). 1In all cases but one, the shape of

the curve was simulated quite well by the analytical model. The one
negative result was obtaiﬁed for tensile strain at level 3 of penetrations
1 and 3 (Fig. 5.16). The tendency of the one measured curve was to
increase at an increasing rate,wit? pre§3ure, while calculations

indicated hardly any increase %;ygfrain above 1500 psi. On the otherhéﬁd
excellent correlation was observed at levels 1 and 3 of penctrations

4 and 5 (Fig. 5.24 and 5.25).

The generally good correlation of calculated and measured strains,
especially the correct simﬁ1ation of changes in ;frain rates, indicates
that the analytical model may be used reliably in studying the local
as well as overall behavior of the end slab and in determining the
:Ehﬂracteristics of the collapse mechanism. The results are made more

7WHE%§ﬁ3?thy by the fact that it is virtually impossible to tune a credible

model to match observed strains in as many locations as they were mea;ured.
t

<

5.3 Comparisons of Pressure-Deflectjon Curves

Complete sets of solutions were obtained for the specific material
properties of one vessel of each type. The measured and calculated
relationships between internal pressure and vertical deflection at

center of end slab are presentedsfor the vessels with solid end



33

slabs in Fig. 5.33, for the vessels with 5-in. penetrations in Fig.

5.34, and for the vessels with 2-in. penetrations in Fig. 5.35.

Vessels PV26 and PV28 with solid end slabs were directly representable

by the analytical axisymmetric model. Modeling of the effect of penetra-
tions in vessels PV27 and PV30 with 2-in. penetrations was described in

a preceding section of this chapter. The effect of the 5-in. penetrations
in vessels PV27 and PV32 was approximatgd in the model by wodifying the
moduli (in all thﬁge directions) of the elements within two circles
containing fhe pengtrations by 0.53, ratioc of the net to the gross area

in that region. The modulus in the hoop direction was further modified

by a factor of 0.1 to reflect the softening in that direction. Coupling
between the hoop and the other two directions was eliminated.

The 1imitin§ pressure for the calculated results corresponds to
the pressure at which the solution became unstable and therefore its
magnitude is influenced by the choice of the load increment. Instability
might have been obt%ined at"a slightly lower pressure. The mean ratio
of the measured to calculated maximum pressure deviated less than 1% for
all cases considered except for PV28 for which the measured yg]ue
exceeded the calculated by 8%.

As would be exbécted from the comparisons for strains, the analytical
model provided a.good estimate of the 1oad at which appreciable nonlinear
response was initiated. (It should be noted that curves for PV26 and PY28
refer to "retests.") In gengna], the analytical model indicated

larger displacements than observed in the range of nonlipear response.

{ ‘
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5.4 Calculated Effect of Concrete Strength

(- i

Thfee sets of scglutions were obtained, each set at a different

concrete strengthi, for the geometrical properties of PV31 which had an
end slab with 2-in. penetrations. Initial parameters for the reinforce-
ment were also set equal to those of PV3I. \
3

The calculated pressuri-deflection (at end-slab center) relationships
are plotted in Fig. 5.36 for concrete gprengths of 6000, 4000, and 2008
psi. These curves indicate that, for E%gyﬁfoperties assumed, the pressure
level at which nonlinear response begins is relatively insensitive to
changes in concrete strength. This indicétion is compatible with the
fact that a substantial portion of the effective tensifé strength is
provided by the prestress which was kept constant for the three cases.

The calculated strengths are plotted against concrete strength in
Fig. 5.37. Qp the basis of these results, the strength of the end slabs
for PV31 would be expected to be reduced at an increasing rate with

decreasing concrete strength. Also, use of concrete with a strength in

excess of 6000 psi would be expected not to improve the slab strength

appreciably.

Results from tests of PV30, PV31, and PV34 are also plotted in ’
Fig. 5.37. Even though the comparison of results from PV30 and PV34 with
the calculated results is not‘sgrict1y valid because of small differences

in prestréﬁs levels, it may be concluded that the trend as well as the

magnitudes of the test results were in agreement with results based on

the analytical model.
z
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6. SUMMARY

The object of this investigation was the development of a method
to permit reliable calculation of the strength of end slabs of prestressed
concrete nuclear reactor vessels.

The experimental study included “he tests to failure under internal
pressure of ten small-scale cylindric: ;ésse1s with, flat end slabs. The
vessels were prestressed circumferentially and Tongitudinally. The end
slab had no additional reinforceﬁeptl :

The experimental -variables gége the end-slab thickness, size and

[

arﬁéngement of penetrations in the end slab, and the concrete strength.
fhé peﬁetrations, which were not reinforced by sleeves or liners, were
closed by steel plates at thé pressurized surface of the slabs (Fig. 1.1).
Each .vessel was pressurized to failure over a period of approximately
three hours. The ranée of attained maximum pressures was froﬁﬁjBDO psi
(12.4 MPa) to 3765 psi (é6.0 MPa). End slabs of all test vessels failed
fg shear. Failures were violent despi}e the use of fluid to develop the

internal pressure.

9

The fai]uqf pressures indicated decisively the effects of changes in
slab thickness and concrete strength. However, end-slab strength was
relatively insensitive to changes in the amount of cross section”removed
by the penetrations.

An axisymmetric nonlinear finite-element mode] was developed to
simulate the behavior of the physical models. The model was successful
in indicating the observed changes in (a) interiat:stress paths (Fig. 5.3),
(b) internal strains (Figs. 5.5 through 5.32), and (c) slab deflections (Figs.

5.-33 ‘through 5.35)435 well as the observed strength of the test vessels,

‘\
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/A significant feature of the analytical model is that it uses a very
simp{é failure criterion for‘the concrete (Mohr in compression and Timit-
ing strain in tension). Close agreement between experimental and
ana1ytiqg1 results confirms that overall nonlinear response phenomena
in thick end slabs of prestressed concrete ves§e1s may be estimated
satisfactorily without the nécessity odeetai1ed information on the
response of concrete subjected to a three-dimensional stress field.

Shear strengths of th;)test vessels vere calculated successfully
withgut any "calibration" constants derived from .the test results of the
vessels, Requiréd input data were limited to information on the géometny

of the vessel, effective prestress forces, the compressive strength of

the concrete, and the type of loading. ©
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TABLE 1 - M;ximum Internal Pressure at Failure

Penetrations ?restress Index Failure
Mark Nominal  Concrete No. o Dia. Long.? Circum.®  Pressure Mode®
Slab Comp in. psi - psi psi
Thickness  Strength (mm) (MPa) (MPa) (MPa)
in. psi
(mm) (MPa)
PV26 10 6710 - - 5010 1560 2610 SD
(254) (46.3) (34.5) (10.8) (18.0)
pv27 10 6845 6 5 5340 1560 2400 SD
(254) (47.2) (127) (36.8) (10.8) -(16.6) .
PV29 10 5480 37 2 5330 1710 2400 SD
(254) (37.8) (50.8) (36.8) (11.8) (16.6)
Pv2s 12.5 6420 - - 5760 1700 3765 SD
(317.5) (44.3) (39.7) (11.7) (26.0)
PV30 12.5 8300 37 2 5340 1690 3210 Sp
(317.5) (43.4) (50.8) (36.8) (11.7) (22.1)
PV31 12.5 4970 37 2 5500 1680 2800 SP
(317.5) " (34.3) (50.8) (37.9) (11.6) (193.)
PV3? - 12.5 5720 6 5 5540 1780 3075 SP
(317.5) (39.4) (127) (38.2) (12.3) (21.2)
PV33 - 12.5 4875 6 5 5400 1780 3100 SP
(317.5) (33.6) o (127) 5537.2) (12.3) (21.4)
PV34 12.5 2440 37 2 5180 1850 1800 SP
“(317.5) (16.8) (50.8) (35.7) (12.7) (12.4)
PV35 12.5 3150 6 5 5240 1780 1900 Sp
(317.5) (21.7) (127) (36.1) (12.3) (13.1)

%Total effective prestress force divided by horizontal cross-sectional area of cavity.

bMean effective prestress force in prestressing bands 1 and 2 divided by vertical tributary area of cavity.

°SD = Shear failure afteir complete cormation of cryptodome. SP = Shear fajlure by punching.

[¢)
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TABLE 2 - MNominal Shear Stresses in End Slab

Meas. Penetrations Maximum Shear Stress Maximum b
Mark §1ab . . Pressure at Slab Edged Shear Stress
Th1$§?ess o- ?n§1ze psi pZi V//?g_ p:T Vm/J?g
0 3
PV26 918I - 2610 1660 20.3 - -
P27 6 x 5 2400 1490 18.0 2370 28.8
- PV29 B 37 x 2 2400 1510 20.4 2820 38.1
Py28 238 - 3765 1900 23.7 - -
PY30 1222 3 k2 3210 1640 20.7 3070 38.7
PV31 12.02 37 x 2 2800 1460 20.7 2720 38.6
Pv32 12.30 6 x5 3075 1560 20.7 2490 33.0
PV33 12.45 6 x5 3100 1560 22.3 2480 35.6
PV34 12.20 37 x 2 1800 920 18.6 1720 34.8
PVv35 H12.40 6 x5 1900 860 17.i 1530 27.6

dnominal shear stress at the slab-wall interface

b

Nominal shear stress at the net section through the penetrations.

6¢
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TABLE 3 - Incremental Loads and Sequences of Iterations for PV30

w

N

Load Step /infernal Eressd%g Number of Number of Reforma-
psi e Iterations tions of Stiffness
Matrix
1 0 2 1
2 1000 4 1
3 1500 4 1
4 2000 14 2
5 2500 24 4
6 2700 32 6
7 3000 56 e
8 3250 7 14
Total 207 40

N3



€

41

5 _
A
= /
K TZAT2190.00 TZ7IE 10, 0% . K3
-
O Te e s BT TR v :l..l.llun...}!"nﬂ.Q
T o mameis T e wr ik ST e s s N
RGN YL ..,.,”\k‘-
[¢] H
m é aln.
]
b4 < W
2% H
T '
O o
" o
-
E
t 4
s
=
“ @
b4
n
f R o < i e e e e e
a2 €
F 1 « H
5% % i,
o3z - EH
3 K L=,
R on 4 m".u
o - a¥
<

30-1" Da Hotes

o1 12" Aport

section of Vessel

Penetration Patterns and Cross-

1

1.

Fig.



301
‘»
x p—
®
t
3 20
n
Q
S
a 8
©
[=
| 58
@ o
o
£
0

PV 26

W

Deflection

Fig. 3.1 Measured Rélationships Between Internal Pressure and Total Deflection
at Midspan of End Slab for Test Vessels with 10-in. End Slabs

20

Internal Pressure, MPa

EE

2y



internal Pressure, Kksi

Fig.'3.2

Deflection

Measured Relationships Between Internal Pressure and Total Deflection at
_Midspan of End Slab for Test Vessels with 12.5 in. End Slabs

20

Internal Pressure, MPa

ey



PV |26

AN
|513Ad"73ns"|

A

Fig. 3.3 End Slab after Test, PVZ26



BLANK PAGE



»
i

e e ST
oy

<o

Fig. 3.4 End Slab after Test, PV27

Gy



BLANK PAGE



o

o]

P

SPREkE.

9t



'BLANK PAGE



47

28

6.5

PV

51°

o

5

. 3.6 End Slab after Test -PV28

Fig



BLANK PAGE



\\}
e
NS

Penetration Wall

0" - 9-7/8

Y

i
"
My

R et

8P

; 0,
85
?!?IJ\W‘;'W' g
AL e g
Ay v
ALY

e

e
T
iengy

. -¥




BLANK PAGE



Fig. 3.8a End Slab after Test PV?ﬁ

6

\



BLANK PAGE



Fig. 3.8b End Slab After Test PV34 ‘ =

0s



51

wr

[

P

g

o
Y
"n
o
o
>
o
.M Ny ©
/ = M / s Q
Q0 _ %) —
S / =z e al \ ‘
[a2] ) N~ .
e _ ; _ 8
2 1 Y-
Py \ m = ~ > [+
a. o a 5
\ @ ~ ]
c ) o —_
QL ] =
/ e
N o
[
]
" o
™
! o
° : o 2
o~ <+ L




PV

{ 10-1/2"
ke

Fig. 3.10 End Slab after Test PV33 .. ((
=
. /4

- (/’Z . .

oy




28°

O

End Slab After Test PV35

Fig. 3.11

o



if

A

N

¥S

. . o
4000 T ,
; e
P A
O
8]
00
3000—
— O
a a N
- O 0o P
) -
1 %)
)
a 2000}— .
Q -
- -
n- ~
£ o
3
E . .
x g | & & Solid Slab ‘
g 00 O Siob With 2-in. Penetrations
= O Slab With 5-in Penetrations
-~ L ow Conc. Strength
0 i I
' 10 12.5

Q/,Endt—Slob Thickness, in.

Fig. 3.12 Measured Maximum Internal Pressures



vm/«/f::

I3

()

89

30 L T ]
401 —
fr
—&—
30—
A N
20— A
)
%
Q A Sold
tob— = o 2—§n. Penetrations -
o o 5-in Penetrations
- ~—— Low Conc. Strength
o I
O = | 2 3

Nominal Prestress Ratio

Fig. 3.13 Variation?of Unit Hominal Shear Stress (Normalized) with a parameter Reflecting the
Effect of Circumferential Prestress .

NOTE: Filled-in symbols represent data fr:om vessels with 12.5-in. thick slabs.

k]



56

(4

erforated End Slabs

3for n

Fig. 3.14 Idealized Mode2

&



W

43 kY

Penetration |

= ‘ t
h T
)
55,57 €4 g6

P56 65

58 60 67 69
7}& 595 68
6l 70

X

Penetration 4

(SO

Top View

u

Qutside Surface o

Of Head/2
2

—mM

™
N
<
H

/‘ 19 . 28
et | HB L #B|
B
=¢ i Vi
22 31 N
Yevet 2| Kz K |1
N (_\1
s
25,7 33 36
Level 3 7F25 7F35 —}'
inside Surface o-y/4"
Of Head

-Penetration 2
(Typical Dimensioning)

o

40 42 49 gy

H 4 +As0

52
S

| Penetration 3

N

W

N S

A |
72 75 82 a4
74 83

(8]

AT 85 &7
77 86
AT 88 g0
80 89

Penetration 5

Fig. 3.15a Location of Strain Gages in.End Slab with 2-in. Penetrations




ol

fe b
[\
u 7
P!
& w i "/’"‘,‘
2] i
2 ]
N i o
® , @ ©)
(o3
. u .
o
r’:»\\, 4
i
17 . [V -
V] A o //- G .
25" o ) g,
oY) ox “ ¥
b i v
U .
¢~ o . (LY ()
e ®
o ‘ [}
fh‘ ~ 1t 2 - ©
Figs 3.15b Location of -Strain Rosettes in the,Vertical Plane
- a . ‘ . ) . o
(See Fig. 3.15a for location of penetrations in plan)..
- e - Q
. 5 .
Iz
iy R o 4
. > o o]
o
O (=3
{
. L

Q

[

]



y 5 T
{r [
" ' 4 -
. 5 in. Dia.
- N e iz r— I o
i
O = )
o
N 5 W
. [
- ‘ E o
: Lin. *L,:; ,:
! o s e d g
B I 2 NN\
! | 7inDia. |
I -
v Section, A%A
. 1 ! © 4 “ - ! % - ot
Lgﬂ . " E
N . . t.
Q "
" RN ,L ?‘ = ‘
S oy it
1. 3 N = #
g f 1 t . N %:}J s
’ “ P .
12,00 300 6:00 300 12:00 3.00 6:00 9.00 .
v -
¥ .
s 105 By 285 | & 3739 4848 8557 B4 g5 [
Level | Al 20 Jfes |— 4 28 a7, 56 65
= “ o o
9 . = .
| " |
4 o 3 o 2254 3l 5o | %040 495 S8 67 6%
Level 2 45 i4 23 2 |—t 3 50 59 68
)
Ta s a7 s 345 %254 Blez 704
Level 3| oo 4B 17 26 35 (—t ~£ aa 53 62 71y
! .
o o~ =
S ) “ ,
North Penetration ‘South Penetration
C{ L] W . &
"Fig. 3.16a Location of Strain Gages in End Slab with 5-in. Penetrations
© 0’
" o 4}
o 5 ﬁf:r« o . 3
. &

Vol



60

¢

Fig. 3.16b Location of Strain Gages on Inside Face of End Slab

# - with 5-in. Penetrations -~ ” .

3] "

QD



61

6.00

12.00

2

Fig. 3.16¢

o

25

N

Level |

L.evel 2

Level 3 7 "

‘i

N3

W

Location of Stfrain Rosettes in the Vertical Plane
(*Numerals designating location in plan. See
Fig. 5.31a)

O

e

-
S\



62

o
ST s e R T -
AW
(4]
lao]
i
> d
a A \
%
(PET S—,
C:)ED“ [ o
[Op1eY] N
W
Led I
o
- PV 30
gol o |
FT « GAGE n 1
o s GE0E 8 37 1
Lo w OAGE o UB /
= L. I
= @
[an] K7 )
-+ } § : J SR
“£10.0 -6.0 -2.0 2.0 6.0 10.0
: STRAIN (X10-1) o
' 8
Fig. 3.17 Measured Vertical Strains, Level 1,
Pen. 1 & 3, PV30
“
-
¢ 0
O X
J,
ol e — b ———
o / —-

2.0

INTERNAL PRESSURE-PSI (X103 }

PV 30
DL <
=7 x ORCE @ 2°
: OME a N =
o GXE = 38
o ORGE s 47
© - '
Tas.0 -19.0 7 -13.0 -7.0
- " STRAIN (X10-1)
= Fig. 3.18 Measured Horizontal Strains, Level 1,

s Pen. 1 & 3, PV30°

0



0

m

0

-y

14
N

=
3

N
!

L AE-PS

SIS
2.2

BNBL PRE
1.0

INTZ

.0

Fig. 3.20

—

F—
“-40.0

63

v 30

o G e 3L
X GO wouEl e

SR N |

4.0 'AE}.G S
STRALIN (X10-4)

12.0

Measured Comp. Diag. Strains, Level 1,
Pen. 1 & 3, PV30 '

v
XA

*x

foe + -— -
-32.0 -al.o ~16.0: -8.0 0.0
STRAIN (X104

U
Measured Tens. Diag. Strains, Level 1,
Pen. 1 & 3, PV30

i

Ig)



64

[ow]
=T - } N T T
m
)
el - ~
-m (_C ~.
— \\ \\
w Tl
o- ( —
i . o
Lus N i
«
2 i
Uy
w
WJ
«
a-
4 PV 30
= T
St y. GGE » 3
33 ‘ GRGE 1 uQ|
o GACE n Y8
=
P I A
—y
[ew}
ot 4 A R : e e e
-15.0 -9.0 -3.0 3.0 3.0 15.0
” STRARIN (X10-)
Fig. 3.21 Measured Vertical Strains, Level 2,
) Pen. 1 & 3, PV30
fom]
o1 TS -
. i
O
=<
—
=
Jp)
O‘—’,
LJ
52
Do
u?
[Tw)
a
a-
]
ael
Z_-l-‘
-
03
}__
=z
—y
D Il
o] —~—t } d ~4
-25.0 -13.0 -13.0 -7.0 -1.0 5.0

STRAIN (X10-4)

’ -~

. Fﬁg: 5.22' Measured Horizontal Strains, Level 2,
‘ Pen. T & 3, PV30

o

»



PV 30

o ey
x (60 w6
L GF o g

r.0

fe e e i e e e e
0.0 10.0 20.0 ¢ 30.0 40.90
STRAT (X104 ]

Fig. 3.23 Measured Comp. Diag. Stra1ns Level 2,
Pen. 1 & 3, PV30

.....

Q

X103

®

(

2.0

1.0

i

INTERNAL PRESSURE-PSI

4

-40.0 Gr32.0 -21.0 -16.0 -3.0
STRAIN (X10- 1y

w G 3

Fig. 3.24 Meagured Tens. Diag. Strains, Level 2,
Pen“] & 3, PV30 '



AV

)

L \
N 66

S
g

.
3

i i o

0.0 A\, 6.0 . 12.0 18.0
ey “ STBQ}N{X]D‘“)

~
vy

Fig. 3.25 Measured Vertical Strains, Level 3,
Pen. 1 & 3, PV30 “

7}

-

ESSURE-PSI
2.0°

=2
Q&

1.0

3

»
]

«

INTERNAL &

14

1 —

0.0

0.0 -0, -2.0 2.
¢ 7 STRARIN (X10-

0
o}
@]

]

Fig. 3.26 Measured Horizontal Strains, Level 3,
Pen. 1"& 3, PV30 o

B

R g ©

0o

D

@

/

\%



9]

5SSy

»
(O

by

o
1

A

INTERNAL

2

u.0

iy @

N

N

INTERNAL PHES%UGHE-PSI

“1.0

G

1.G

.
3
.

4 %

e e e e
0.0 30.0
STRAIN (X10-%)

F1g9.%3.27 Measured Comp. Diag. Strains, Level 3,
" Qﬁ sePen. 1 & 3, PV30
A

\'?
N i

[ U

—
¥

4

, PV 30
[iix GFGE = 45

i
L

@

-20.0 5.0 ~10.0
. B STRAIN (X10-4)

Measured Tens. Diag. Strains, Level 3,
Pen. 1 §“3, PV30

roo
(

K



A0S

68

v

23.0 30,0, 40.0 50,0
STRAIN (X10-5 7=

Fig. 3.29 Measured Vertical Strains, Level 1 & 2,
Penetration 2, PV30 -

u.o

3.0

-PSI (X103 7

1.0

INTERNAL PRESSURE

S50 - ~20.0 5.0 io.0 -5.0 -0.0
STRAIN (X10-Y)

Fig. 3.30 Measured Horizontal Strains, Level 1 & 2,
Penetration 2, PV30

s



&

69

L

3.0
—r}

2.0
!

ANBL PRESSURE-PSI (X103
{
]
}

e T e e e e e e s e

e

4

PY 30
ol e
_ » OAGE n 21 v
4 G?(‘E B 2‘[
T e CRCE » 30
éi e«  CMGE u-33
—
D"‘}‘ “"-‘; 1 ~{
“90.0. -7.0 -4.0 -1.0 2.0 -

STRAIN (X10-1)

Fig. 3.31 Measured Diagonal Strains, Levéﬁ 1&2,

Penetration 2, PV30

3.0

2.0

INTERN%L PRESSURE-PSI (X103 )
(.

it

g.0

TR
1 ] ']

1 T

0.0 3.0 6.0
‘ STRAIN (X1

o -

. ’ . !
Fig. 3.32 Measured Vert1ca1}5trains, Level 3,

Penetration 2, PV30

a

o

3.0
g-4

)

12.0

15.0

il

.
~ ‘IJ

A



70

o
o — e _ e
1
™
o
el
e
I L)
m i
%
i
SeL
[GXY) o
)
Ll E
c
a-
] PY 30
ae e e
=T x ORAGE » 25
NN + GAaGE » 27
& P '3 GRGE » 35
St e ORGE b 36
—— P ST e e e
o
[ S 3
O 1
-10.0 -6.0 10.0
Fig. 3.33 Measured B6 Level 3, Penetration 2, PV3D
o o
:;T —
(487 4
(e
-t
éo;]
p)
o 5. . 5
Ll / ¢ )
o
:)‘:3* o ., o
U
(dp] 4 res
< :
a: bl
0_ [}
_J “ PV 30
ce ‘ .
%—ﬂ o x ORGE » G5 B
J X a Ggﬁc. s BY }
— e o GYE n 73
R Z Y} [ = 4] o ORGE » B2 [
= I - 7 4
a r{?
(o] o K “
n{“’)‘ [ ( . . [
o ey f +— .
%. 0, g‘,&y* 2.0 4.0 8.0 10.0 *
R STRAIN XIO“]
u?wn-?“ u
i W i
Fig. 3.34 Measured Vertical Strains, Level i -
Pen. 4 & 5, PV30

M - !

Qg



-

(] =

1

‘:. I U DU 4 —4 SN N \

a0 -8, 5.0 -4.0 2.0 .  -0.0
STRAIN (X10-Y) g
D v ]
Fig.+3.35 Measured Horizontal Strains, Level T,
. T, pen. 4 &5, PV30
o
~— ) ' o t
I 5 » ’
D -~
v—AOJ »
ZewT
—
%)
G- .
Cué_ ° iy
:)D'_{_ k4 {
AanT
a ,
w) e
18 am
a-
) PV 30
To
Z.7 x OACE = 57
a . GCHRCE = 75
W |
}_
=
i 1 = “+
o ) Y
u =N —+— — t —
0.0 2.0 4.0 6.0 8.0 10.0
. STRAIN (X104 1 A,
" Fig. 3.36 Measured Comp. Diag. Strains, Level 1, .
o T Pen’ 4 & 5, PY30D .
"5&"\, ;; it

g
W, .
ot N



W

W
=

I

Ll ot n

Yoo

10,0
y

x OGEon Bb
« COGE n B4

f —— ,,__,___.._4‘_ PR ]

§

PV 30

o

{

-8.0

Fig. 3.37 Measured Tens. Diag. Strains,‘fevel 1,

)

3.0

. 2.0

1.4

INTEBNAL PRESSURE-PSI [X10% )

Pen.,

4 &5, PV30
[

R

ey

N

P

PV 30

GRGE™ 58
GRGE u 67
CAGE 8 76
GAGE o 85

B0 o>X

b

(.;j

;
]

Y

4.0
STRAIN (X1

« Pen. 4 & 5, PV30

iy i N
4 [N
4]

o [

Gy

6.0
4

090

4]

.

8.0

Measured Vertical Strains, Level 2,

Y

10.0

L

&



‘,‘[ o
t
‘
&
&
o

Q

2]

]

P
e

-~

B

INTERNAL PRESSURE-PST (X103 )

r
193

3.0

2.0

-1.0

T

A
+—

pv 20

x CHO = CF

AL =
n I =n
o Ol o

~

-
3

1
!
i

7
B

0]

et
8.0 £.0 ~11. 0

STRAIN (K10 )

v

Pen. 4 & 5, PV30

3

i B e

14

-2.0

e

Measured Horizontal Strains; Level 2,

——
~-0.0

v - < i ll

Py 30
oAGE = 60,

CRGE = ’E_l

a
]

o

4.0 8.0 12.0
C STRAIN (X10-)
Measured Comp. Diag.. Strai

» *Pen. 4 &5, PV30

*

ns, Level %,
2, A

r»

|\l /)

¢ o .
L] o ~ i




74

STRAIN (X1074)

Fig. 3.42 Measured Vertical Strains, Level 3,
Pen. 4 & 5, PV30

o)
ST — e —
—~ v
(48]
)
=t
Ei’{- “\
9
o‘_ \
(l:;.:J \
51
Ties
wn
w)
.
o
3 Pv 30
.o
Z T « GHGE = G9
o . GAGE = 87
L
r_.
=
[
D 1 b 4 4
b-,. t —t T T ]
-20.0 -16.0 -12.0 -8.0 - -u.0 -0.0
o STRAIN (X104
Fig. 3.41 Measured Tens. Diag. Strains, Level 2,
Pen. 4 & 5, PV30
=]
i -
m ¢
)
i
Kol
by
13p)
%
i
Sl
o]
p)
[T ]
ac
-
éa PV 30
Z T x- COACE » 61
o W OGACE » 79
Ld ® G'RGE H 88 fe
',._..
=
bt
D. } | 1
“.10.0 -5.0 -0.0 5.0 10.0 15.0

¥



——

75

- ——t — —— R

m

L aaal o] ——

?.5 (‘; T o .‘\
L]

$317 ,vww-uGJ

) Iy (HCT H 7L

L) e ORGE & 80
o GRCE v €9

ol — { ; ~—~j{

“-10.0 -8.0 -6.0 —,:3.0 -2.0 0.0
> STRAIN (X10-%) , ks

Fig. 3.43 Measured Horizontal Strains, Level 3,
Pen. 4 & 5, FV30

o - PG

1
+

3.0
é\\\

2.0

INTERNAL PRESSURE-PSI (X103 )

PV 30
(]
=T , . CHGE n 63
" C‘HGE s 81 “
:{‘( <

k4 o
O. i -1 - 1 1 ‘
.0 5.0 10.0 15.0 20.0 25.0

STRAIN (X10-%)

Fig. 3.44 Measured Comp. Diag. Stra1ns, Level 3, o
Pen. 4 & 5, PV30 -



NTERNAL PHES?UHEPSI (X10% )

76

4.0
+

3.0

.0

-

1.C¢

I

o
L &

PY 30

x OCHGE » 72
& CAGE = 20

1

| 4

“.20.0

Fig. 3.45 Measured Tens. Diag. Strains, Level 3,

-16.0

-12.0 -8.0
STRAIN (X10-4)

Pen. 4 & 5, PV30

A

7/

A

-4.0

-0.0

A2

(44



77

4.0

3.0

2.0

1
1

1.0

1
T

DO »x

INTERNSL PRESSURE-PSI (X103 )

c.0

-+

T

-10.0 -7.0 4.0 RIPY 2.0
STAARIN (X101

Fig. 3.46 Measured Vertical Strains, Level 1,

12:00 & 6:00 Pos., PV32 'j

0

y.g

3.0

2.0

1.0

INTERNAL PRESSURE-PSI (X103 3

Il T ] 3
=1

“ 25,0 -3.0 1.0 1. 3.0

8]
STRAIN (X104 )

Fig. 3.47 Measured Vertical Strains, Level 1,
3:00 & 9:00 Pos., PV32

o



“

78

e
= .
— “
17
(327
()
o
ZeT
%
F
Ll
Se
wn
Lt
a
Q.
_d:Jo PY 32
Z...'."' x CRGE = 2
o- a CRGE = 20
L » OACE = 33
L e ORCGE = 56
—
- | , | |
“30.0 -23.0 -16.0 -9.0 -2.0 5.0,
. STRAIN (X10-%)
] |
Fig. 3.48 Measured Horizontal Strains, Level 1, o
12:00 & 6:00 Pos., PV32 u
“
j i1
m
[@n)]
— )
ZoT
— = W
<]
S /
ul S
Sal . .
ey
n N
Ul
O
Q-
) PV 32 .
[a=)
ot x CAGE = 11
[any a GRGE = 29
L o ORCGE a 47
o e ORGE x 65
—
S~ . Lo P’ B
e ) N ~+— T ~— t T
©.10.0 -6.0° 2.0 ~ 2.0 6.0 10.0

STRAIN (X10-%)

Fig. 3.49 Measured Horizontal Strains, Level 1,

3:00 & 9:00 Pos., PV32

i i g)u

L

v

S ooy



//‘

79

4.0

3.0

2.0

INTERNAL PRESSURE-PSI (X103 7

i » {{(, W
PV 32

o < i1
-t « GHGE n 3
2 . CAGE n 21

» GAGE » 39

o ORGE » S7 FRZ

4

4 4 4 4
“.20.0 °-16.0 -12.0 -8.0

STRAIN (X10-4]

Fig. 3.50 Measured Diagonal Strains, Level 1,
12:00 & 6:00 Pos., PV32

[m)

= [
% ¥
o )
KoT
—
w
N
i
5S4 }
|-
m <&
ul n to A
a
a.
. PV 32
ey =]
=_ T x OFGE & 12
a « GRCE = 4B "
v
'— s
= ,
f—

6 —

Q‘ 3 Y 4+ } +

-10.0 -8.0 -6.0 4.0 -2.0 -0.0
STRAIN (X104 ‘
Fig. 3.51 .Measured Tens. Diag. Strains, Level 1,
3:00 Pos., PV32
;J:;;'\w
Pl % I
\% 5"‘*\}:75:”
SR



12:00 & 6:00 Pos.

, PV32

7 « 80
fow] r
»:,: "
, TN
m ‘ \
[
=]
o
—
w .
a_ Y]
!
Ll
%c:‘-— } iz
U
[42 BR7]
Ll
oC
& PV 30
= : \k o
=4 x GAGE « 30 )
o » GRGE n BB
L >~
}—
=
[—
C'ﬁ 1 4 -4 } .,
.0 2.0 4.0 6.0 8.0 10.8°
' STRAIN ()(10‘LL ]
F1g 3 52 Measured Comp. Diag. Strains, Level 1,
9:00 Pos., PVY32 o
(o} ) v
:: G
~ o e
. ’ w ' ) (
O i
g *=]
T
—
(n Tk
Q- &
i Sanrd
Ll
Soi
[dp AN
n
W)
ol :
a- .
i‘o PV 32
S « GAGE "4
o a 0RCGE = 22
L e GACE = 4Q
i‘i a ORCE = 538 g
[a—
o] . 1 1 1 53
8.0 -5.0 -2.0 4.Q. 7.0
. STRQIN(XIO**] '
Fig. 3.53 Measured Vertical Strains, Level 2, "

© \1



81

4.0

—~ , N
[42]
[
el i
=
0 AT
1wl
Ol
w
Ll \
fin
o

5 / PV 32
e ' , -

1 GAGE 1 (3
& 4 » GREE » 31
Let e ORGE n LA
=% o ORGE n 67
L-—;‘ 1

CZ 1 4 1 = 4

0.0 2.0 4.0 6.0 8.0 10.0

STRAIN (X10™%) -
i I 1.
Fig. 3.54 Measured Vertical Strains, Level 2,
3:00 & 9:00 Pos., PV32
Cz T
b 4
" i

m s
o ,
o . o
50‘;._ '
$—
%)
O'_ i
Lu;
g%o
ol
2 .
w)
o
oo
3 Py 32

[an]
Gz:,;*- « CAGE a
[ . ORGE =
L o OCAGE =
Lz, a OCHAGE =
=

= Y2 . — 5

“.10.0 420 -6.0 4.0 -2.0 -0.0

STRAIN (X10-%)
Fig. 3.55" Measured Horizontal Strains, Level 2,

12:00 & 6:00 Pos., PV32

i o

X

iy



A

[

82

=
= _
[42) 13
o
«
ZaT
—_
2
%
1
Lo |
[Vpivd
s
| V]
a
a-
Efo PV 32
=t win OAGE 2 14
o + GAGE = 3R
W s CIGE = S0
I-Z- « OAGE = 68
Lonaas |
tJ. 4. — i i
©.15.0 -11.0 -7.0 -3.0 1.0 5.0
STRAIN (X104 ~
Fig. 3.56 Measured Horizontal Strains, Level 2,
3:00 & 9:00 Pos., PV32
(] (:‘: o I
5
~—~ Q
m, o
s}
- i
XaT R
a; \
%
li’ i
:39J-
[dp XY N
$ /‘. “ N
o /;/
. ’//
2o PV 32
=_T £ GROE 2 6
o « ORGE = & .
w o ORGE » 42 Y
B n OCRCE = 60
— ]
o Y . __® .
X% ©-10.0 2.0 1.0 -1.0 2.0 5.0
3 . STRAIN (X10-4)
3 & V] T
Fig. 3.57 Measured Diagonal Strains, Level 2,

12:00 & 6:00 Pos., PV32

B

\

A}

o



A

Fig. 3.59 Measured Comp. Diag. Strains,
9:00 Pos., PV32

#
1 . 83
[aw)
=
™ 4
o)
Ll =
Ze Cow
o | g
o /////u
' Vy #
4 ,
o
5S59.
z’D Cu
135}
wl
(a0
a-
» PV 32
a<o %
Z 1 x DORE = 1S "
A g a G-QL-.E x 51
Ll v
}——-
=z
r—y
o h f‘hr .
- 4 + — P,
“.20.0 -15.0 -10.0 -5.0 -0.0 5.0 ig _
STRAIN (X10-%7
b7 i
" Fig. 3.58 Measured Tens, Diag. Strains, Level 2,
3:00 Pos., PV32 -
o
j‘ i
—
w ! !
) -
—5
ZwT
~—
%)
a.
] K
e
S5°1
1Y
w
Wl .
s
oo y
\'\\\
a%?_ \Y S
EE"* %§§ or « ORGE :-gg
L Y :
o g o o
Z .
— £}
[em ] , N
b' —Y T —t— 4
0. 5.0 10.0 15.0 20.0 25.0
STRAIN (X104 o
i

W

Level 2,

//”
¢

A

0

|74



‘O "

2

wt

84
. /
4 I}
o 4
m
O 12
= e
ZoT
%
a- .
w [ { /
O::LD. s -
N g
m L&)
ud
&
pv 32
o —
ZiT ¢ OGAGE & 7
c » GCRCE 8 25
w o OCRGE nu3
= o GAGE 5 6l
—t G B b e
[
e —t - —t dl;% —t- el
+ .0 §.0 . 10.0 15.0 20,0 - 25.0
- STRARIN (X101 o
[t} \\\ ,!‘5
Fig. 3.60 Mec\sured Vertical Strains, Level 3,
12:00 & 6:00 Pos , PV32- o -
‘ J
Q. 0
e
~ ‘ . b
iy v .
iy f
ZSF; | i ¢ -
'(‘r'; U
OI_ T 9
w . "
Sel ( '
N » .
]
L) .
o O
a—- ¢ " e
3 PV 32 &
o 3
o4 y GOAGE x 16
o s ORCGE = H|,, w
i o . OAGE 2 52
E o “CAGE = 70
- g B / I
‘D. i 4 -4 —_1
“0.0 .80 4 10.0 15.0 20.0 25.0
. . STRAIN (X10-4) .
y w; ko] t
o - i ‘
Fig. 3.61 Measured Vertical Strains, Level 3, @
3:00 & 9:00 Pos”., PV32
) iy o o

m

&

v

Al



&

s ! i w . {2 . " : o
85 = ! 4%

(:\:( i
) o y “
i 1:‘ :'1 o T i
~ k ‘ 1§}
i3 » - 2
(y]
G o N
;(‘C)’_() 0 | ¢
S R o -
$ ¢ . o 0 ‘\(J)
] o ; 0 ’
. \&:_) & . u "
:)O.a—- " 2
[d9Xx"] + i .,
7 r»w ~
) «;‘J L) &
o . .
D— o
3 PV 32 Y v .
S~ « GRGE s 8 | ° ,
’ @ (' ry GGGE n 26 [\ "
b s GRGE » U { S
E s mCE' . 62 A w " " ’ !.il
, Loae }
¢ w b ¢, 4 v
- — + i 4 — 2
.7 =000 -7.0 -4.0 -1.0 2.0 5.0 o e
L STBQIN(XIO 1 o y
4 - . o “
{&
F1g;»3 62 Measured Horizontal Strains, Level 3, R
- 12:00 & 6:00 Pos.y PV32 o = _
i} . - "
T oF Yy - o
> &
\ &
o] [ ~ ¢ N {}J h te
L « 0
oy i S]
1¥ BD 4
, NS
o ﬂ
by
U) b
“r
ot L
7 = "
lﬁ"” (/')(\1 ' [
w .
. L .
ol .
s a. S
o} Y,
(IC)
=_7
m i o
Ly i
—
=
‘—1 -
. ey gl— 4 et 4 — —3
-10.0 -8.0 -6.0 - -4.,0 -2.0 ~0.0

STRAIN (X104) & L
(. K /r’ ’ g ¢ & =y
k Fig. 3.63 Measured Horizontal Stra1ns, Leve1 3, ) g
. 3:00 & 9:00 Posw, PV32Z “

e y 4



PR 86
< e
ST e e e e -
S
L ~— h (2
m
(-
.el
e
— L
i (6D} // //
e Q. ¢ / , - .
’x’ (..r:;o /
O
)
o
IDV ’-12
" 'CT'_',D e
= 1 x OCZ 2 8
o< o CHCE = 27
L o GCO3E = Y45
’2 o OHOE » B3
=, e e
R ~ o . 4 -
“b.0 2.0 6.0 8.0

4.0 .
STRAIN (X10-)

Fig. 3.64 Measured Diagonal Strains, Level 3,
12:00 & 6:00 Pos., PV32 S
2
= - —““"”_:‘T
™
(]
—o
ZwT
—
(43]
%
1 (7S}
. 5o
an|
n
L)
az
a.
43 aTo
=_7T x OHAGE = 18
a . ORGE = 94
wl
}—
=z
—_—
e X J eed- i J
c;'t =1 -t ¥ =Y
~18.0 -12.0 -9.¢ -6.0 -3.0

STRAIN (X10-%)

L
Fig. 3.65 Measured Tens. Diag. Strains, Level 3,
3:00 Pos., PV32

10.0

O

7



i\

-PSI (X103 )

c
|

INTERNAL

PRESSUR

o

3.4

3

(S

1.0

0

PB .

3.66

87

// ’ ™ -
" /_/—
/ ,,//
pPv 32
« ORGE % 35
3 CFL = 72
oo ] -+

12.0 18.0 24.0° 38.0//
STRAIN (X10-12 :

Measured Comp. Diag. Strains, Level 3,
9:00 Pos., PV32

e



RNAL PRESSURE-PSI (X102 )

INTZ

foEHNHL»

15.0

PRESSURE-PSI (X10° )

10.0

o)
>

fr

Pen. 1 & 3, PV34

PV 34
<1 GAGE = 1
" X GAGE ~ 10
o OCAGE a 37
W » GAGE = 46
©.10.0 -6.0 -2.0 2.0 6.0 10.0
STRAIN (X10-4)
Fig. 3.67 Measured Vertical Strains, Level .1,
Pen. 1 & 3‘, PV34
2
& 7
[ow)
R
)
S-
PV 34
S GAGE = 2
. X GAGE = 11
o GAGE = 38
» GAGE = 47
Q i l 1 l
.0 6.0 12.0 18.0 24.0 30.0
STRAIN (X10-4)
)
Fig. 3.68 Measured Horizontal Strains, Level 1,



\

20.0

15.0

INTERNAL PRESSURE-PSI (X102

e

N -
T

[an] \
S AN
PV 34 o
o
T "w ,CAGE = 12
. {GAGE = uB
6 '
v
O. i f"x 1 1 “«
“.25.0 -20.0 -15.0 -10.0 5.0 -0.0
STRAIN (X10-%)
Fig. 3.69 Measured Comp. Diag. Strains, Level 1,
Pen. 1 & 3, PV34

<

i |
Sg |
’(7) , /
a- . i
bl
CEO
Do
(D.—a
"
L
foat
a-
E:lo PV 34
gguiﬂ [v; GAGE = 39J
w
}—
=

Ov { I’

.0 7.0 14,0\ 21.0 28.0 35.0

STRAIN (X10™%) =
Fig. 3.70 Measured Tens. Diag. Strains, Level 1,

Pen. 1 & 3, PV34



90

V]

20.0

12

)

.0

15

10.0

INTERNAL PRESSURE-PSI (X102

Q

PY 34
(]
s « GAGE » Y
a GQGE = 13 }" }
a GQGE L] QO H "
e » GAGE = U9l \y 7
Ou L L _17} i
.0 2.0 4.0z, 640 8.0 10.0
" STRATNX10)
a4
Fig. 3.71 Measured Vertica]&StQﬁQns, Level 2,
Pen. 1 & 3, PV34 \) :
(e}
=
[q¥]
~ u I
- 5
Og
—
><.U_2" /
— -
O'_. 1
LL‘)
Q:D
Dao4
u— .
w )
Ll
a-
(a1
] PV 34
G‘_’O
ZaT « GAGE = S
e + GAGE = 1Y
W A o GCAGE » Ui
- o GAGE & 50
=
O- l flzl i i
.0 2.0 4.0 6.0 8.0 10.0
STRAIN (X10-%)

%
Fig. 3.72 Measured Horizontal Strains, Level 2,
Pen. 1 & 3, PV34

A

2



91

o
S
[9Y]
ot
o
9(3. /__/ //’)(
5_“21" ////;//
& "
0'.. ’
|9 ‘s
o -
Do+
(/7"‘
69
[J.J {4
o
T )
_J PV 3y
o -
EELgﬂ' x. CGRGE = 6
ac .. GAGE = u2
/50d
(3% 1
W=
[}
. —1 - e e e ]
.0 7.0 14.0 21.0 28.0 35.0
" STRAIN (X10-4)
Fig. 3.73 Measured Comp. Diag. Strains, Level 2,
P?en. 1 & 3 PV34
(o] 7
ST T e e T e
Y ‘Al
o
= K
521— \\
[ \
OUZ ol
!
L
O:O
Do+
(D-—a
Tp)
L
ac
a
e PY 34
EELA“ GAGE = 15
a . GAGE « 51
Lt
’__
E h
(o)
-15.0 -12.0 -9.0 -6.0 -3.0 -0.0

Fig.

3.

STRAIN (X10-4)

74 Measured Tens. Diag. Strains, Level 2,
Pén. 1 & 3, PV34

&



92

20.0

15.0

10.0

5.0

Fl

INTERNAL PRESSURE-PSI (X102 )

US| — 4

.0
STRAIN (X10-4)
[

Fig. 3.76 Measured Horizontal Strains, Level 3,
Pen. 1 & 3, PV34

.0 5.0 10.0 15.0 20.C/ 25.0
STRAIN (X10-4) A4
Fig. 3.75 Measured Vertical Strains, lLevel 3,
Pen. 1 & 3, PV34
fen’ 1.
o
[9¥)
o
On
)
Ol— e
[}
o
Sci
(nv-l
]
w
o
a o
J
axo
ZaT
o
L
’——
=z
© ! :
“-10.0 ~5.0 -0.0 3 10.0 15.0 ¢



< )

-
gty

93

20.0

5.0

1

10.0

5.0

L

Cr

INTERNAL PRESSURE-PSI (X102 )

: 26.0 36.0 0.0 0.0
STRAIN (X10-4)

Fig. 3.77 Measured Comp. Diag. Strains, Level 3,
Pen. 1 & 3, PV34

0.0
54
o

.0

20.0

10.0

INTERNAL PRESSURE-PSI (X102 )

2" x OGRGE = 18
a GQGE - 5‘4
{:;
('_'3 . ! 1 L i
©.30.0 ~24.0 -18.0 -12.0 -6.0 ° -0.0
STRAIN (X10-4%)
i o Fig. 3.78 Measured Tens. Diag. Strains, Level 3,
e . " Pen. 1 & 3, PV34

T



94

20.0
-

A8
Y
RS

15.0

7~ "10.0

RESSURE-PSI (X102 )

5.0

INTERNAL P

—

G.0

10.0 Y 6.0 50 2.0 6.0 10.0
STRAIN (X10-4)

Fig. 3.79 Measured Vertical Strains, Level 1 & 2,
~ Penetration 2, PV34

WJ

INTERNHL PRESSURE

o
o
on "
{
)
~_J
[9¥]
On
S
—y
%) 2 o
£ x 9
o i
= \
PV 34
o ¢
U';-(- x GRGE » 20
o OCAGE » 23
® GAGE « 29
o GAGE = 32 ?]
D. 1 Il 'i N L
“_15.0 -11.0 ~7.0 PR 1.0 5.0
: STRAIN O¥104)

ﬁjg. 3.80 Measured Horizontal Strains, Level 1 & 2,
4 Penetration 2, PV34

'

8]

N

o

-
i
oty -



d

4]

INTERNAL PRESSURE-PSI (X102 )

. o

o

& . .

o

Ln_:...

(o)

9'-_

o

wT x
a
. f§
vl

i — ; + =

-15.0 -8.0 : ~-1.0" 6.0 13.0 20.0¢

STRRIN (X104

Fig. 3.81 Measured Diagonal Strains, Level 1 & 2,
Penetration 2, PV34

o «
U4



"k

1] ;

96

o Y

o

o
o ’
DD
ngd_ 0
%)
&
w
mD
29+ ” ‘
7 A
ul
G: 1
a ,
a’:’o PY 34 :
St x GAGE = 26|
o
0
— |
z i

D ) i L 1

Q‘ T ~r N T

-10.0 -7.0 -4.0 -1.0 2.0 5.0
STRAIN (X1074)
Fig. 3.82 Measured Horizontal Strains, Level 3,
. Penetration 2, PV34

o .
S

o

§
G (o]
LA 4

10.0 1

INTEH?%tiPRESSUHE—PSI(X102

l

9
STHRIN(XLO

Il
~r

)

Fig. 3.83 Measured Vert1ca1 Strains, Leve] 3,
Penetration 2, PV34

.0 12.0 15.0
24

TYT



Q

97 u

15.0 20.0

INTERNAL PRES%JF;E-PSI(XIO2 )

PV 34

O
=T x GAGE = S5 S

. GAGE & BU| ="

o GACE = 73

o GAGE = 82
o +— — ‘- — '
-10.0 - 6,0 -2.0 2.0 6.0 10.0

. STRAIN (X10-4)
L] ,
Fig. 3.84 Measured Vertical Strains, Level 1, o
Pen. 4 & 5, PV34

o
O‘ )
[qY]

R o

o

DD

—

%2

°

",

o

Do+

Uy~

")

L

i

a

_J

[anL=;

ZnT X

< .

= .

T ¢
D - 4 _— — i 4. )
D. T + 1 T —

-15.0 -8.0 . o —1.0 6.0 13.0 20.0
_STRAIN (X10-4)
. o D . .
Fig. 3.85 Measured Horizontal Strains, Level 1,°

< Pen. -5, PV34

V‘” T

o

o

U



¢ 98 ~ :I‘
0o €
.
[on] A N
© O‘ I"’ -
[aV) R
, e
(3Y] | )
DO [fe
;2 l'..f)_: T /
= K
9] 9]
& A g,
LL’ w" 1
a© e
Do ! "
)~
o)
L
. o
Q. »
. PV 34 )
S x GAGE = 57
o » GAGE = 75 i
Ll g “
— 1
Z 4 &
o °
. } —} - A )
.0 6.0 12,0 18.0 4.0 ., .30
STRAIN (X104 SR
N ’A ;z
3 . . \ I “y
Fig. 3.86 Measured Comp. Diag. Strains, Level?l,, p
Pen. 4 & 5, PV34 e o i} il - ’.
- 4 o s}
o h i( e} WRY
O. I8 ru"\___ Ly
o ) ’
. p y ; !
& X % (Y)y
¢ . . 4 ¢ . IR
O P v 5 .
r—-lo )‘\ . B of % O:‘ﬂ .
2T —2 ot F
. ——y e .‘: A 2 \O
3 [¢]
9} (
Q. 4 ¢
| . ! o
o (V8] ‘ Iy o
e )
3 a ST o] . o 2o
R () '
©
u o (e )] -
&% a.
:lu “'u ~_); “ ) PV 3"1
ZaT « GAGE = 66
= + GAGE = 8y
o ) . Ll_l i8] - <
W els
R . K
NS O
o o s . 1?)’) e —
, D T Li I/ ~ T L]
- '7-10.0 -8.0 -630 -4.0 -2.0 -0.0
ey STRAIN (X1074)

« Ly Fig. 3.87 Measured Tens. Diag. St
Pen. 4 & 5, PV34

¢ 9

N

rains, Level 1,



£}

4]

Fig.

3.89 Measured Horizontal Strains, Level 2,

Pen. 4 & 5, PV34

e

99
4 5 i
o Yoo i i
‘ v ‘ w "
— §f 1 u
oS
Oo 2
-
>+
n
0
S
o
Do4
L(').—a
"
Ll
@ "
0.
_J "
. ©
ZaT X
@ .
— ®
z o
© ' —— u" + —+
-15.0 -8.0 ~1.0 6.0 13.0 20.0
STRAIN (X10-4)
Fig. 3.88 Measured Vertical Strains, Level 2,
Pen. 4 & 5, PV34
[an}
o
[g¥]
(é) 4] g
e X ¢
2524_1‘) /
A .
o q/
Yo
Dot ‘
0~ i
2} { h
L
«
o
B PV 3y ~
g54 GAGE » 59 Q*
'’ X GAGE = 68 7
L o GAGE » 77 o
= . » OAGE = 86 L o
’ D L L d !
D' 1 e — T -
~15.0 -9.0 -3.0 3.0 9.0 . 15.0
STRAIN (X104) ’



(U

100

o
o N
(oY)
o
o
iy , —
n
‘%
L)
O:O
o4
U)vd
N
(W8]
o
a_
o PV 3y
SO x GAGE = 60
o . OGACE = 78
0
- 14
=z
CZ 1 I3 i 1
.0 6.0 12.0 18.0 205G . 30.0
STRAIN (X10°4) £
Fig. 3.90 Measured Comp. Diag. Strains, level 2,
Pen. 4 & 5, PV34
e 8
o
[g¥]

15.0

10.0

5.0

3
T

INTERNAL PRESSURE-PSI (X102 )

ca . i I 1
©-15.0 -12.0 [s -3.0 -0.0

-9.0 -6.0
R STRAIN (X104
Fig. 3.91 Measured Tens. Diag. Strains, Level 2,

Pen. 4 & 5, PV34



20.C

101

1

-PST (X102 )
15.0

INTERNAL PRE

Ll
0:0
Dol
Ujv-a
Ul
[en}
w T x
? L i 1 —
“10.0 -5.0 -0.0 5.0 10.0 15.0
STRAIN (X10-%)
Fig. 3.92 Measured Vertical Strains, Level 3,
Pen. 4 & 5, PV34 )
[}
o B
[9¥)
[qV]
OO
xur
N
%
Ll_! =
mO
Sod
(fj-d
[op)
wl
o
a-
N PV 34
ro
ZunT 3 GAGE = 62
o Y GRGE » 71
E ® GRGE » 80
= » OAGE = 89 |
O. L3 L 3 L
©.10.0 -6.0 -2.0 2.0 6.0 10.0
STRAIN (X10™4)
Fig. 3.93 Measured Horizontal Strains, Level 3,

Pen. 4 & 5, PV34



102

(o)
S
o
—~ :)/»" {./
o P
=2 S
><w+t
by
[6p]
%
L
mD
S
A=T
[€p]
[T]
o
Q.
EI:JO PV 34y
= 0 GAGE » 63
a . OGAGE » 81
uJ
— x
=
bt
O- 1. 1 L 1
.o 4.0 8.0 12.0 16.0 20.0

STRAIN (X10-%)

Fig. 3.94 Measured Comp. Diag. Strains, Level 3,
Pen. 4 & 5, PV34

[
I

(=1
o
[q¥) -
[9Y] i
>+
—
g’_ e
1
L
Q:O
Do
=T
(Vo]
(TS|
ac
Qa.
EfCD PV 3u
= GAGE « 72
gl X GAGE « 90
L)
r—-
=
o { t — 4
-10.0 -8.0 -6.0 -4.0 -2.0 -0.0

. STRAIN (X10-%)

Fig. 3.95 Measured Tens. Diag. Strains, Level 3,
Pen. 4 & 5, PV34



I

103

-5.0

Fig. 3.97 Measured Horizontal Strains, Level 1,

l. y,
SIRAIN (X1074)

3:00 & 9:00 Pos., PV35

o
o
N T
Q,
ad
Oo ]
%)
o
Wy
Sal
wH
N
Ll
-
a_
6304 PV 35
1 « CHAGE = 2
ahk . OGAGE = 20
T o GAGE n 38
= o OAGE = S6
)b——!
. O. 1 I} 1 4
“.20.0 -16.0 -12.0 -8.0 -4.0 -0.0
STRAIN (X10-4)
Fig. 3.96 Measured Horizontal Strains, Level 1,
12:00 & 6:00 Pos., PV35
()
o
o
oJ
Qe
><a7T
19
o
Ho
Do+
u)-—t
0
Ll
ac
ac
] PV 35
(IO'* GAGE = 1
ok x GAGE w 2
[T o GAGE a Y
E @ GAGE & 6 .
D. ) i 1 i
= -2.0 0 0 7.0 10.0



20.0

104

15.0

10.0

INTERNAL PRESSURE-PSI (X102 )

N
PV 35
(]
wt x OGRGE. = 1
a GQGE u 19
o GAGE = 37
® GRGE » S5
[\
(3. [ 3 1 1l
“.5.0 -2.0 1.0 4.0 7.0 10.0
STRAIN (X10-4)
Fig. 3.98 Measured Vertical Strains, Level 1,
12:00 & 6:00 Pos., PV35
vR
[qV)
Oxn <
— .
S
—
" Iz
L Ll
mo
Do+
& (n-—l
s
L
o
o
o PY 35
ZaT x GAGE » 10 W
[amy a GQGE L 28 \‘:
i o OAGE = 46 ~
= w OARGE = 64
(“ © ) 1 i i ki 1
D. ¥ k] i R
-5.0 -3.0 -1.0 1.0 3.0 5.0

STRAIN (X10-%)

Fig. 3.99 Measured Vertical Strains, Level 1,

3:00 & 9:00 Pos., PV35 Ny



Y

20.0

105 «

15.0

10.0

INTERNAL PRESSURE-PSI (X102 )

PV 35

ot GAGE = 3
v » GAGE = 21

e GAGE = 389

o GAGE = 57
Q. ) 4 'l I
“.1s.0 -12.0 -3.0 6.0 -3.0 -0.0

STRAIN (X10-4)

“ Fig. 3.100 Measured Tens. Diag. Strains, Level 1,

12:00 & 6:00 Pos., PV35



106

o ¢,
o
[q¥]

o

DC)

XLL;‘TL

— il

LW

T

(U]

o

Do

UH—

9]

L

az

(a1

o PV 35

Z4T x GAGE u 12

o + OGRGE = 48

Ll

e

=
© b L 1 1
O‘ | T T \
-10.0 -8.0 -6.0 -4.0 -2.0 -0.0

STRAIN (X104 )

Fig. 3.101 Measured Diagonal Strains, Level 1,
3:00 Pos., PV35 ;
G

20.0

15.0

I

10.0
1

INTERNAL PRESSURE-PSI (X102 1

PV 35
O--{— GAGE = 30
v A\ CAGE » 66
O. y Il ' s .
%.0 3.0 9; 6.0 9.0 2.0 15.0
“STRAIN (X1074)

Fig. 3.102 Measured Tens. Diag. Strains, Level 1,
9:00 Pos., PV35



20.0

107

10.0 15.0

5.0

INTERNAL PRESSURE-PSI (X102 )

PV 35

8@ rx

GRGE = S
GAGE u 23
GAGE =« Y41
GAGE = S8

0.0

-50.0

0.0 50.0 -20.0 0.0 -0.0
STRAIN (X10-S)

. 3.103 Measured Horizontal Strains, Level 2,

12:00 & 6:00 Pos., PV35

tf

15.0

FELG

e

INTERNAL PRESSURE-PSI (X102 )

PV 35
o
ot « GAGE = 14
a OAGE = 32
o OAGE » 50
o GﬂGE u A8 ]
b
<« i n i
o { $ + ——
-5.0 -3.0  -1.0 {.0 3.0 5.0

STRRIN (X10-%) ~

Fig. 3.104 Measured Horizontal Strains, Level 2,

3:00 & 9:00 Pos., PV35

a

o



20.0

15.0

10.0
TN

INTERNAL PRESSURE-PSI (X102 )

108

R

PV 35
CZ_- GAGE = 4 '
* x GAGE x 22 '
! [ GAGE » 40O -
a G%E » 58
4
CD. ! - t i : b
.0  10.0 20.0 30.0 40.0 50.0

INTERNAL PRESSURE-PSI (X102 )

STRAIN (X10-5)

Fig. 3.105 Measured Vertical Strains, Level 2,
12:00 & 6:00 Pos., PV35

20.0

15.0

-10.0

Q
] x
a
o GAGE » 49
[ GRGE » 67
O. 1 i . L i
S.o 2.0 8.0 10.0

4.0 6.0
STRAIN (X10-4)

Fig. 3.7106 Measured Vertical St;ains, Level 2,
3:00 & 9:00 Pos., PV35



INTERNAL PRESSURE-PSI (X102 ]

109

20.0

5.0

15.0

10.0

3

PV 35S

20 rx

GRGE
GRGE
GRGE
GRGE

L3 -

4

0.0

Fig.

-3.0

-1.0 i
STHQIN(XlU‘u)

1

'
T

0

{
T

3.0

.107 Measured Diaggnal Strains, Level 2,

<12:00 & 6:00 Pos., PV35

[

=

e

7 "‘”*m

unt

5.0

£y



a

110

20.0

INTERNAL PHES%J%E—F’SI (X102 )

15.0

 STRAIN (X10-4)

Fig. 3.109 Méasured Comp. Diage- Strains, Level 2,
9:00 Pos., PV35

o
PV 35
[}
st x OAGE » 15
. GAGE = Sl
(]
o : 4 } + ‘ S
-20.0 -16.0 -12.0 -8.0 -4.0 -0.0
STRAIN (X104
Fig. 3.108 Measured Tens. Diag. Strains, Level 2,
3:00 Pos., PV35

Q

D, O

[qY]
o
B
w4
b—
)
%
Wi, " Y,
Do+t \
(V9 Rl ‘
o
Ll
o
a-
. PV 35
ae v
< = g 'x  GAGE » 33
& @%7 > GAGE w 69
= "
Z t

C': . t !

.0 2.0 1.0 21.0 28.0 35.0



A

INTERNAL PRESSURE

INTERNAL PRESSURE-PSI (X102 )

-PSI (X102 3

111

°
QT
o
@+
¥,
o
9:_L
PV 35 !

EJ- x OAGE = B

. OGAGE » 26 )
O. i 1 1 i
©.5.0 -3.0 -1.0 1.0 3.0 5.0

STRAIN (X10-4.)
Fig. 3.110 Measured Horizontal Strains, Level 3,
12:00 & 6:00 Pos., PV35
_ .
=
[qV)
o
()
é_WL oy
PV 35

31- X GAGE =» 17

Y GAGE » 53

o GCRGE » 7!
Ot i ) T L L
©.50.0 -40.0 -30.0 -20.0 -10.0 -0.

STRAIN (X10-5)

Fig. 3.111 Measured Horizintal Strains, Level 3,
3:00 & 9:00 Pos., PV35 ’

@ LI

\

v

\S



20.0

112

15.0

qLO

5.0

INTERNAL PRESSURE-PSI®(X102 ]

A

et

o
.0 4.0 8.0 12.0, 16.0 20.0
STRAIN (X10-Y)
Fig. 3.112 Measured Vertical Strains, Level 3,
]%;OO & 6:00 Pos., PV35

Q

o

(")
[9¥)
29
><22+
% >
Qr u
L
o L
Do o
w~—l
[¢p] ‘ i
uJ
o
a
N PV 35
Zal
= ® GRGE » 52
% o« GRAGE » 70 %
._...
=

CZ - 1 { 1

.0 7.0 14.0 21.0 28.0  35.0

+ STRAIN (X10)

Fig. 3.113 Measured Vertical Strains, Level 3,
3:00 & 9:00 Pos., PV35 '

v

ford



&)
W
v
“+
o
< o
e X
SO
o oy R
. L .
oo
ST,
o
1 ,
i
7
f!{i'

4

A

INTERNAL PRESSURE-PSI (X102 )

W

113

20.0

1?.0

10.0

INTERNAL PRESSURE-PSI (X102 }

Q
] x
o GAGE ® 4s
7 » ORGE & 63
P "
O, ”n 1 4 4
.0 2.0 4.0 6.0 8.0 “10.0
STRAIN (X10-4)
Fig. 3.114 Measured Diagonal Strains, Level 3,
¢ 12:00 &6:00 Pos., PV35
o N
S R Ny
[9V)

1?.0

10.0
—

1

5.0

o
©.30.0 -20.0 -10.0 -0.0 10.0 20.0
e STRAIN (X107%) ’
Fig.‘%.]]S Measured Diagonal Strains, Level 3,
3:00 & 9:00 Pos., PV35 .

vl

P

ot



114
;y(v)

18] \
Y y
A K
\ .
L]
v B
L} R
[¢ J
[ 4
I
o
° X
(b) Local and Global Coordinate (c)
Systems i

t
4
L{~1,1} KEi1,1)
L o
T, . ?
(.58,.58)
0 s
s °
14-1,-1) J (=1 o

Natural Coordinates of an
Element and the Location of
the Integration Points

Fig. 4.1. Graphical Representation of Axisymmetric Element

s 1
i i



115

0

(é) Generalized Newton-Raphson Incremental-Iterative Procedure

[

po—

3

(b) Incremental Solution Procedure

u

Fig. 4.2 Incremental

P )

(c) Incremental Solution Procedure
with Residual Load Corrections

Solution Schemes

!



116

0.75" Diameter

Stressteel Rods >
®
s E .
Load Cell ; =
1.25" Thick " ,
. o
Ring Bonded ° kK
Reinforcement - 225225
b4
g
* A - . - 4 v 4
' VM : '-‘ .‘o.- : ‘1'_.
. .." . ,‘ -.. '0 _’-:
RCY < SRERE | B YR -, 20 e K
Y 11 DN | PR B IS I L R . 425
Ny 11 5 | ERCI AN I R I DR A p
- PR | RETERA B N B PEV B RO 850
w sl s b e azsk
25 | ESPRETRAY IR LY I DY B B
O N P30 B AR I B
SN | TP I I S IO (R P
L |l A 4“0_ " |. - ' . :‘
. " \. ] N .. R ‘.‘b’; " r s
3 1 p $- 170k
. : "
' : - o ‘
, L | A0 enetratlions o
= ‘4 ." }.6: " I
? e 0.08" Diameter , — 170K
RS | IS Prastress Wire
c‘." '::
A
=N ,": :.
Ly :
T . "l.
a + . ..’
:=°'-‘ .'.‘. b ! i : ”vok
SN I N "
il B
75 NEER | b 12.5" o
'-::. -_; 4 -
s e | K
N L e g (70%
S i b7
S "'3‘ (
=t Vv
N
‘vj .

Bearing Plate

Slreniaebl : iz
Nuts fl

Fig. 5.1 Cross-section of PV30 and the Axisymmetric Finite
Element Mesh Used in the Analysis

(&)

3}



"

117

—_—— - =Tl T~ - & -
— - 'q.
- \4 { | ! I ! | I
{ \ { I _ : {
!
|
/ , \ ! ) ) \ |
\ T
A T oT +
\ | 1 | I H ! f
I R | R R
N I PR A N} AR D
AN '
s W
—d - -1 -1 F -
} | | \ \
T i e e e R ialie.
! { ! i | i { { !
Tl+| 1I+|L.-I|jl l+IL
I | I _ | \ { _ 1
Tl+l1_,.l+l..r.l+l|fl+ll_
F—fF—H-—HA-FH-H-H-+--
] i | I | | | i |
H=f=-H-FH-H-FH-HH-+-
i | i : _ | i | |
H=f=R=—f—H=H=H -+ -
| | | I 1 ! | | |
e A==t =h — 4 —
i _ _ _ [ _ f | |
1 | i ! ! i |3 T |

Under Prestressing Forces Only

Fig. 5.2a Deflected Shape of End Slab

4
|

1 TT T TTIT T T T
| T I A i
\ \ 1 |
Vo Y
S T A N A U O O
Y S T AT T A I B P ﬂ
| ur R RN
f\ll;ll —lAFfwll*lH.*ll.d.’l“lll
N Y A I L I L
Voo T et |
LS PR . S iy L B s L R
N R B LI R B IR
I ! I ! { I -4 i
“,,.;4 i e e e e e s ol
. / ! I 1 | I I ! o
= 3 T -
W Tr+rt1+r+4+7+-4d £
X | ! i | ] { 1 } o =
FTF TR E i+ 4 -4 50
Popor b o b e |2
T AF AT R4+ |+ dt~4 2o
! o
X P! o o N Iy
0N et s e i s i s i B BN
) J i 1 I i | I I Mwaw
n 4 i LS
S e it i i Al B
! ! N ! | ! ] ! %MMD.
i " 1 . [ i
Pttt ===t -4
} N ! ] P
! ! ! X
4 pllﬁl,.l..pll.l_l -4 .
T T O N
i 1 1© 1 1 i o — 4 [T




118

|

¢

\\ﬂlil.ﬂ\Jll%lJllA\Jl
M \ 1 | | | i | I
\ ! 1 I | | l | |
\ \ | | 1 ] | | l
N e N  Ehe
T A AT L by
4 AT AT
/ f { { { _
| ! f
ya { 1 [ ] e
” J.nJF-[,,.lLI q.llTlﬁl_m
| / I ! I _ roo
A A
) I ! I L I
L i
R LI LI L O I !
ik b
H o |
T SECSS = - -1 - |.|+I.L
/ | I B
i i e H—=H — |-
J [ ! | i }
—f === =
B | | i i y_ | ]
] .I_-.l...wlcl_nl*rvlh
i ! _ | R U T A
| ] 1 ! | t | et

pe of End Slab at 1500 psi

Internal Pressure

1

5.2¢cDeflected Sha

Fig.

f

|
1

.\\\,II!.Inﬂ.\qul.ﬂl.n._I.lﬁlJl
\ T L IR L A R T
\ \ ! | | , [ \ !
IS AR U IR R R | N
S I L I I T
S L O ST [ (T /
USSR  Shgy ey I Sy [ NPGRN | SN S Mg
HEAT T T o F 0
0 A T R O L T
{ | i i | 1 _ | | .
LINIHFI_ILll_ILII.lLII...
/ ! T T N |
! T L T
! | | I
S | ! by
! \anrl..«.ll.Jf..l AR | SR ==
! [ ! l I
- 1 . |
T T T -y
_hvl _ ! ! / \..Tm
! | *,.l o - H--H - *,,,\ o_ ¢
] { { i { vOoO
= . L1/ 884
! T T < o
/ I / 44 Ge <
k ! B o
=t L I ©
| FITTIiF -1 88
: ! ! { i | Or— <
IS5 SIS _ {1 25t
LTI TR Y &z
! { ]
] i i ) 11
_ *
I I I I | [ A o
1 I | J ] | e

o]



!
!

_—

i8]

|

!

\

B I R

~

~—

119

~

Fig. 5.2e peflected Shape of

End Slab at 2500 psi
Internal Pressure

R

s
W
i\

e

O
1
|
1 -
/
/
A
or—
(7]
Y- O
o [s1]
(a2
QW 4
QM~ un
o N n
< @
[T IR 2 W
T 0.
o
L0
+ o ©
O — =
v v -
— e8]
Y= T
L < C
O —
v
[aN]
e
=
L




- — - — — 4

|

1
._.____‘]'____.-——-
I

—+

t
|

\

N

-

N

N

D Tt el il

N

4
!
+ -

End Slab at 3000 psi
Internal Pressure

F 1

Fig. 5.2g Deflected Shape of

—

3

Fig. 5.2h Deflected Shape of

End Slab at Failure

Pressure of 3250 psi

o



\}‘

Puw

TR T e e S e ¢ X /

AT T e e e e 3
Jo i -»'-——-—J-u--—-——-—*--a——ﬁ’/ ii i

,///.”_4—_——-_/”_——-—-—-—-—\ X\

e~ \ \
’//_—"' Tt st
[ SV NN S U SN UUSU R \

Fig. 5.3a Principal Stresses in Lhe
Radial Plane under Pre-
stressing Forces Only

Fonm ~—~% X} §

/\’:'k;‘/

e

. I et e /
~T\‘\‘\ e T e R *—-p..
LT T s et s e et S s e s s ol .../

i e S WUp U / /

PO e

L 3
e a2y

I
B e e

R e VO e

N
N
]

A

:}

\

AN

W Ar xr s s S S

o e e e 4/,/.—<,/_,C// ;;
/

>~¢- e e A e )
A s s ) A
e e e M S S

7

WA = e S N
////

7
17

'5
f
5

4

e RSO LY

Py S
/X X
AR
X

k%5 %97

‘///
b
F2

e e R O NN

XX
X X
0

X
KX

X++i +/ /4

Fig. 5.3b Principal Stresses in

the Radial Plane at + *-.+
1000 psi Internal
Pressure )

- - - - - - //
- N e e m e M o v e
- e e e -

2~

—— =
—— AR =

i R C P




122

b4 AA A+

bt ot

/N////-/df«/n?“ﬂl\;vl{'l ——

/J“d/// AN S e -
. RN RN S e
*// /A//M”munr/u/r/fn////n/f:/nnr|| -

R N N e
NN

NN\

o

[nternal

1 Stresses
al Plane at .

- P

the Rad
1500 p

N e
MM NW//J//T/\,W,\- N

MO OSOOKASEAAT

Cn U AN X YR RS [ w0
SN XN X L o

SNFRNFRFAT IS C S

LI U WY

N—

N
\
3
\
\
\
\
\
X\

~
X
:
oy
0y
Fig. 5.3c Princip

N
N
NN
\
N

Pressur

R P e ST

1l

!

{

\
BN
SNNIN 7 //ﬂ///li
I RN
ENNNANNA ST

[

77NN Y NP

N

NN NN NN
SRR NN S S

C N NN RONORRS
T I e
C s OOOCPRRX

}

AN

Radial Plane at 2000 ps

Fig. 5.3d Principal Stresses i
Internal Pressure

the . @w:»
Pl




123

*.

bt f JR A A

v

XXX XS

P X XK
s ~u fet Sam Sy N RS
e r
VAMM —— A X Av <
»A s~ X ////./////// SONONENC N
- o~ s NSO N ow o N\
Ay //WWW//////////// /MN,WM 2 mvm. / ,//////a SIS S
SRR - DR
S 28 o R N AN S S
Nmﬂﬂ/vmWMMWMMW%%7muw ”,Nuﬂ//WMW/uM%%%%r
MM%VW/WM%W/, -~ Sef SRENENANA ////// N
NN = NN e
DR NN .O.Vr.m.mw _.,//// /adf
OSSR O\
OISR BRI N S8 50
RN 5 S5 %+ BRI S S0 -5
X - NEVEL'S xkvﬁ

Fig. 5.3f Principal Stresses in the
Radial Plane at 2750 psi
Internal PresSure

/



r/

T, ‘. ,/, 4_% ~-
,;;;,’;///; A
S AR
., ///7/ e //// X S
g "”///7///////??(fir P
x /oy
i ///7///// 2B
Y 7o Ll
<4 ! Ay
AR RN
A (70 sy
A S
VAR NE A A A M A A A B
IR R
3000 psi Internal Pressure |
N
I //L\/:k B
T s
AN
AREIR:
780
i /u‘ '
« /b e,
S/ AR T
A /%X
/ 7/t X X
= {7 S X x X b
S NTAN R (VA Sy B A A A B | )
Fig. 5.3h Principal Stresses in X X x

the Radial Plane at the

Failure Pressure of 3250
psi

X
7 X
x




-

Failure Index
O <=

R

g¢l

AT

Distribution of the Failﬁre Indices
in the End Slab at the Failure

Pressure of 3250 psi

)




frSers

126

4.0

SJ.O

A

INTERNAL PRESSURE-PSI (X103

o
.- }
o l
PV 30
(o]
-1 x GAGE = 1 ¢ o
« 0OAGE = 37
a OGAGE » Ue
[
!
o N R “
b- ¥ \ T —+t
-10.0 -6.0 -2.0 2. 6.0 10.0

0
STRAIN (X10-4)

Figt 5.5 Measured and Calculated Vertical Strains, Level 1
Penetrations 1 and 3, PV30

3.0

—t
¥

3;0

I.JU

INTERNAL PRESSURE-PSI (X103

4 4 -1 J
T T

L25.0 -19.0 -18.0 -7.0 -1.0- 5.0
STRAIN (X10-1)

Fig. 5.6 Measured and Calculated Horizontal Strains, Level T°
Penetrations 1 andcg, PV30"~

o

0



]

o

(

=4

127

y.0

1

3.0

- 2.0

INTERNAL PRESSURE-PSI (X103 )

20.0

PV 30
2‘— f x GRGE 2 3
a GARGE = 48
/ €
/
O. 3 i L i
.0 4.0 8.0 12.0 16.0
“STHRINJXIO**?
Fig. 5.7 HMeasured and Calculated Cdmpression Diagonal
Strains, Level 1 Penetrations 1 and 3,
PV30 ¢
o ‘-
=

3.0

2.0

1.0

INTERNAL PHESSUHE—FSI[X103

o

©.40.0 -32.0 -24.0 -16.0 -8.0 .
C STRAIN (X107 .

Fig. 5.8 Measured and Calculated Tension' Diagonal

Strains, Level 1 Penetrations 1 and 3,

PV30 .

n

Q

ol

Ei

i



128

o
j‘ 14
o
(w]
—o
e
—
w
0,_
T
521
[dp 2y
w
W
a
a-
Ny pv 30
=l
= 1 GRGE = 13
o « ORGE » 40
w- o GRGE = 43 t
= &
.
—
Q 1 4 { I
O- Y T T T
~15.0 -8.0 -3.0 3.0 8.0

STRAIN (X1 0-H1

15.0

Fig. 5.9 Measured and Calculated Vertical Strains, Level 2
Penetrations 1 and 3, PV30

ad

u.0

o
O
e
XaT ’
by
% e
ar TR
s
:DQ..{_
[dpXaYi
w
(NN ]
az
a. .
LS

a%c L PV 30
z 1 vx GAGE ;’ S
o a OGAGE = LYy
o e ORGE w 41
= e GAGE = 50
-

©.55.0 -19.0 -13.0 2.0% -1.0 5.0 !

Fig. 5.10 HMeasured and

STRAIN (X10-4)

Calculated Horizontal Strains, Level 2
Penetrations 1 and 3,,PV30

1t



129

o
=
i ta) [ ]

-0 - ~

ZaT //'

EJ_; [ )

T !

3% /

DO- - f/

ey

uﬁg /

c | 4

N / PY 30

gol| /[

Z T ® x OACE » &

. / + GRGE = St

P )/

’__

P

by
i K L 1 el

.0 10.0 40.0 £0.0

20.0 30.0
STRAIN (X10-%)
Fig. 5.11 Measured and Calculated Compression Diagonal Strains,

Level 2 Penetrations 1 and 3, PV30

o #
-

m 1

(an]

hamd =]

X’

Py

(4]

%

%

32

el

g,

LJ

o

a.

-J

¢D

Z 1

T

LJ

’.—-

prst

[
o- 4 Il d -
“4o.0 . -32.0 -4.0 -16.0 -8.0 o0
: STRAIN (X101 N

Fig. 5.12 Measured and Calculated Tension Diagonal Strains,
Level 2 Penetrations 1 and 3, PV30

/4



130

©
o
| .
2 .
—o 7/
X T
—_
w 7
o
j L ’
L K
Lo |
Ho ]
e
@ ‘4
id
/4

5:’0 J PV 30
Z_T . GIGE = 7
oc . GRGE = L6
L 7 e OCACE = u3
"Z‘ /4 o OAGE = 2
= 1

o 1

- - Il 1 i

.o 6.0 12.0 1B.0 24.0 30.0

STRRIN (X10-%)

Fig. 5.13 Measured and Calculated Vertical Strains, Level 3
Penetrations 1 and 3, PV30

o
=
m
O ®
—o /
——
w
T
&
594
iy
%)
| T8
c
a-
o PV 30
Z_ T x OFGE o .
o . GRGE
o e GRGE
— “
=z
——
“@ u i L
Q- 8l T T
~10.0 -6.0 2.0 6.0 10.0

-2.0
STRAIN (X10-1)

Fig. 5.14 Measured and Calculated Horizontal Strains, Level 3
Penetrations 1 and 3, PV30



131

o
=
> .
— 7
T e //
— ’ /f
& o
& /
Sel J ‘
D /
4]
W /
& 4
. / PV 30
559 L / GAGE = 9
Z=1 7 " GRGE = S
Ll /
,—
z
—
D- . e ye d
.0 10.0 20.0 30.0 40.0 = §0.0
STRAIN (X101
Fig. 5.15 Measured and Calculated Compression Diagonal Strains,
Level 3 Penetrations 1 and 3, PV30 ‘
(=)
-
[22]
= .
L ol =] N
Xat >
b—y P B
0 |
0'_ .
= |
o
SosJ' .
2]
i |
a
& |
n PV 30 -
Z_:ﬁh x ORGE 2 4S5 °
c \
w
-
Z
- & |
Q. J’ 4 i I 4
©.25.0 -20.0 -15.0 -10.0 -5.0 -0.0
STRAIN (X104
Fig. 5.16 MNeasured and Calculated Tension Diagonal Strains,

Level 3 Penetrations 1 and 3, PV30

A



132

m L
o
v—CQL \\
o
a—;
%
s
o
Bals 22,31 |
w —
.
_J — 7PV 30
=2, - « GORGE = 19
{aml - « OPGE 8 22
wJ - » OPGE s 28
= o GROE » 3t
Py
O. i 1 ]
Sh.o 10.0 20.0 30.0 ug. 0 50.0
STRAIN (X10-5)
Fig. 5.17 leasured and Calculated Vertical Strains, Levels 1
and 2 Penetration 2, PV30
o
=

~PSI (X103 )
3.0
\“ 81

’i.LU

]

1.

INTERNAL PRESSURE

——d

o
3
(=]

25.0

Fig. 5.18

-20.0 5.0 0.0 5.0 -0.0
STRAIN (X10-Y)

Measured and Calculated Horizontal Strains, Levels 1
and 2 Penetration 2, PV30



I 133

4.0

3.0
o

2.0

1.0

—

INTERNAL PRESSURE-PSI (X103 )

IU

.Y 4 3
e

©.10.0 s 4.0 -1.0 2.0 's.0
STRAIN (X10-4)

Fig. 5.19 Measured and Calculated Diagonal Strains,
Levels 1 and 2 Penetration 2, PV30

o

=
[sr]
Q
josd
— M A
—
1% el
& -
w ~
Eo -
naT el
[dp] P
L ~
a _
~ - PV 30

o
2t - x GRGE = 25| .
@ -
w ~
;; -

~
- e
~
Q ol Nl - [N 1
“b.0 3.0 6.0 9. 12.0 15.0

0
STBRIN(XIO’S)

Fig. 5.20 Measured and Calculated Vertical ‘Strain,
Level 3 Penetration 2, PV30 ‘ v



/}

G

et
fu9?

134

o
=
NI
m
o
—0
ZoT
Pt
W
N
s
S594
o
w
w
oL
a.
3 PVM3OA
a:D
ZoT x ORGE # 28
o 1 ORCGE » 27
Lt a ORGE » 35
= e ORGE u 36
ey
D ¥ 1 S 1
D. -t +— ¥ 4
-10.0 -6.0 -2.0 0 6.0 16.0
STRAIN (X10-4)

Fig. 5.21 HMeasured and Calculated Horizontal and Diagonal
Strains Level 3 Penetration 2, PV30

4.0

>

3.0

S

2.0

INTERNAL PRESSURE-PSI (X103 )

PV 30
o
- x ORGE » S5
a OAGE = B4
omﬂ'?ﬁ
o ORGE n B2
D- -l = 1 4 1
“b.0 2.0 8.0 10.0

4.0 5.0
STRAIN (X10-%)

Fig. 5.22 Measured and Calculated Vertical Strains,
Level 1 Penetrations 4 and 5, PV30



Strains,>Level 1 Penetrations 4 and 5, PV30

135 Y
o i ‘l,‘
3.' f N j
)‘I
o™ H
o o
—o ~~ N
XoT —
D
%
w
E.o
2N \
Ll
lo
o-
Z_T « ORGE @ 56 Je o
[am a 0ORCE » 65 \
}L-‘_J o CAcE = N \
> e GOPGE » 83 N
D- 4 L i 1
“.10.0 -8.0 -6.0. y, -2.0 -0.0
STRAIN (X10H
Fig. 5.23 Measured and Calculated Horizontal Strains,
Level 1 Penetrations 4 and 5, PV30
= “~ -
- )
()
—0
ZmT A
—t e
[ip) N\
q- \\ i )
E -
591 ®
L]
n
W T
o
Q- /
CtD
Z-7 ! x O & 5
ac a OAGE = 75
wl /
2 1
4 .
—
N .0 2.8 4.0 6.0 8.0 10.0
W STRAIN (X10-41
Fig. 5.24 Measured,and Calculated Compression Diagonal



~
T

3 )

L2

INTERNRL PRESSURE-PSI (X10

136

9
po
— 71
m
(an)
oel
Xo )
bt
(dp]
a :
T
S=1
v I\
[¢p]
)
- N
B PV 30 N
(= 1
=4 » GCAGE a 66 Ne j
[a my s ORGE 2 84 AN (
E \ )
\ '
=z
= !iffj{\
o4 . 4 4 + -
“.10.0 -8.0 -6.0 -4.0 -2.0 -0.0
STRAIN (X10-%)

Fig. 5.25 Measured and Calculated Tension Diagonal Strains,
Level 1 Penetrations 4 and 5, PV30

*

u.0

S

3.0

2.0

1.0

€

8.0 10.0

4.0 5.0
STRAIN (X10-1)

Fig. 5.26 Measured and Calculated Vertical Strains,
Level 2 Penetrations 4 and 5, PV30



137

W 2
pom
m
fan)
—o o
>)< 1T —
o _ o
a. e
w /f !
o
Sol {’
Do)
7y
vy
@
o
3 ‘PV 30
Q
T4 . ORGE = 59
(a8 s GRAGE = &8
L3 a ORGE 2 77
5; o ORCE » BS
b i
D I 1 L 1
D- =1 -T T T
-10.0 -8.0 -6.0 ~4.0 ~-2.0 -0.0
STRAIN (X10-4) &

Fig. 5.27 Measured and Calculated Horizontal Strains,

Level 2 Penetrations 4 and 5, PV30

T

o
-
2 -
""‘D' ‘/ -
XeoT y)
[ o
o
%
&
23t
a3 y/
Wl
o .
a 4
o e PV 30
Z=4 « OAGE = 60
. & . CRGE = 78
1)
= o
=
b
[=] N 4 i 3
S.o 4.0 12.0 16.0

8.0 ' X
STRAIN (X101 o

Fig. 5.28 HMeasured and Calculated Compression Diagonal

20.0

. Strains, Level 2_Penetrations 4 and 5, PV30

1



&

!

SSURE-PST (X107 )

-PST (X107 )
10

4y.g

138

3.0

i
T

2.0

Py 30

1.0
A‘U-

x 0OPGE = B9
« ORGE » 87

INTERNARL PRE

0.0

20.0 -16.0

2.0 80 0 20.0
STRAIN (x10-4)

Fig. 5.29 Measured and Calculated Tension Djagonal Stra1ns,
Level 2 Penetrations 4 and 5, PV30

4.0

w!
T )
Do
w
|FN] 3
& ;
a
o PV 30
Z2T x GRAGE w 61
[ A GRCE w78
Led o CHCE « 88 ™
- :
=
f—
o .
©.10.0 -5.0 -0. c?“”**‘%\ 510 10.0 15.0
STRQIN(X]O'”) o
Fig. 5.30 Measured and Calculated Vertical Strains, Q

Level 3 Penetrations 4 and 5, PV30

= O

W



¢

139

4.0

=

3.0

-PSI (X103 )

2.0

1.0

S
1)

s rx

INTERNAL PRESSURE

.0

i 3

' 4

©.10.0 -8.0 6.0
STRAIN (X10-

1 T 1

-4.0 -2.0 -0.0
)

’ Fig. 5.31 Measured and Calculated Horizontal Strains,

Level 3 Penetrations 4 and 5, PV30

o &)

-r
™ '
Q o
\l=]
ZoT /'/
- G
n

( N
a- /
L‘J / far)
<
:‘?J- 'y \
e y
/ L

| ¥0]) .
fa s s
- " / * v 30
) y/ - P
(ID
z_;T ) x GAGE = 63
o @ s ORGE a 8t
Wi
’.—
< “
—1

Cz / 4 i - J:’

S.0 5.0 10.0 15.0 20.0 2.0

STRAIN (X104

Fig. 5.32 Measured and Calculated Compression Diagonal
Strains, Level 3 Penetrations 4 and 5, PV30 o

X



€

Internal Pressure, ksi

Fig.

3.5

., 2.0

4.0

for the Vessels with No Penetrations ,
i}

3.0
PV 26
/ /
—0
2.5 ra 4 = o]
fed , = /
; ) /
< / d
0 . o
! Y 7 4
/ / / i
/
I.S‘——é—“ = J)}
! |
/ / /
|.0~—<;ﬁ .
17 y ~-0== Analytical
! / Experimental
0.5 J {
R / N I
L
04' 0
0.02
2 Detflection , im
’ bz
5.33 MedSured and Calculated Deflections at the Center of the End Slab

vl



3

i\

o]

"

o

\ W

S
4.0
_ 35 =
PV 32 .
l - O -
] 3.0 /‘3 o /l/’_/
/ o
/. / “pvar

Q 2.5 - / / . J

v / ,J?/’ -

2 s oL

L

@, / / /|

s 1 g v

£ / o /

Lo —f— $
/ o ~—0O= Analytical
R Experimental
_ 05 '1/ . — 1/ T -
/ / f ‘
o =
= " 002" | o o
a Deflection, in.

-

]
>

-~

&

) > ? iy I ’
Fig. 5.34 HMeasured and Calculated Deflections at the Center of the End Slab
v for the Vessels with 5-in. Penetrations

Q

Ll

o



7

O

Internal Pressure, ksi

4.0

r

3.5

PV 30
ot O
- Q /
A /
3.0 7 =
/7 /
/o
2.5 ﬂ'r/ 7 - - PV 29
/ : ~—
i
2.0 ,o’/O A
) / A
/
Y Y Y
- r
/ /
/
l.O«A* J,'L—
/ ‘ — O —Analytical
= / Experimental
0.5 l f
oL
0.02"
Deflection , in
Fig. 5.35 Measured and Calculated Deflections at the Center of the End $1ab for

the Vessels with 2-in. Penetrations



Internal Pressure, ksi

2.5

143

35

3.0

-l

2.0 7
/—-ﬂ
1.9 [J‘
1.0
o fe¢ =8000 psi
¢ A fc =4000 psi
/ A o fe =2000 psi
/
o]

G
| 002"
i

)

Deflection, in:

Fig. 5.36 Deflection at the Center of the End Slab for Three
Vaiues of Compressive Strength of Concrete, PV31




v

J
«Sl

e
¥

b

oo

Pressure

Internal

Maximum

4 T T T l T T
(0]
/..-0——"
3 . /
{ //O
/
/
2fb— ) v
//O
'
: @ Calculated
0 Measured N
) | | | | |
o] ! 2 3 4 5 6

Concrete Compressive /Strength, ksi

Fig. 5.37 Variation of End-Slab Strength with Compressive Strength of Concrete

vl



145

~ APPENDIX A
Al MATERIALS

A1.1  Concrete

The vessels were cast from concrete mixed in the laboratory. Two
di fferent mixes were used for each test vessel, one for the cylindrical
skirt and one for the end slab. "

The first mix was used for the skirt up to a level of 2-in. below
the reentrant corner. Two batches of concrete were required to cast the
skirt. The concrete contained pea-gravel éggregate, sand and type III
cement. The proportions by weight of cement: sand: gravel were 1.00:
2.77: 3.07 and the waté} cement ratio was 0.67.

The second mix was used for the slab and the top 2-in. of the skirt

L.

and was made in one batch. The concrete contained crushed limestone
aggregate, sand and type III cement. - The propgrtions by weight of
cement: sand: gravel were ]‘00;¢§;5}:53.40 for the first eight specimens
and 1: 4.9: 4.7 for PV34 and PV35. Type III cement was used with a
water cement ratio of 0.80 for the first eight specimens- and 1.1 for
the last two.

Fi%§ 6 x 12-in. cylinders were cast from each 6f the first two batches.
Eight 6 x 12-in. cylinders and eight 6 x 6-in. cylinders were cast from

the third batch uged in the end slab of the vessels. The properties of

the batches used in the end slabs of the vessels are shown in Table A.1.

v

A1.2 Longitudinal Reinforcement

PV26 was prestressed with the rods from the previous series of tests,

namely 0.775-1in. diameter Stressteel rods with an ultimate stress of

] ©
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140 ksi. However, the threads on several of these rods stripped off
during prestressing.

New rods and bolts were purchased and used in a]]lof the subsequent
tests. The results of a tensile test ofha 30-in. Stressteel rod are
plotted in Fig. Al. The strain was measured using an eight-in. extensom-
eter. The ultimate stress in the rod, which had a measured cross-sectional

(1
area of 0.471 sq. in. was 140 ksi.

7

Al1.3 Circumferential Reinforcement

The wire used to prestress the vessels circumferentially was obtained
from ARMCO, Kansas City, Missouri. The wire was 0.08-in. diameter extra
high strength high carbon rope. Two strain gages were attached on oppqsite
sides of w%re samples cut from the unstressed coils. These samples were
subjected to tensile.testing and the stress versus average stra{n was
plotted. The Young's Modulus for the wire was found to be 30 x 106 psi.

A1l of the samples failed at the grips of the testing machine. The failures

“occurred at an average load of 1400 1bs or approximately 280 ksi. The

actual strength of the wire may be slightly higher.

Al.4 Liner Materials

The neobrene used to seal the pressure vessels was purchased in 100-ft
rolls. fhe sheets were 36-in. wide and 1/16-in. thick. It was specified
as "60 Durameter Shore A Black Neoprene Sheeting} Type #260."

The 0-ring material was obtained in 100—ft\iengths. The diameters of
the 3/16-in. and 3/4-in. O-ring stock were 0.210 = 0.010 in.land 0.750 x
0.010 in. respectively. Thé mate;ja1 was specified as "70 Du}ameter Buna-N

O0-ring Cord Stock."

w
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The caulking used to seal and hold the neoprene intact was specified

as "General Electric Construction Sealant, SE-1204 Neutral in 1/12 U.S.

lGa1loﬁ?Paper Tubes."

Sheets of 0.104-in. thick steel and 16 oz. soft copper were used on

the sides and end slabs of the vessels.

Ve
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A2 FABRICATION

=

A2.1 Casting and Curing

A}] pressure vessels in the current series, PV 26 through PV 35, were

cast fnvthe same outer steel form. This form was rolled from 5/16-in.

steel piate and rgﬁﬁforced with fo]]ed 2 x 2 x 1/4-in. angles. The inner
form was baéical]y a c]osed'stee1 cylinder. Its height could be adjusted
by adding 2 1/2-in. steel bands around thewbottom or open end of the cylinder.
This made it possible to vary the thickness of the concrete vessel head.
Both the inner and outer forms were bolted to a 1/2-in. thick basé’p1ate.
Sixty holes were drilled 3/8 in. into the base plate to receive the 7/8-in.
‘diameter ;1uminumlrods which form the openinés for the longitudinal pre-
stress rods. The tops of the rods were secufed by a template of 1/2-in.
steel which was attached to the outer form by sections of 4-in. wide channel.
The”center of the template wés cut out to allow easier access when casting
and trowelling. For the vessels which had penetrations in the head, holes
weﬁé dritled and tapped in the top or closed end of the inner form. Steel
pipes having the desired length and diame&er were then bolted to the form.

o A1l vessels were cast in three Batchéé. The first twg batches con-
taining pea gravel aggregate, were used for the skirt of the vessel up to

¥

a level approximately 2-in. below the top of the inner form. The third

2
batch, which contained a limestone aggregate, was used to complete the re-
maining skirt .and head slab. The concrete was vibrated internally with an
electric vibrator during casting. The sidewalls of the vessels were rein-

3

o forced with 40 No. 4 rebars, providing a reinforcement ratio of approximately

4
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one percent. The bars wgre placed Tongitudinally around the outsidé of
the skirt with about a 1/2-in. cover provided. v
After the concrete had been placed and vibrated, the surface was

trowelled until the concfete had begun to set up. The oiled aluminum rdas
and penetration pipé%ywere periodically twisted during this time until the
concrete was firm enough to a]]o@ the pulling of the rods and penetration -
pipes. This was accomplished by first removing the 1/;-1n. steel template
and then very carefully rotating and lifting the rods and penetrations out.

-« The vessel and cylinders were then covered with wet burlap and plastic.

LR SO

vl

HOn the secoAAIday after casting, the forins were g}ruck and a grinder was
used to smooth out any rough spots on the surface of the vessel head. The
cylinders weré removed from their forms and placed around the vessel and

aq@in covered with wet burlap and p]qstic. The wet curing process continued

until the'seventhcday after casting.

A

&

A2.2 Circumferential Prestresiing .

The pressure vessels were cifcumferentially prestresseﬁ in tﬁé:Cimi1
Engineering Méchine Shop on a speﬁia]]y built prestféssing rig. The 0.08-1in.
diameter wire was applied in a series of five "belts" as shown in%Fig. A.2.
Each of the five "belts" contained between 290 and 300 wr;ps of wire applied
in six ]ayers of aboﬁt 50 turns each. The wires in each bafid were kept from
slipping out of position by a series of steel pldtes bolted into toup]ing
nuts cast into the concrete. The coupling nuts were cast into the vessel

by drilling holes in the outer form and bolting them from the outside against

the inside ofﬁtﬁe form. A 0.5-in. washer bolted to the coupling nut provided

\

!
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bearing for anchorage. When the forms were struck, the bolts were unscrewed

and the forms removed, leaving the openings of the nuts exposed. Screw-in

, M ,
clamps on each of the bands served as tie-offs fon;:the beginning and end of

each band of prestressing wire.

N

The prestress ng operation was initiated by secur1nq the w1re in one of
these clamps. The first wrap of prestress was applied at a reduced load to

facilitate the proper alignment of the wire on the vessel. Subsequent wraps

€

of the 0.08-in. diameter wire were applied at a tension of between 700 and

730 1bs. Ten steel rods were used to bolt the vess%4¢secure1y on the lathe. .

A schematic diagram of the prestressing apparatus is shown in Fig: A,3.
The extrashigh strength wire was shipped in coils weighing around 500 1bs.
5 !
It was necessary to rewind’ the coils of wire on a large spool to provide a

more uniform rate of feed. The spool of wire was 'then mounted on a stand

4t the rear of the prestressing rig. A rope was wrapped around the spool )

axle and kept taut during the entire operation. This prevented the feed

T

spool from gaining momentum and letiing out more wire than was needed. The
BEEE Y @

wire was first passed around a fr1cé§€n puiley a total of five times and
then pu]led over the f1rst of the mounted pulleys. The wire was thenypassed
under the pulley mounted on the 1500 1b. weight and back up and over the

i

second mounted pulley. .Finally, the wire was passed under a smaller pulley

" attached to a dynamometer and secured on the vessel (Fig. A.4).

2]

” Two: automotive brakes were mounted on theSaxle of the friction pu11a§
and tHéy‘u]timately controlled the rate at which the wire was fed from the
spoo] It &as the brakeman's function to controﬂ the' rate of feed so that

it equalled the rate at which the rotating 1athe wrapped the wire onto the

|
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vessel. The brakeman was able to gage this proper rate by watching the

\

suspended 1500 1b weight and its relative motion. If the weight was rising,

that indicated that the lathe was taking on wire faster than the spool was

¢

feeding it. Thus, the pressure on the brake had to be reduced. Conversely,
& v i,
,if the weight was descending, the brake pressure had to be increased. Once

the wrapping opération was begun, the weight was kept suspended at all times

1

to maintain full tension in the wire. Approximately two hours was required

i,

)

to wrap one "belt" of 295 turns. ’
After all five“bands had been app]fﬁd%;the vessel was unboited from the
turret lathe and inspected for cracks. In each case, a series of two or
three circumferential cra&ks was found on the inside walls of the vessel at
a spacing of approximately nine in. from the open end. v
The dynamometer or load cell attached to the last pulley was connected
to a strip chart and cggz%nuous strain readings were taken during prestressing.
From these readings, a value for the average tension in the wire was obtained.
f%e effeCtive prestress was determined with the help of information on
shr%nkage and creep characterisﬁics of the concrete used (Reference 1, Vg]. 11,
Fig,A.&. The "anchoring" stress for each w?abnhas measured. The instan-
taneous stress réduction on each Qrap caused by subsequent wra;s was calcu-~
lated using a linear elastic model of the vessel. The, following expressions,®

based on experimental data, weré used for time-dependent strain changes in

the concrete: o

€ = 30,000 ’ | (A.1)
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1 N

Coy, = = (A.2)

s~ 1700 + 20,000

c
\
where e, = creep strain per psi L

e.,. = shrinkage strain TG

sh . \ ]
t, = time after prestress, days " N

§

t . = time after casting, days ' ‘ ! }/// e

Cc N TR

- e 0 (o ;w’/
1 /

Both expressions are intended to apply to the concrete used and
for values of t Tess than 120 days. The rate-of-creep method was used to

determine the effective prestress with an integration interval of one
o ©

day. The calculated reduction in stress for the prestressing bands

near the end slab ranged from approximately 15 to 20 percent (Table A.2).

A2.3 Longitudinal Prestressing . ’ s

Sixty Stressfee] bolts were used to prestress all of the vessels. Strain
gages were placed on 15 of the rods and were calibrated in the laboratory'.
Loading of the bolts was accomplished with a 30-ton Simplex jack with the
scheme shown in Fig. A.5. A continuous steel plate 1 1/4-in. thick was used
as a‘bearing plate. The fifteen gaged rods were pulled first, with strain
readings taken before and after. The load in the bolts after the jack was
released varied from 40 tgﬁgs kips. After the rest of the bolts were pre-
stressed the gaged>bo1ts registered Toads of‘]ess than 40 kips.u This Joss was
attributed to the effects of creep and to the‘fact that the loading of a bolt
adjacent to an already loaded bolt tended to reduce the force in the loaded

£

bolt. To minimize this effect, the rods were pulled a second time in the

o
]
7
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sanme manner. In this way, a force approaching 45 kips was attained in each/
of the rods. A final set of readings from the éaged bolts was’taken {hmedil
ately before the test so that the vertical prestressing force was known 5t

i

the time of the test.

A2.4 Liner . | ‘ .

A detail of the typical liner used for all the vessels is pfovided in
Fig. A6. For the vessels having penetrations, steel plugs cr.plates were
used to cover the holes on the inside of the Qesse] (Fig. A.7). A welded
steel can, 0.104-1in. thick, was then grouted into place with the use of an

I

electric vibrator. The 16-0z. soft copper can was soldered ih next with all
ncopper to copper ;nd copper to steel éonnections tinned and sweated. The
vessels were then lightly prestressed longitudinally and pﬁessurized tq 50- «
psi gas pressure to check for leaks. A layer of 1/16-in. thick neoprenejhas
placed over the copper and secured with rubberééég@nt and General Electric

i

Silicone Caulking. A 3/4-in. neoprene O-ring wias also installed at the

=

junction of the end slab and the sidewall. Q?Té]uminum expaﬁ%ion ring was
used to hold the neoprene securely in place aR\

Qund the bottom of the side-
wall. The seal between the steel base plate aﬁd the sealing ring was made

by compressing a .£.210-in. 0-ring into the groove in the base plate (Fﬁg. A.8).

o

3

iy

/j



A1l testing was conducted in the basement”at'the:eas
Engineering Bui]ding. «The vessels, having bgéﬁilined‘a
transported by créﬁe and“fork 1ift to the i35t room.
testing, the vessels were filled with'water’

-0f the end slab. <An oil pump was used “to' pressurize the vessel to failure.

'
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A3 TEST SETUP
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This procedure greatly reduces the violent release of energy that occurs whenas

using gas pressurization. However, it was still necessary to contain the

A

explosion by thgyuse of stee]ﬂsﬁahnel%lbo1fed across the.top of the prestress

rods in a criss-cross pé%teﬁh (Fig. A.9).

During the ta&ts, the door to the test room wa

el

£

room located in the basement.

corded-on a teletype equipped with a paper tape, def1é£¥10qlread1ngs were , o
‘taken from the two television monitors, and the intern

sel.was monitored and controlled by the test pergqnne].

£

1

. W o o 1
Here strain measurements were taken arnd ‘re-

1)

)

o

)

0
s barricaded and warning

)

@

b

[

o

S

9

signs were posted’in all adjacent corridors. - A1l operations were conducted

al pressure of the ves-

pl

remotely in an area at the east end of the C;ane Bay, directly above the test
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A4 INSTRUMENTATION AND TEST PROCEDURE

7]

In genera,”the instrumentation of the vessels consisted of deflecﬁion

dials across one d1ameter of the head and down thefs*do on a 11rotat one

..1

end of this diameter, strain gages on thes ns1de surt dre of the nead and the -

s
s
S v

surfaces of the penetratwon walls and ]oad ce1]s one the fwfteen prestressina

1 !
rods .

£ N
t

& Deflections across the head of the specimen and on the side wall .weye
o

measured with 0.0005-in. Brown and Sharpe [ial Indicators. For PV 26 the !
dial gages were connected to push rod extensions in direct contact with the
¢surface but due to the explosion at faw]ure, all of the dials on top were =
%

destroyed. For PV 27, push rods were agadn used for the sidewall gages.

However,ﬁthetead dial gages were connected ‘to piano wires wh1ch were strung

2]

» over ball bearing pulleys and.attdbbed to metal tabs glued to the specimen.

) ! 5] . R
Tension springs Connected to the back end of the,dial gage plunger kept the’

piano wires taut. This system proved unsatisfactory due to the great amount

Al

Vof 1nterna1*fr1ct|on which marked]y reduced the sensitivity of the gages.

e

R\

KJhus, fgf”ﬁV'28 the head gages were mounted directly above the specimen and

conggated to piano wires running vertica]]y'dqy% to the vessel head and at-

tachied to thé,meta] tabs glued to the surface (Fig.A.10). The gages were

o

protected from damage by a series of steel channels bolted over the head.

‘SUS]
A

This“method"broved satisfactory and was adopted for all subsequent tests.
o K

{3

«The dial gages were fead with a closed circuit television hookup with the

A 9 Q 43
monitors situated on the first floor at the east end of the Crane Bay. Two

teféyjsion camexas equipped with telephoto lenses were used to read the de-

flection gages (Fig. A.1l§. h 4

O

7 °
§ )

<

o
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o
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Strain gages were used on the inside surface of the concrete and in the
penetrations were Timited to two types the BLH type A12 which has a one-in.
gage lengtn and 3/32-in. gage width, and the KLH type AR-2-S6 which is a

rosette having a gage length of 3/4-in. and gage width of 9/64-in. Careful

" steps were taken to ensure a smooth surface and good bonding for a]]lgages.

The concrete surface was first sanded to a smooth finish. A hydfﬁca1 paste
was then applied over the surface to fill in any holes or indentations. The
surface was again sanded down and a layer of cement glue was placed on the
concrete and allowed to set to a smooth, hard finish. The gages were then

attached to this prepared surface with Eastman 910 cement (Fig. A.12). In ad-

dition, a soft rubbery protective coating.was placed over all strain gages on’

the inside surface of the vessel. The wires from the inside gages were run

down the inside wall of the vessel and out between‘the concrete skirt and

" the one-in. steel ring. Channels 1 in. wide by 1/8-in. deep were cast into

~ the concrete to accommodate the gage wires.

Load cells were used to measure the changes in force in the prestress

1

bolts. Four strain gages were cehented to the outside of these bolts and -
wired into a full bridge. Before, they were used, the Toad cells were cal-

ibrated in a testing machine. .

Strains were read by a'Pivan switching strain indicator located at the

east end of the Crane Bay in the C1v11 Engineering Building, d1rect1y over
!)(}

, the testing room one floor below.. The Toad cells were ca11brated with a

.10k ohm resistor‘whi1e all others required a 60k ohm resistor.

Pressure(i(\;app11ed to the 1ns1de of the spec1men by a h1gh pressure

' hydraulic pump w.fth a maximum capac1ty of 10, OOO p§1 During a test the

&y
T © "

; E ’ + L
B - !‘Q

¢

0y,

G
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gas pressure was increased in increments and once the pressure was set and
became stable all measurements were taken. Approximately 3 to 4 minutes
were usually required for each set of readings: The size of the pressure

increments varied among the tests.
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TABLE A.1

]

Concrete Properties

b
W

Compressive Strength

PV35

i

1.

Ly

Age Modulus of Splitting
Mark @ Test Stump Elasticity Strength Batch 1 Batch 2 Batch 3 (End Slab)
Days in. psi x 100 psi psi : psi psi
PV26 98 31/2 3.9 445 7320 7910 6710
Pv27 102 4 : 3.8 460 7620 7610 6845
PV29* 52 3/4 3.8 450 5760 . 6660 5480
PV28 17 2 3.9 G 440 7620 8120 6420
PV30 83 2 343 3.7 495 6350 5890 6300
PV31 85 21/2 3.7 380 rQQTO 5890 4970
PV32 114 2 1}2 . 3.8 450 4540 5560 5720
“PV33 °x 95 ﬁ 1/é 3.7 375 5030 5670 4875
PV34 59 8 2.5 280 4950 4960 2440
84 8 3.0 380 6035 6530 3150

361
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TABLE A.2

Longitudinal and Circumferential Prestress

Longitudinal Prestressing

Circumferential Prestrgss

Mark 3 . Mean Force in Bands 1 & 27 .
ﬁ§§§ pggrggd Index Age Initial Final §;gglc
kips psi days kips kips psi
PV26. 56 40.0 4890 19 199 159 1590,
PV26. 93 41.0 5010 - 199 155 1560
PV27 126 3.7 5340 27 194 156 1560
PV29 45 43.6 5330 29 199 171 1710
Pv28. 83 44.1 5390 56 203 175 1760
pV28. 11 47.1 \%‘3760 -- 203 170 1700
PV30 85 3.7 5340 30 206 169 1690
PV31. & 23,8 535.. 30 201 ° 171 1710
PV31. 9@ 5.0 550C - 201 168 1680
PV32 T2 : 5540 83 203 178 1780
PV33. 75 - 5430 34 205 173 1730
PV33. 8= o 5400 . - 205 170 1700
PV34 57 L 5400 36 202 170 1700
PV35 82 e 5390 ) 44 201 168 1680

Total force dividezi-fy -—orizonzal cross-sectional area of cavity

bMean force im m=rds - and Z around end slab at time of prestressing

CMean effective prec

.

i

n bands 1 and 2 around end slab at time of test

eSl
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%PPENDIX 8 o ﬂ
TESB DATA
« INTRODUCTION ‘ .
! K " =
This appendix contains ‘specific information on the different 3
3

characteristics of each of the ten vessels tested. The dates of
. ) e &
casting, prestressing, and testing of each specimefi’are recorded

@

o in Table B.1 "

. A brief description of each vessel is provided in é:?? section.
& Since the gasic materials and, procedures used for each specimen were

! , o \f

- . detailed in Appendix A, they will not be repeated in each vessel

s, description, The graphs of pressure-deflection readiﬁg§ for each

@ f test are included at the endﬁdw Appendix A. 2

LB.1. Test Vessel PV26 (Solid, 10-in. head) .

6 Q o ’ i g b

(” s Since PV26 was the first vessel tested in the current series it
g . “ .

, . had many unique features which were later modified or e]imigﬁggﬁ from

5 &
[ R 7% @y

cun o the other vessels. It was circuﬁfgrentia]1y prestressed going from

o 8]

tjhe bottom to the top, an operatign which resulted’in radial cracks in
(iheiénd slab after the bottom four bands were combletely prest}essed.
These cracks c]osed;ypon prestressing the last band located around the
slab. N ¢
PV26 was also thg only vessel that was longitudinally prestressed
using the rods from the previous series. The vessel was originaj]y

Tined with only a welded steel can grouted into place. Howevér, the

first test of the vessel had to be aborted after reaching 800 psi due

v

\
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L

(s

”,) i
can. 1he specimen was 1ined

"o 1eaks through the welds of the stgg! Q
Ager o
}'») \‘\«-/

w1th,coppehJand neoprene over the steéepts aéscr1bed in Append1x A.
This serted as the liner for a11“subseehent tests with on]yxm‘norO
changes. «The second test proved ‘successful with an u1t1mate pressure
of 2610 psi obta1negﬁm}The deflection readings of the head surface
were obtaﬂned using push rod extension gages inhdirect contact with

the concrete.s The readings taken in the two. tests were quite good hsing
' o C( i3

“this setup. However the explosive manner of failure destroyed all

‘0

of the head deflection gages and thus a new method had to,be used for .

Jater vessels. ‘ ‘ L

B.2 Test Vessel PV27 (six 5-in. penetrations, 10-in. head)

4

PV27 and all subsequent vessels were circumferentially pre-
stressed going from top to bottom: 1In addition, new stressteel rods
! #]

were purchased for the longitudinal prestressing. The vessel was

‘. j$ K
tested successfully on the fir'st attempt, reaching an/u]timqte pressure

Ny

) b / "o W
of 2400 psi. A new deflection gage system was designed for this, vessel.

o

The head dial gages were\mounteﬁ to the side of the vessel out of
tr

the direct 1line of the exp1osi§e fai]uhe path. Metal tabs,were glugd
to the specimen and piano wire was threaded into these,tabs and tied
of;L ‘The wire was then struhg‘over ball bearing pu]]eys anJ across the
head to the spring loaded gages on the“side. This system was effeé??ve
in BPOteC£§i? the gages from damage but the readings taken from these
gages 1nd1cated)a great amount of friction was present in the system.

Thus, a new system was adopted for the next. vesse] | ; ' .

N

i

#
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B.3 Test Vessel PY28 (Solid, 12%-in. head)

The deflection gage system used for all remaining vessels was
first used for PV28. The gages were mounted over the vessel, directly

above the metal tabs glued to the surface. Piano wire was tied to

the tab, stretched taut and attached to the spring loaded gages. Steel
chan2e1s were run across the top of the vessel between the piano wires
and bolted to the prestress rods. This system gave good readings and
at the same time contained the explosion and protected the gages. An
internal pressure of 3170 psi'was reached during the first test of
PV28 before the Teaks in the vessel could not be outrun by the pump.
The vessel was relined and tested successfully three weeks later to

an ultimate pressure of 3765 psi.

Al

B.4 Test Vessel PV29 (Thirty-seven 2-in. penetrations, 10-in. head)

Fabrication and testing procedures had become well established
with the successful testing of three vessels. No major changes wefe
made for PV29. It was cast and tested to failure in a relatively
short period of time. No concrete strain gages were applied to the

@

vessel.

B.5 Test Vessels PV30, PV31 (Thirty—se?én 2-in. penetrations, 12%-in. head)

PV30 and Py31 were nominally the same in size and penetration
pattern. However, there were scveral important differences in their
phyéica] properties and behaviors. The actual head thickness of PV30
was found to be 12.22-in. while PV31 had a thickness of 12.02-in. Thec
compressive strength of”the coﬁcrete head was 6350 psi/for PV30 and

4950 psi for PV31. PV30 failed on the first attempt at 3210 psi in a

<

1
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It It oo
symmetric manner. PV31 developed a leak in the Tiner on the first test
and reached an internal pressure of only 1200 psi. Upon retest PV3l

failed at 2800 psi in a somewhat unsymmetric shear failure.

B.6 Test Vessels PV32, PV33 (Six 5-in. penetrations, 12%-in. head)

PV32 and PV33 wgre also designed and teéted as a check against

i

each other. Their brOperﬁies were in closer agreement than were PV30
and PV31 and the results feflect this similarity. PV32 and PV33 had
concrete compressive strengths of 5720 psi and 4875 psi respectively.
The average head thickness of PV33 was 12.45-in. as compared to 12.30-
in. for PV32. These two factors of concrete strength and slab thick—”
ness appear to have offseg one another. PV32 failed at 3075 psi

while PV33, after an aborted first test due to Teakage, failed at

3100 psi. After PV33 developed a Teak in its first test at 1700 psi,
a new type of copper liner was used for the second test. A copper

can was fabricated to fit into the steel liner grouted into the vessel.
The use of a copper can-provided a better fit in the reentrant corners
and"thus reduced the amount of expansion that high pressures wou]g pro-

«duce. PV33 was retested with this new liner and was pressurized to

failure without a single leak.
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TABLE B.1
Chronology
PV26. 1-29-75 2-17-75 3-26-75 4-16-75
PV26. - - 5-2-75 5.8-75
pv27 3-13-75 4-9-75 7-17-75 7-25-75
PV28. 6-5-75 7-31-75 8-27-75 9-4-75
pV28. - - 9-24-75 9-30-75
PV29 9-15-75 10-14-75 10-30-75 11-6-75
PV30 10-20-75 11-19-75 1-13-76 1-21-76
pV31. 12-9-75 1-8-76 2-11-76 2-17-76
pV31. - - 2-27-76 3-2-76
pV32 12-17-75 3-9-76 4-7-76 4-9-76
PV33. 2-20-76 3-25-76 5-6-76 5-11-76
PV33. - - 5-20-76 5-25-76
PV34 4-12-76 5-19-76 6-8-76 + 6-10-76
PV 35 7-6-76 8-18-76 9-23-76 9-28-76




