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INTRODUCTION

The goal of engineers associated with nuclear power plants is

the achievement of safe plants with low generating costs. One

possible means of lowering costs is to increase the power generating capa-

bility for a single generating unit. To accomplish this, the sizes of nuclear

reactors have been increased.

As reactor sizes have become larger, reactor vessels have become

larger. In France and Britain, the physical sizes of the latest carbon-

dioxide -cooled uranium-graphite reactors are 60 to 100 ft in the least interior

dimension. In the 1950's, designers in those countries felt that the difficulty

of construction of adequately safe steel pressure vessels limited the size

of future units. Size was not the whole problem, however, since the reactors

of that period also required coolant gas pressures of the order of 300 to

400 psig for efficient heat transfer. The combination of size and pressure

required that the vessels be fabricated from heavy steel plate and that field

erection and stress relieving procedures be employed. These problems

led designers to seek alternatives to steel pressure vessels.

One such alternative was the pirestressed concrete reactor vessel
(1'CRV). This approach proved practical, and at the time the programde

scribed in this report was initiated, European designers had adopted the

PCRV. In France, reactors G-2 and G-3 were in operation at Marcoule

and construction had started on the EDF-3 reactor at Chinon; in England,

design work on two PCRV's for the British Oldbury Plant was under way.

European nuclear power plants incorporating the PCRV had certain

similarities. The reactors were large and gas cooled. The sizes and
pressures involved resulted in concrete thicknesses of 12 to 20 ft, which

provided shielding as a side benefit. PCRV shapes were essentially
cylindrical, those for reactors G-2 and G-3 having inverted dome-shaped

heads, and those for the Oldbury and EDF-3 reactors using flat slabs as

cylinder closures. Except for geg ral information and a description of1-

model test performed in England, little information on PCRV's was readily

available in this country at the time the PCRV Model 1 work was begun.

A study of a conceptual 1000-MW(e) nuclear power plant performed

at General Atomic is described in Ref. 2. In this study, aHigh-Ternperature

Gas-Cooled Reactor (HTGR) was considered as the means of supplying heat.

"References are listed at the end of each section.
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The study indicated a PC' V aipp euimattly 5/ it 1' inside diameter, with a

system operating pressure of 450 psia. It appeared that the PCRV would

offer safety advantages over a steel reactor vessel, and at a lower total

plant cost.

However, these advantages were accompanied by certain disadvantages.

Design criteria or bases were not collated to the same degree for PCRV's

as for steel pressure vessels. French and British designers or owners

were applying for PCRV patents, and other design information was largely

proprietary. In addition, the technology of prestressed concrete required

some demonstration and documentation and probably some further develop-

mental refinements in order to satisfy the engineering and safety require-

ments for nuclear power plants in the United States.

Prestressing is a civil engineering method that has world-wide accept-

ance and has given excellent performance in such applications as dams,

buildings, bridges, piling, tanks, railroad ties, airfield runways, and pipe-

lines. From the experience gained in the design of prestressed buildings,

particularly shell-type structures, the use of prestressing to create and

control desirable states of stress under changing loads and conditions has

been learned. For long-span bridges, with spans ranging up to 700 ft,

high force capacity tendons and anchorages have been developed to give high

prestressing in concentrated areas. With both bridges and buildings,

experience has been gained in the use of precast concrete segments in con-

junction with cast-in-place concrete. Railroad bridges and foundation piles

have permitted the investigation and test of fatigue properties of prestressed

concrete. This experience has produced a high degree of reliability for long-

time service of prestressed concrete. For these diverse applications,

various design and construction techniques have been developed, and expe-

rience has been gained as to performance and behavior. This experience
is applicable to prestressed concrete reactor vessels.

This report summarizes the design, construction, and testing of a
prestressed concrete vessel which was a model, in many respects, of a
PCRV for an HTGR of the type described in Ref. 2 but of lower power rating.

The broad objectives of the study were to investigate PCRV design,

analysis, construction, and test procedures in order to determine realistic-

ally the major problem areas, assess the advantages and disadvantages,

and, if possible, demonstrate a capability to predict the structural response

to loads.
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SUMMARY

The design, construction, and test of Prestressed Concrete Reactor

Vessel (PCRV) Model 1 was undertaken as a portion of a program to

investigate problems and develop technology related to employment of

prestressed concrete in primary pressure vessels for High-Temperature

Gas -Cooled Reactors (HTGR's). Model 1 was constructed as a small-scale

PCRV by standard construction techniques. It was tested to obtain struc -

tural data which would allow independent assessment of the design assump-

tions and predictions concerning structural behavior under load.

Calculations to predict the strains at various points within the

structure were made by both limit design techniques and the finite-element

method. Because of the difficulty of establishing boundary conditions,

existing analytical methods for prestressed concrete structural design

could not be used effectively to predict strain levels and changes in all

portions of the nonhomogeneous, nonaxisymmetric PCRV, nor for all pres -

sure ranges. To overcome this, analysis methods assuming elastic materials

and based on the finite -element concept were developed. Strains calculated

by these advanced methods were compared with the measured strain in many

regions of the vessel, and the calculated values were confirmed by the test

results where the assumptions inherent in the analysis were satisfied.

PCRV Model 1 was designed by General Atomic and was constructed

under a fixed-price contract by a general contractor selected by competitive

bidding. The general contractor was given the responsibility of construct-

ing a PCRV within the limits of the plans and specifications. The success -

ful completion of the model test program confirmed that the vessel had, in

fact, been adequately designed and constructed using normal practices.

The liner for Model 1 was designed to act as a gas -tight membrane,

and the liner proper was not required to serve as a major structural

member. However, the penetrations and closures were designed to with-

stand an internal pressure in excess of 2000 psig. The liner was fabricated

by the general contractor from mild steel plate; welding was specified to

be in accordance with the ASME Boiler and Pressure Vessel Code, Section IX,

or the American Welding Society specifications. After leak testing, the

liner and attached penetrations were delivered to the job site and installed

by the general contractor.
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As an adjunct to the model test, an extensive program was conducted

to develop techniques for installing approximately 1300 sensors, in order

to allow for measuring strains and deformations throughout the vessel,
before and after prestressing and pressure loads were applied. The tech-

niques developed were found to be satisfactory, and strain changes on the

order of 20 pin. /in. were successfully monitored.

The model was pressurized with oil immediately following the pre-

stressing work. Pressurization was accomplished in a series of pressure

cycles until at 950 psig, considerably above the normal working pressure

of 450 psig, visible exterior concrete cracking occurred running circum-

ferentially at the vessel midplane.

Evaluation of the recorded strain data after repeated pressure cycles

showed that (1) such pressurization does not affect the reusability of the

PCRV, and (2) reinforcing steel plays a large part in determining the structural

behavior since it aids in controlling the crack pattern and assists the ten-

dons in resisting the overpressurization.

Further hydraulic pressurization was performed until major liner

leakage occurred at 1720 psig. This demonstrated that the model was

capable of withstanding an overpressure of more than 3-1/2 times the

normal working pressure without structural failure. The prestressing

system did not fail during the pressure tests, and the vessel strain behavior

was repeatable during pressure cycles prior to liner leakage.

Additional tests were made on the model after completion of the pres -
sure cycles to 1720 psig. The liner was inspected and cracks were found

in the construction repair welds in the bottom head and adjacent to a weld

in the joint between the bottom cylinder and the conical haunch joint (see

Section 3 for details). These cracks were repaired, a partial rubber liner

and slip plates were installed at high strain areas, and two separate pres -

sure tests were made. Retesting was terminated because the leakage

balanced the pump capacity at 1870 and 1930 psig, respectively. No cata-

strophic or general structural failure occurred during the additional

pressure tests. Major concrete cracking and breakdown in the vicinity of

the midplane anchor blocks exposed small areas of the face reinforcing

steel and circumferential prestressing tendon tubes. Visual examination

showed that only two of ~10, 000 wires on the exposed tendon strands at the

anchor blocks were broken. The vessel is still capable of withstanding

internal pressure.
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Section 1

DESIGN

1. 1. OBJECTIVES AND APPROACH

PCRV Model 1 (Fig. L. 1) was constructed to develop and demon-

strate the technology required for proper design and construction of aPCRV

in the United States, since previous experience with these structures had

been confined to European practice. Through the construction of a fairly

large scaled-down vessel and the necessary technical work required to

support the design, several program objectives could be achieved in one

experiment.

1. 1. 1. Objectives

PCRV Model 1 was designed and constructed for the following

reasons:

1. To demonstrate the inherent safety of a prestressed concrete

reactor vessel. Because of the redundancy of the primary strength

members within a structure of this type, it is implausible that the

failure of a single member, or even combinations of several members,

will lead to the failure of the vessel as a whole.

2. To enable the evaluation of analytical methods which have been

developed to aid in the design of PCRV's. These vessels are

typically constructed with thick concrete walls, reinforcing steel,

prestressing tendons, an internal gas-tight liner, and various

penetrations. This combination of vessel components severely

limits stress analysis by conventional techniques.

3. To aid the development of design rules that can be applied to the
design of a vessel for a nuclearpowerplant. Present codes used in the

design and construction of prestressed concrete structures can be

used as a guide for the design of many features and components of

such a vessel. However, the particularly stringent performance

requirements for a vessel in nuclear service necessitate the develop-

ment and demonstration of criteria or design standards for many

design details.
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4. To demonstrate that a PCRV with the required integrity can be

constructed using conventional techniques and typical construction

manpower. Since the experience on similar vessels had been

gained in Europe, reassurance was necessary that the construction

standards were achievable in the United States.

5. To obtain design data and to establish criteria for materials and

components that could be combined into a satisfactory vessel.

The prestres sing tendons with anchors which are normally used

for prestressed structures do not necessarily have the character-

istics most applicable for a PCRV. Also, further demonstration

was needed that concrete of sufficient strength and uniformity

could be placed in a structure containing the amount of reinforcing

steel and the number of prestressing tendons required for a PCRV.

6. To observe the structural response of the vessel and to determine

the strains within the reinforced concrete, the liner, and the pre-

stressing system under prestressing and pressure loads. The

response of the vessel to pressures in excess of the normal

working range was of particular interest.

7. To investigate the behavior of the vessel at ultimate strength.

1. 1.2. Approach

1. 1. 2. 1. PCRV Concept. The PCRV was selected, from several

concepts being considered, as the primary containment vessel for a

250-MW(e) version of the HTGR (Fig. 1. 2). For this version, the steam

generators and helium circulators were inside the PCRV, located in a

cylindrical annular space around the reactor. Steam and feedwater piping

penetrated the vertical walls of the cylinder. Reactor control rod drives

were top mounted and occupied top head penetrations, which also provided

access for refueling.

The penetration requirements were:

1. Thirty-seven control and refueling penetrations, 18 in. in diam,

located on an equilateral triangular pitch and immediately above

the reactor.

2. Three steam generator and circulator access penetrations, 7 ft

in diam.

3. Eight steam and feedwater penetrations, 18 in. in diam.
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The primary coolant system working pressure was 450 psia, and the

working temperature of the primary coolant was between 7500 and

1450 0 F, necessitating the use of an internal thermal barrier and cooling

pipes to protect the liner and concrete.

A gas-tight steel liner was required to prevent leakage of the helium

primary coolant. Except for those locations where the penetration liners

were not supported by the concrete, the liner strength requirement for

resisting pressure loadings was nominal. A thickness of 3/4 in. was

selected for the major portion of the liner, primarily because of the capacity
for transferring heat to the cooling coils, and also because the construction

bracing needed for stability during concrete placement was thereby reduced.

The PCRV internal diameter was 38 ft 6 in. , and the internal height

was 29 ft. These dimensions were selected to give the minimum volume

needed to encompass the reactor core and the primary coolant system

components. The shape was that of a right circular cylinder with flat interior

surfaces for the heads. The exterior surfaces of the top and bottom heads

were flat, providing a working surface for the refueling equipment, anchorage

of prestressing tendons, and support for the PCRV. Truncated conical tran-

sitions were provided as fillets between the cylinder walls and the top and

bottom heads. To further reduce the confined volume, the annular space

for the steam generators was minimized, and the steam generator-circulator

penetrations intersected the upper conical transition.

Other considerations in establishing the dimensions of the PCRV for

the conceptual design included:

1. A minimum of 2 ft 6 in. of concrete for shielding between the

tendons and the PCRV liner to reduce the integrated fast neutron

exposure of the liner below 1018 nvt.

2. Concrete thicknesses that would allow the embedment of reinforcing

and prestressing steel, with clearances for concrete placement

as required by Ref. 1 and construction procedures.

3. A distance between the top of the core and the control rod drive

mechanisms to permit rod withdrawal, combined with a distance

between the top of the core and the inner surface of the top head

to provide maneuvering room for the refueling mechanism.

4. Concrete thicknesses sufficient to keep the 'instantaneous" stresses

well within the values established by Ref. 1, when judged by the

methods of analysis considered in Ref. 1, as well as to reduce

the time-dependent strain which was believed to increase with

temperature. The initial minimum concrete reference thicknesses

were investigated by 'thin shell ' analytical methods and were

established at 8 ft for the cylinder walls and 12 ft for the heads.
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5. A biological shielding tickness aucquatc ior access around tne

PCRV during reactor operation.

1. 1. 2. 2. Model Ratio. Since "model ratio' implies a definite

scaling factor by which the results of a test can be extrapolated, the term

is not strictly applicable to Model 1. A more correct term would be

"small version of a PCRV. " For brevity, however, the structure has

been called a model.

The purpose in constructing a test vessel as a small version of a

PCRV was to predict performance through an understanding of basic design

and analytical principles and to confirm the adequacy of these principles by

the test program. This approach is fundamentally more sound than the

strictly empirical approach of model testing where all details are scaled.

The information gained from the tests is readily applied to the design of

similar but larger PCRV's.

To minimize cost and elasped time, the structure was designed with

the smallest size feasible from the viewpoint of construction and material

relationships. The dimensions of the cavity, the wall and head thicknesses,

and certain other dimensions were scaled by a ratio of 1 to 4. 67. This

scale resulted in a vessel of sufficient size for performing engineering

tests and allowed the large diameter penetrations to be represented by 18-in.

pipe. Components of the nearest commercially available size were used

throughout to minimize cost and construction time. The scale ratio was

not used for the concrete. Concrete aggregate 3/4 in. in diam was used

to avoid the problems associated with use of small aggregate in the con-

crete for the vessel. The reinforcing and prestressing tendon sizes were

reduced but not in the scale ratio. Table 1. 1 shows the basic parameters

of PCRV Model 1.

1. 1. 2. 3. Design Rules and Criteria. In engineering practice,

design rules and criteria have been derived from observations of the behavior

of structures in service and have been correlated with laboratory determi-

nations of material strengths by some means of analysis. These rules and

criteria establish the minimum proportions of a structure that will permit

it to satisfy the performance requirements and still provide a contingent

reserve of strength to protect the structure against failure due to material

property changes, analytical inadequacies, construction variations, etc.

Model testing is also used for the development or confirmation of design

rules and criteria where the cost of building and testing a full-size structure

is prohibitive.

The ACI Standard Building Code Requirements for Reinforced

Concrete(1) was considered the most appropriate guide for PCRV

design. For steel nuclear reactor vessels, Sections VIII and IX of

10



Table 1. 1

BASIC PARAMETERS OF PCRV MODEL 1

Inside diameter

Inside height

External configuration

Outside diameter (min)

Outside height

Liner
M ater ial

Thickness

Aggregate

Concrete

Placement method

Strength

Slump

Prestressing system

Number of tendons

I)iameter and quantity of

top head penetrations

Diameter and quantity of

side penetrations

Geometric scale ratio

Pressure corresponding to

net compression ("equiva-

lent initial pressure" as

in Section 6)

Normal working pressure

8 ft 3 in.

6 ft 2-1/2 in.

Dodecahedron

11 ft 8 in.

12 ft 4 in.

Hot rolled sheet, ASTM A36,
No. 8 gage (0. 162 in. )

Mission Valley (Poway conglomerate)

Job-mixed, conventional

placement

5500 psi
1-1/2 in.

Strands with friction anchors

ASTM A416, 270 kips
48 axial, 9 strands each

15 circumferential, 3 segments each

tendon, 12 strands each segment

36 cross-head, 12 strands each

18 in. (3)
3-1/2 in. (37)

4 in. (8)

1:4. 67

600 psig

450 psig
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the ASME Boiler and Pressure Vessel Code( 2 ) provided widely accepted

rules and criteria. At the time the Model 1 design work was in progress,

Section VIII applied since Section III had not been issued; however, neither

is entirely applicable to PCRV's. Under Ref. 1, the designer is permitted

the use of both the working stress design method and the ultimate strength

design method for analyzing the design of prestressed concrete structures.

These methods were both used, where applicable, in the design of Model 1.

Briefly, the intent of these methods is to permit the design of a vessel

that is ductile so that if overloads or strength deterioration should occur

the structure does not fail suddenly and without giving prior warning. The

ultimate strength design method is considered the more basic for guiding

design, primarily because it forces the designer to examine the points of

structural weakness on the assumption that loads are in excess of service

loads. For this method, the designer must follow the structural response

through to the defined failure condition, and he must make the design such

that the structure has a known progressive failure mode associated with

relatively large deformation for the hypothetical ultimate load condition.

If improbable strength deterioration should occur when under normal service

loads, the structure would display progressive deformation and develop-

ment of structural failure modes without rapid or general collapse.

.1..2. 4. Ambient Test. The approach was to accomplish a design

study, followed by construction and testing of that design. The testing was

to provide information for determining the weak points that were not

revealed by the design procedures and to provide an evaluation of the design

criteria and methods. It was assumed in planning the tests that predictive

capabilities were inadequate. The pressure was to be increased to levels

which gave evidence of some permanent change or damage as a means of

assessing the margin of conservatism. To obtain this information,

sensors were located throughout the structure at points where significant

structural changes were predicted to occur.

Since concrete creeps under load and shrinks without load, and steel

relaxes or creeps, it was evident that the model would be a dynamic

system. These phenomena are recognized and provided for in prestressed

concrete designs. Temperature increases the magnitude and time rate of

these phenomena. It also affects the long-term stability of the usual strain-

measuring devices, especially in the adverse environment of wet or moist

concrete. Thus, increases in temperature would not only accelerate long-

term prestressing losses but would also affect some of the measuring

devices themselves and possibly prevent accurate recording of the data.

It was decided that the model would be tested entirely at ambient

temperature. For the first test, the pressures were to be cycled from



zero to .a given value several times, and then a new series of cycles was

to be performed at a higher pressure. Such a procedure would accomplish

the following:

1. Provide multiple measurements at the same pressure level

after the pressure load had been removed and reapplied and thus

provide evaluation of the repeatability of the load-bearing capacity

of the structure and of the measuring device.

2. Provide (a) evidence of permanent changes where those devices

that previously had given repeatable results at lower pressure

levels gave nonrepeatable measurements at higher pressures,

and (b) evidence that could indicate whether structural damage

was occurring.

3. Provide evidence that the vessel would not fail suddenly when

subjected to additional pressure cycles after major structural

cracking occurred.

4. Provide evidence of the effects of creep caused by the application

of prestressing loads on the structure. Changes in the strains

within the concrete that occurred during the period between pre-

stressing and the application of pressure loads would provide an

indication of the concrete creep.

In addition to the structural testing, the testing included deter-

mination of the rate of helium flow through prestressed concrete at several

levels of strain, as controlled by the internal pressure of the model, as

well as at several levels of gas pressure, in order to (1) provide experi-

mental information concerning the behavior of coolant gas introduced at

the liner-concrete interface, and (2) verify the assumption that at the

system normal operating pressures, gas pressure in the concrete would

not cause significant structural loads or increases in strain.

1. 1. 2. 5. Instrumentation. Measurements were made at approximately

1300 locations, which were selected on the following bases:

1. To observe the actual strains within the vessel at points on the

liner and in the reinforced concrete.

2. To determine whether the predicted strain was correct and to

obtain experimental information for improving predictive capabi-

lities.

3. To obtain corroborative information from more than one sensor

at similar geometric locations.
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4. To obtain measurements of vessel and vessel component deflections

under prestressing and pressure loads.

5. To provide a means of measuring the integrated strain and there-

by obtain a check on total deflection or strain measurements.

The instrumentation was not only comprehensive but also demanding

in technique. The number of sensing points was sufficiently large that

even if some sensors were damaged, much information would be obtained

concerning the adequacies or inadequacies of the design methods employed.

1. 1. 3. Design Hypotheses

Hypotheses on the behavior of a PCRV were set up. These hypoth-

eses, listed below, led to the development of the design criteria for the

vessel and vessel components, and the test program was planned to inves-

tigate the validity of the hypotheses.

Hypothesis 1. The applied prestressing loads must shorten the PCRV

and reduce its radius so that a state of general compressive strain will

exist in the concrete before the vessel is pressurized. Consequently, the

prestressing tendons must be arranged to exert compression loads both

axially and radially on the vessel.

Hypothesis 2. For general tension to occur in the concrete the

internal pressure must cause the PCRV to exceed its unprestressed

dimensions.

Hypothesis 3. The actual PCRV is not an idealized vessel subjected

to membrane strain alone. Consequently, the prestressing should be

located to oppose bending strain and translations caused by other PCRV

load conditions.

Hypothesis 4. The initial prestressing loads applied to the vessel

must be sufficiently large to account for reductions in prestressing loads

caused by concrete shrinkage and creep, relaxation of the prestressing

tendons, or other time- or load-dependent changes. If the applied pre

stressing loads are reduced to values that would lead to net tensile strain

in the cross section concrete when the PCRV is under pressure, the tendons

must be retensioned.

Hypothesis 5. Time- and load-dependent variations and uncertainties

in material properties make it difficult to predict the actual strains existing

in the vessel at any given time. Provisions must be made for the range of

strains occurring during the service life of the vessel.
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:yputhusbs t. The design of the PCRV should be made both by the

ultimate strength design (USD) method and the working stress design

(WSD) method. Suitable load factors determined by uncertainties in load

conditions, analyses, and material properties should be taken into account.

Hypothesis 7. A conservative design for a PCRV is one in which

strains in the concrete resulting from normal operating pressures approach

zero and strains caused by pressure cycling are small.

When the PCRV is subjected to both prestressing and operating pres-

sure loads, it is undesirable for the resulting strains to be large, either

in tension or compression. Large net tensile strains within the structure

could lead to progressive failure when cracks caused by operating pressure

cycles reduce the stiffness of the vessel and increase the load on the pre-

stressing tendons. As a consequence of crack propagation in the concrete,

the prestressing tendons could be subjected to larger strains when the

vessel is cycled to the same pressure. This situation would be aggravated

by prestressing system losses, causing a further increase in tensile strain.

It is also undesirable to have large residual compressive strains

when the vessel is pressurized. Excessive compressive strains would then

exist when the vessel is depressurized during normal operating cycles,

and these high compressive strains would accelerate the concrete creep

rate and cause a more rapid reduction of prestressing loads as well as

dimensional changes which might affect the PCRV function.

Hypothesis 8. Local tension in the concrete should be allowed within

the PCRV to avoid over-prestressing, provided the following conditions

are observed:

1. The areas of tension strain are small and a net compressive

strain exists on planes passing completely through the PCRV

walls and interior cavity.

2. The tensile condition results from concrete shrinkage or the slow

application of thermal loads.

3. The tensile strains occur where penetrations intersect the vessel

exterior surface only if the penetrations are designed to resist

the tensile forces.

4. The tensile condition results from a geometric discontinuity

or from an area of compressive strain between the tension area

and the exterior surface of the vessel.

5. The tension is located on the convex side of a curved prestressing

tendon or is near a prestressing tendon end anchor.

6. A tension area located near the liner does not cause significant

tensile strain in the liner.
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Hypothesis 9. Cracking is considered to have an adverse affect on

vessel performance if:

1. The cracks open with an increase in pressure and do not close

with a decrease in pressure.

2. The cracks cause a significant change in the slope of the deforma-

tion curves, or the deformation curves are not essentially

duplicated from pressure cycle to pressure cycle.

3. The cracks cause deformations that exceed performance require-

ment limits on displacements of the vessel components in relation

to each other or vessel internal members.

4. The presence of the cracks causes a change in tendon load in

excess of 3% of the residual load.

5. The cracks cause a progressive change in tendon loads to loads

less than those anticipated due to creep, shrinkage, or steel

relaxation.

1. 2. OVERALL DESIGN AND COMPARISONS

1. 2. 1. Performance Requirements

1. 2. 1. 1. External Environment and Loads. Performance require-

ments were:

1. An ambient temperature range of 300 to 100 F. The tests were

to be performed in the open, with temperatures that could range

from 350 to 85 0 F, depending on the length of the tests and the

seasons of the year during which construction and testing took

place.

2. Prestressing loads both as they would finally be applied, and as

they would be applied during the tensioning sequence when loads

might be asymmetric.

3. Lateral restraint of the model support.

4. Equipment and construction loads.

1. 2. 1. 2. Internal Environment and Loads. Performance requirements

were:

1. A normal working pressure of 450 psig.

2. An oil temperature between 700 and 800F.
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1. 2. 1. 3. Leak-tightness. Performance requirements were:

1. Leak-tightness to allow hydraulic pressure testing up to pressures

where liner failure is predicted by design.

2. Provision of controlled leak points to allow testing of gas leakage

through the concrete without interference with the internal pressure

tests. Specific quantitative requirements of gas leak-tightness for

the concrete were not established.

3. Penetration closures to prevent leakage up to 2000 psig.

1. 2. 2. Working Stress and Limit Design

Most of the analytical methods in use for the analysis of non-

homogeneous structures employ the classic method of dividing the body into

large appropriate parts, assuming boundary conditions between the parts,

and assigning idealized elastic and homogeneous material properties. These

simplified methods are not completely applicable to a PCRV. To develop

more realistic analytical methods for PCRV's, the work on the finite-element

method of stress analysis described in Section 2 was undertaken. At the

time Model 1 was designed, work on the finite-element analysis methods

was still in progress.

Model 1 was designed using a combination of existing working stress,

limit design, and finite-element methods. When considering prestressing

and pressure loads up to equivalent initial pressure, working stress methods

followed by confirmatory checks using finite-element methods were used.

Limit design was used where assumptions of the elastic analysis were clearly

not valid and where structural yielding and deflection increases were beyond

the capacity of elastic design methods. For the PCRV, this condition was

assumed to occur when net compression was no longer maintained on a cross

section through the cavity.

1. 2. 2. 1. Working Stress Design. The allowable stress values of the

working stress design (WSD) methods of Ref. 1 were adopted for pressure

loads and prestressing loads when evaluating the significance of the stresses

predicted assuming elastic material properties. Since Ref. 1 gives only

one allowable stress value which recognizes the existence of discontinuity

stress fields, the significance of the discontinuity stresses was evaluated

by comparison with successfully tested structures. This evaluation was

done by applying discontinuity stress concentration factors, such as would

be predicted by the finite-element methods of analysis used in Section 2, to

discontinuities in existing concrete structures.
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1. 2. 2. J. Limit Design. Limit design or ultimate strength design

(USD) methods of Ref. 1 were applied where the theory of elasticity methods

could not adequately treat the problems. The theory of elasticity methods

were not adequate at and above the pressures where the predicted stresses

exceeded the concrete tensile strength or steel yielding strength. The

criteria were:

1. The first and successive weak points were to be determined and

each was to be reinforced until a predictable safetyfactor for struc-

turalfailure of at least 4 times the normal working pressure existed.

2. At the ultimate strength condition, reinforcing steel would be

locally yielding, the prestressing tendons would be at their

guaranteed minimum ultimate strength, and the concrete would

be extensively cracked but still capable of remaining in place so

that it could transmit the load from the liner to the reinforcing

steel and tendons.

For this design, the limit pressure for strength was conservatively

established at 2000 psig since this pressure established the strength and

condition of the concrete when transferring the loads from the liner to the

tendons and reinforcement.

In general, the liner was not called upon to provide structural

strength. The liner was designed to follow the concrete strain. Anchoring

of the liner was to be adequate to prevent gross buckling under prestressing

loads.

Where penetrations and closures were not strengthened by the concrete,

designs in accordance with Ref. 2 or standard pipe fittings were to be used.

No yielding of the penetration liners was to occur below 1900 psig, and no

leakage of the penetration closures was to occur until the model ultimate

pressure (2000 psig) was exceeded.

Concrete will crack under certain external mechanical or thermal

loads and under internal stresses resulting from shrinkage and hydration

processes. Reinforced or prestressed concrete structures must be designed

to permit cracking only to an extent determined by the service requirements

of the particular structure. Because of the lack of experience in the design

and construction of PCRV's, one of the test objectives for Model 1 was to

help establish realistic limitations on cracking in the various sections of a

PCRV under operating or cyclic loads. In general, cracks were considered

to be tolerable if the vessel leak-tightness was not adversely affected or if

the structural response of the vessel was not altered significantly.
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For the initial design, it was assumed that the vessel was subjected

only to internal pressure loads. Forces simulating prestressing loads

were then applied to the vessel to create stresses and deformations opposite

and approximately equal to the pressure forces. The idealized prestressing

forces to counteract the internal pressure loads are shown in Fig. 1. 3.

Modifications were made to the forces shown to account for the loss

in prestressing forces caused by concrete creep and shrinkage, steel

relaxation, anchorage losses, and tendon friction. The relaxation loss

was not considered significant since the applied tendon forces were not

large compared with the tendon ultimate strength. The friction losses,

particularly for the curved head tendons, were assumed compensated for

by using the over-jacking technique. The prestressing forces including the

allowance for losses are shown in Fig. 1. 4.

To prevent vessel failure during prestressing, a sequence for ten-

sioning the tendons was established. The first step was to apply the pre-

stressing forces in the axial direction (A tendons), so that the vessel would

be shortened axially and only a minor amount of hoop or radial deformation

would occur because of the low value of Poisson's ratio for concrete. The

second step was to apply circumferential prestressing to the top and bottom

heads (outermost B tendons) to increase the bending resistance of the heads.

The third step was to tension the cross-head tendons (C tendons) to cause

the stiffened heads to be deflected toward the inside of the vessel. The

final tensioning step was to apply loads to the remaining circumferential

tendons, starting at the heads and progressing toward midplane. This

procedure prevented large bending stresses in the cylinder section of the

vessel.

A two-stao( procedure for applying prestressing loads to the vessel

was adopted to avoid the application of high local forces that could lead to

<xcessive bending of the cylinder walls. During the first stage, the tendons
were stressed to half the total load in accordance with the established

sequence. The sequence was repeated for the second stage to increase the

tendon pr e str e ssing loads to the final value.

It was impractical to attempt to perform a stress analysis of the

\ossel while considering cracks caused by concrete shrinkage of hydration

because of the random behavior of these cracks. However, an analysis

was performed using the limit design technique in which cracks caused by

pressure were considered. This analysis assumed that the idealized initial
prestressing loads (shown in Fig. 1. 3) were applied to the vessel, and that

the concrete would crack at a concrete tensile stress of 500 psi. When an

internal pressure of 645 psig was reached, a tensile stress of 500 psi was

predicted to occur in the concrete at the transition between the heads and
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the cylinder. A circumferential crack was assumed to occur, and a

change was made in the mathematical model for the stiffness of the affected

section. It was predicted that under these conditions the stresses at the

section affected by the crack would decrease and the crack would not pro-

pagate further. An extension of the same analysis indicated that at a

pressure of 740 psi a circumferential crack would occur at midplane at the

outer concrete surface. The stiffness of the affected section was modified

by assuming that vertical continuity was not required for a third of the

wall thickness. A further analysis in which both circumferential cracks

were considered predicted that a vertical crack would also occur at mid-

plane at a pressure of 740 psi, and at this point the analysis was discon-

tinued.

A second limit design analysis was performed based on the use of

deformation of the vessel as the criterion to predict cracking. With this

method it was predicted that a circumferential crack would occur at the

vessel midplane when rotation of the cylinder about the junction of the

cylinder with the transition. section exceeded 0. 001 in. at an internal pres-

sure of 850 to 950 psig. The stiffness of the section was reduced to allow

for the crack at midplane, and a circumferential crack was then predicted

to occur at a pressure of 950 to 1100 psig at the inner surface of the con-

crete at the transition area.

The results of this analysis were considered conservative since only

a small volume of concrete at the transition area was predicted to be under

a tensile stress of 500 psi. Thus, it was probable that this condition would

not have a gross effect on the total section. As a result, the test procedure

was prepared on the basis of the results of the deformation analysis, with

major cracking predicted to occur at an internal pressure of 850to 950psig.

Limit Calculations for Liner Rupture: It was predicted that at pres-

sures over 1100 psig, when the axial pressure forces exceeded the axial
prestressing forces, a major change would occur in the structural response,

resulting in a rapid change in deformation rates. It was further predicted

that at 1800-psig pressure the axial deformation would be approximately

1/2 in. , and that the constraints imposed on the liner by the anchors and

the prestressing and pressure loads would prevent the liner from rupturing

in biaxial strain until 1800 psig was reached or exceeded. Atypical example

of the type of calculations performed to substantiate these predictions

follows.



Limit Calculations for Liner Rupture
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2
cross-sectional area of vessel cavity (in. ).

2
area of steel in each tendon (in. ).

area of steel in each row of tendons (in. 2).

total area of liner steel (in. 2).

2
total area of reinforcing steel at zone i (i = 1, 2, and 3) (in. ).

equivalent tendon modulus of elasticity (psi).

liner steel modulus of elasticity (psi).

reinforcing steel modulus of elasticity (psi).

length of unbonded tendon (in. ).

length of liner (in. ).

length of reinforcing steel (in. ).

axial force capacity provided by steel components (kips).

axial force capacity provided by tendons (kips).

axial force capacity provided by liner (kips).

axial force capacity provided by reinforcing steel (kips).

axial force capacity provided by tendon tubes (kips).

circumference of the vessel cavity (in. ).

internal pressure (psig).

liner thickness (in. ).

yield strength of tendon (psi).

yield strength of liner (psi).

yield strength of reinforcing steel (psi).

initial design prestressing force per tendon (kips).

total initial design prestressing force, 48 axial tendons.



37 IN.

IN.

74-1/2 IN.

37 IN.

49-1/2 IN.

ROW 2

ROW 1

- -+-- ZONE

148
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3

20-1/2 IN.

SECTION THROUGH MODEL

Row 1 = 24 tendons fyt = 230, 000 psi

f TRow 2 24 tendons

A = 1. 38 in. 2

t

t =0. 163 in.

E = 25.8 x 106 (strand

test) psi

E =

Er =

L =
t

L =
r

Fit

25 x 10 psi

29 x 10 6 psi

36, 000 psi

f = 75, 000 psi, No. 5
yr to No. 7

A
ri

Ar2

Ar
3

148. 5 in.

:74. 5 in.

*74. 5 in.

60, 000 psi, No. 11

145 in. 2

= 14. 7 in. 2

= 145 in. 2

"'The actual length of liner and

reinforcing steel brought into

axial elongation may be less

than the maximum value as -

sumed here.

= 180 kips
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The internal pressure that corresponds to the total initial design

prestressing force is

i F 48(180) x 103

p~A 7760 = 1115 psig
cy.

At 1115 psig, the force in the liner and reinforcing steel is equal to zero

since they are assumed to be just starting into net tension.

As pressure increases above 1115 psig and the concrete becomes

fully cracked, the only effective axial resistance to pressure at zone 2 is

provided by the liner, reinforcing steel, and tendons. Although the rein-

forcing steel is not all at the same stress level across the zone to bending,

the net axial force is not affected. The change in force caused by an

increase in internal pressure must be equal to the axial force capacity

provided by the steel components; i. e. ,

AF = AF + AF + AF at zone 2 ,
z t =(r

AFz (p - 1115) 7760.

The
identical.

AE
L or

lengths of the liner, reinforcing steel, and tendons are not

For a change in length of unity, the change in force is equal to

3
48 (1. 38) (25.8 X 103)

t 148. 5

3
0. 163Tr99(29 x 10)

AF =
74. 5

14. 7 (29 x 103)
r 74. 5

4
1. 15 X 10 kips/in.

4
1. 96 X 10 kips/in.

0. 51 x 10 kips/in.

To determine the relative magnitude of force changes for equal

length changes, the ratio of forces can be determined by

AF
t 0. 59

AFD

AF
r

F= -=0. 26
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The increase in axial force created by the liner for a unit change in length

will be faster than that in the tendons or reinforcing steel.

The zone 2 liner and reinforcing steel components, if unstressed at

1115 psig, have a stress range to yield of

f = 36, 000 psi

f = 75, 000 psi.
yr

The tendons have a stress range to yield of

F
f -- = 100, 000 psi

yt A

Thus, the liner and reinforcing steel can be in yield while the tendons

are still elastic. Although the liner is not designed to be a strength men-

ber, its strength contribution rnust be considered when leakage pressure

appraisals are made.

The change in length required for reinforcing steel yield is

I..
vr r

. L =) !. 1 3 in.
r Z- .

r

Then the internal pressure p required to cause reinforcing steel yield is

expressed as

AL 48A E f A F A
r t t y2 f yr re

L A A A
t cy,3 cy. cyf

(0. 193) (48) (1. 38)(25. 8 X 10) 36, 000(-99) (0. 163) 75, 000 (14. 7)
(148. 5) 7760 7760 7760

=286 + 235 + 142 + 1115

or

p = 1778 psig at reinforcing steel average yield.

Thus, at 1778 psig the limiting condition of general yielding of the
axial reinforcing steel will be indicated by an increase in the rate of axial
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elongation with increasing pressure. This will be a small change, however,

since the rebar does not have a flat top yield curve and its percentage of

the total steel area is small. Because of localized strain at concrete cracks,

the initial yielding will probably occur at a lower pressure.

If the rebar and liner are considered to possess flat-top yield charac-

teristics, their axial forces will not change with increasing pressure above

1778 psig. However, the tendon force will continue to increase with increas-

ing pressure since at 1778 psig the tendons are still elastic.

The change in length required for tendon steel yield is

F L

ALt= f -- it 0.576 in.
t yt A F

t t

Then the internal pressure required to cause tendon yield is

AL 48A E
t t t
LA= + 1778

t cyl

6
(0. 576 - 0. 193) (48) (1. 38) (25. 8 X 10) + 1778

148. 5 (7760)

= 568 + 1778

or

p = 2346 psig at tendon average yield.

Although the axial tendons will not yield until pressure is above

2000 psig, they may slip in their anchorages or pull in their anchoring

cones, thus increasing pressure at yield. The axial elongation, however,

will be :0. 57 in. between 1115 and 2346 psig.

Liner average axial strain will be 0. 57/74. 5 = 7650 Ain. /in. or
0.76% of the time the tendons reach their yield strength. The strain field

will be biaxial and the hoop strain (especially at midplane) will be large.

Since the liner strain concentrations will be at zone 2 (because of lesser

axial rebar area and greaterhoop strain) and at zone 3, liner rupture

before tendon yield is most probable at one of these two locations. Zone 1

will be less critical than zone 2 since the head penetrations and contained

pressure will reduce relative rotation between the top head and cylinder.

The area of steel placed at the three zones controls the distribution of

the total strain. This assumption is reasonable since, with the concrete
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cracked. the only way the tension force can be carried from the head to
midplane is by the tendons, liner, rebar, and tendon tubes. Bending is
neglected.

At zones 1 and 3, the area of steel is

50. 6 in. 2 for the liner,

145. 0 in. 2 for the rebar,

50. 0 in. 2 for the tendon tube,

245. 6 in. 2 total.

At zone 2, the area of steel is

14. 7 in. 2 for the rebar,

50. 6 in. 2 for the liner,

65. 3 in. 2 for the total.

The prestressing elongation is uniform at all three zones since the
tendons are not bonded. The proportions of steel at zones 1, 2, and 3
relative to the total are

245. 6
zone 1 =2 =60.441

556. 5

245. 6
zone 3 =2 = 0.441

556. 5

65. 3
zone 2 = 556. =0. 118 .

The proportional change in length for each zone is

AL = 0. 059 (0. 576) = 0. 034 in.

ALD= 0. 882 (0. 576) = 0. 508 in.

AL3= 0. 059 (0. 576) = 0. 034 in.
3

The zone 2 imfidplane axial strain should result in a circumferential

concrete crack between two liner anchors with 2. 25-in. pitch. The liner

strain in percent would equal (crack width/2. 25) X 100. This would be the
worst case and may not occur since anchorage is not complete at these

anchors and all strain will not concentrate at one crack alone. This would,
however, be the limiting case at zone 2. Depending on the ratio of strain
in the axial and circumferential directions, the liner strain at rupture

could be lyo. At 10% strain, the crack width would be 0. 225 in. , and the
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increase could be linear with pressure. Total liner strain would be

0. 225/0. 882 = 0. 257 in. , an increase of 0. 257 - 0. 193 or 0. 064 in. (from

the liner total strain at 1778 psig). Change in pressure from 1778 would be

(2346 - 1778) (0. 064)

(0. 576 - 0. 193)

to 10% liner strain, and internal pressure would be

p = 1778 + 95 = 1873 psig.

Leakage is probable at pressures exceeding 1800 psig with an axial

tension strain component at zone 2 ~10%, provided hoop strain is sufficiently

large.

Additional calculations of this type, including assessment of hoop

strain effects, were performed at other sections of the vessel to ensure that

this was the lowest predicted pressure at which leakage would occur.

1. 2. 3. Overall Structural Response

1. 2. 3. 1. Pressure-Strain Characteristic. The general strain vs

pressure characteristics illustrated by Fig. 1. 5 were sought in the design

by the selection of prestressing and reinforcing steel quantities and locations.

Figure 1. 6 shows the pressure vs strain characteristics as measured on

load cells mounted on axial tendons. Figures 1. 7 and 1. 8 show similar

characteristics of strain indicated by gages mounted on the reinforcing

steel embedded in the enccrete and by gages on the liner. This information

vas assembled from computer-plotted graphs where the spacing for the

plotted points was controlled by the type spacing, which accounts for the

occasional large discrete changes in measured strain followed by a vertical
row of data points. The zero strain condition on all graphs is obtained by

subtracting all strain measurements taken prior to prestressing. Positive

strain values represent tension; negative strain values represent compression.

In the design of the vessel, the internalpressures required to counter-

balance the initial prestressing loads shown on Fig. 1. 4 are termed

'equivalent initial' pressures for the axial and hoop tendons and were com-

puted to be 1140 psig and 600 psig, respectively. These pressures are

indicated on Fig. 1. 6 in relation to the pressure at which vessel cracking

and leakage were observed during the test. The changes in load for the

load cells are referenced to the loads at the start of the indicated pressur-

ization cycles. Cracking at the external surface was initially observed at

a pressure of 920 psig. The vessel behavior during subsequent pressure

cycles is illustrated by the load cell changes shown in Fig. 1. 6 and by the

strain data shown in Figs. 1. 7 and 1. 8. These pressure vs strain charac-

teristics are typical of the vessel behavior.
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1. 2. 3. 2. Pressurization to Discernible Cracking. The first visual

evidence of the second regime (Fig. 1. 5) is cracking caused by pressure,

as distinct from cracking caused by concrete shrinkage. By the use of the

limit design methods, pressure cracking was predicted to occur between

850 and 950 psig. The predicted range results from uncertaintites in the

analysis and from the possible presence of shrinkage cracks.

Cracking due to pressure was predicted by calculations assuming

that cylinder bending occurred relative to the vertical axis and that a point

of inflection in the moment curve occurred approximately 18 in. from the

inside of the vessel heads (see sketch below). The initial crack was pre-

dicted to be at midplane, to be circumferentially oriented, and to start

at the exterior surface. This initial crack occurred as predicted, and

Fig. 1. 9 shows its behavior as pressure was reduced from 1200 psig.

Figure 1. 10 illustrates other cracks at 900 to 950 psig.

18 IN.

/ II
INFLECTION I I
POINTII

Figures 1. 7 and 1. 8 show axially oriented strains which indicate

cracking in the cylindrical section by a distinct change in slope of the strain

curve at pressures between 900 and 1200 psig, corresponding to the tran-

sition from the first to the second behavior regime illustrated in Fig. 1. 5.

Within the third regime, the strains are predicted to resume a linear rela-

tionship to pressure but at a slope lower than that of the first regime; this

behavior is also observed in Figs. 1. 7 and 1. 8 for the gages with Z dimen-

sions from 58-1/4 to 90-1/4 in.

Figures 1. 11 and 1. 12 show pressure vs axial strain for gages mounted

on the liner and on axial rebar. Figure 1. 13 shows the increase in load on

the circumferential tendons located at midplane and confirms the occurrence

of cracking in the same manner as the data presented in Fig. 1. 6.
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Cycling above 800 psig caused slightly increasing strain with each

cycle, but at repeated cycles below 800 psig the strain vs pressure charac-

teristics were essentially unchanged. The data shown in the figures are

not normalized but include time-dependent effects over a period of days,

as well as structural response to pressure.

It was also predicted that after the midplane crack occurred, cylinder

bending would accelerate and the next crack would occur at the cylinder end

of the transition sections. This cracking, although not externally visible,

is indicated by the change in slope of the strain curves above 950 to 1000 psig,

shownfor gages 3, 377, 378, 94, and 380 on Figs. 1. 11 and 1. 12. All of these
pressures are well above the 600-psig equivalent initial pressure resulting

from the circumferential tendons in the cylinder.

The 'before cracking" curve of internal pressure vs tendon load

change (Fig. 1. 13) exhibited no significant change after concrete cracking.

Fig. 1. 14, shows a portion of the same curves but with a larger scale in

order to observe the rounding at the curve knee which occurred after

cracking. Up to 6 00-psig pressure the load change is still less than 3%

of the initial load on the tendon. The pressure-tendon load change relation-

ship also remained linear up to 500 psig during cycles subsequent to initial

cracking; indicating that the structural response of the vessel had not been

adversely affected by the cracks.

From the data obtained during pressurization to discernible cracking,

the following conclusions can be drawn:

1. The cracking phenomenon was detectable well before the model

neared its ultimate structural strength.

2. The existence of cracks did not appreciably change the overall

structural response at pressures up to the equivalent initial pres-

sure of 600 psig.

3. Comparisons with predictions showed that the phenomenon was

predictable within 0o by the combination of visual observations

and measured strains.

4. After cracking, the exterior cracks closed at lower pressure but

were still visible on close inspection.

5. Strain at representative points was generally reduced from the

compressive prestressed levels as pressure was increased from

0 psig and, even at locations with large strain ranges, did not

reach tensile values at the initial equivalent pressures.
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limit design methods was that initial cracking would occur between 850 and

950 psig. It was further predicted that major structural cracks would

occur between 1100 and 1200 psig since at this level the axial equivalent

initial pressure of 1140 psig would be reached. These predictions resulted

from the fact that at pressures between 1100 and 1200 psig the integrated

prestressing force of the axial tendons would be exceeded by the integrated

axial pressure force. At this pressure load, then, there would be net axial

tension, with net hoop tension occurring at approximately 600 psig. The

hoop tendons, however, would still be elastic. The test instructions speci-

fied that the 1200-psig pressure would not be exceeded until a study of the

test data had been made to determine if cracking had occurred that was not

apparent visually and lower pressure tests had been repeated.

Strain changes caused by cracking are indicated by the tendon load

cell on an axial tendon, as shown on Fig. 1. 6. Similar information was

obtained from the other axial tendon load cells and from the strain gages

most affected by this prestressing load. Data from subsequent lower pres-

sure tests again indicated that the strains and deformations for lower pres-

sures were similar to those which occurred prior to reaching this pressure,

as illustrated by Figs. 1. 6 and 1. 14.

The data obtained during pressurization testing to major cracking

indicate that:

1. The pressure at which cracking occurred was predictable.

2. The slope of the strain curves obtained during subsequent lower
pressure tests was not appreciably affected by the cracking of the

concrete.

3. The tendons retained elasticity.

4. Although the concrete cracked, there was, as predicted, no

evidence of reinforcing steel failures.

5. The observed direction of pressure-induced cracking strain was

as predicted up to a pressure of 1200 psig.

6. The strains up to 950-psig pressure were linearly related to

pressure. At pressures above 950 psig, the slope of the strain

curves changed, verifying that the change between structural

behavior modes occurred gradually, as predicted.

1. 2. 3. 4. Pressurization to leakage. By limit design methods, the
model was designed such that liner leakage would occur at about 1800-psig
pressure and before the ultimate structural strength was reached. The
calculations are given in Section 1. 2. 2. 2. To strengthen the vessel and
to prevent leakage from occurring at the haunch transitions, reinforcing
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> I s prop-ided. However, no attempt was made to strength the area
around the 18-in. penetrations.

'Ihe leakage locations predicted were, in order of increasing pressure:

1. At the midplane--because of the large combined hoop and axial

strains.

2. On the cylinder end of the bottom transition--because of the

rotation of the cylinder with respect to the head.

3. Similar to 2, but for the top head between the 18-in. penetrations.

After several pressure cycles to 1200 psig, the pressure was in-

creased to cause either a major leakage failure or a major failure of the

picstressirig system. Minor leakage, limited to about 1 pint per hour, had

been observed at a pressure of 700 psig. This initial leakage apparently

was not pressure-dependent since the flow rate decreased intermittently as

the vessel pressure was increased. At about 1720 psig, a sudden increase

in the leakage rate occurred which balanced the 3 gpm pumping capacity

and prevented a further increase in pressure. Figure 1. 15 shows the

external appearance of this leakage flow. The strain and cracking of the

concrete can be inferred from Figs. 1. 7, 1. 8, 1. 11, and 1. 12.

Gage 113 (Fig. 1. 7) shows the initial cracking at the midplane outer

surface with a change in slope of the strain curve between 1100 psig and

1700 psig. Gages 68 and 777 (Fig. 1. 7) and gage 379 (Fig. 1. 11) trace the
progress of cracking across the wall. Gages 66, 359, and 111 (Fig. 1. 7)

trace the high strain from the inside out at the top head transition. Gages

781, 70, 363, and1 115 (Fig. 1. 8) trace the high strain outward from the

inside at the bottom head transition. For gages 70, 113, and 66 (Figs. 1. 7

and 1. 8), the characteristic increase in pressure with little increase or

dec ease in strain is interpreted to indicate that the bar 'pulled out ' of the

concrete locally at the crack surfaces or was influenced by increased

barrel wall flexibility.

A major increase in the oil leakage from the concrete occurred at

niidplane siightly below 1720 psig as evidenced by a large reduction in the

.rcssurization rate. It had taken 1 minute 15 seconds to increase pressure

i'om 1600 to 1650 psig; however, at 1720 psig it was not possible to increase

pressure . A visual examination of the liner immediately after the test

disclosed no perceptible cracks. Air and helium leak tests found cracks

only at the liner repair welds and brazes made during construction.
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The data obtained during pressurization testing to leakage indicate

that:

1. Leakage exceeding the pump capacity occurred at about the

pressure predicted.

2. The major departures from elastic behavior were at the locations

predicted, with hinges at the top and bottom head transitions.

3. Compression strain at the outside concrete surface opposite the

transition was present, as predicted.

4. The general locations and directions of the major crack patterns

were as predicted.

5. Net axial tension occurred at midplane in the manner predicted.

6. Axial elongation was approximately 1 /2 in. , in accordance with

the prediction.

7. The reinforcing steel at the transitions did not allow separation

of the head from the cylinder despite the fact that the axial pres-

sure force exceeded the initial prestressing loads by about 50%

and the axial elongation was about 1/2 in.

8. The penetrations, including those 18 in. in diam, predictably

showed no evidence of initiating leakage failure.

1. 2. 3. 5. Pressurization to Ultimate Structural Strength. The

ultimate structural strength pressure of the vessel was required to be

2000 psig. The failure was to be indicated by:

1. Widening of horizontal cracks at midplane, resulting in axial

tendon failure.

2. Failure of hoop tendons at midplane.

3. Rotation of a hoop tendon bearing block, allowing loss of tendon

resistance and higher load on the adjacent tendons.

These predictions resulted from calculations which considered (1)

the area of axial reinforcing at the transitions compared with that at mid-

plane, and the strength of the axial tendons in combination with the axial

reinforcement; (2) the large hoop deformation at midplane, which occurs

as the cylinder rotates more with respect to the axis and head; and (3) the

loss of concrete continuity and the existence of large reinforcing steel

strain at midplane, combined with the large anchor block rotational move-

ment induced by the large hoop tendon loads.
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A true ultimate strength test of the three failure conditions was not

achieved. At 1720 psig, the vessel liner leakage exceeded the hydraulic

pump capacity of 3 gpm, and pressurization tests were terminated. After

subsequent repair of the liner, two additional pressure tests to 1870 and

1930 psig did not succeed in producing ultimate structural failure of the

vessel. These tests were also terminated when the liner leakage was equal

to the increased pumping capacity of approximately 70 gpm.

Oil leaks were observed on the vertical faces of the top and bottom

heads and at midplane from many vertical, diagonal, and circumferential

cracks. Many offsets occurred in the concrete at midplane, and some

surface concrete was displaced locally, exposing both vertical and horizontal

reinforcing steel. At least one wire in two different strands of two separate

circumferential tendons was found to be broken.

1. 2. 3. 6. Evaluation of Hypotheses. In advance of the design, the

hypotheses listed in Section 1. 1. 3 supplemented the design bases or criteria

of Refs. 1 and 2, where needed. On the basis of logic, the hypothesized

requirements and relationships appeared either necessary or desirable.

The design, construction, and test offered a means of evaluating these

hypotheses.

Hypothesis 1. It was feasible and conservative to prestress the

model such that it was axially shortened and reduced in radius. Figure
1. 16 illustrates the height and radius reduction measured. It can be seen

that the ratio of axial shortening to diameter decrease is approximately

twice the ratio of the axial to circumferential prestressing load. By pre-

stressing, the model was precompressed, and the concrete was notrequired

to furnish membrane tensile strength until the precompression was relieved

by the pressure.

Hypothesis 2. Figure 1. 16 shows the model deformation for the com-

bination of prestressing and 500-psig pressure loads. It can be seen that

enlargement of the model by pressure was required if hypothesis 2 was

valid. Occurrence of the enlargement was verified by measurement of the

oil volume required to pressurize the model (shown in Fig. 6. 32), and by
integration of the strain measured by gages mounted on the reinforcing

steel and the radial and axial displacement (shown in Figs. 6. 33 and 6. 34).

Hypothesis 3. This hypothesis was verified by test. As predicted,

the model did not expand and lengthen by the same amount at every location,

which resulted in bending strains and deformations being superimposed on

the membrane strain (Fig. 1. 16).
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Hypothesis 4. This hypothesis was partially verified by test. The
duration of the test was too short to evaluate fully the effect of time -

dependent loss effects.

Hypothesis 5. This hypothesis was verified by the successful com-

pletion of prestressing operations and the conduct of the vessel test program

over a range of pressures.

Hypothesis 6. The objective of any design or analytical method is to

achieve a structure that satisfied the performance requirements. Both

working stress and limit design methods were used during the design of

Model 1, and the subsequent test program demonstrated that the perform-

ance requirements had been satisfied. In addition, data from the instru-

mentation sensors confirmed that in most instances in which strains or

deformations had been predicted, these predictions had been verified by

the test.

Hypothesis 7. The most conservative approach is to design for con-

crete strain which approaches zero, or changes slightly within a safe limit,

with pressure. The test showed that the small (<250 Ain. /in. ) compressive

strains occurred as a result of prestressing and that pressurization to

600 psig resulted in strains very close to zero. These results are indicated

by the behavior of the strain gages shown in Figs. 1. 17 through 1. 19 for

prestressing and Figs. 1. 19 through 1. 23 for pressurization effects.

Hypothesis 8. The design investigation and test provided partial

verification that this is a valid hypothesis. A requirement of no tension of

any kind during the combination of load conditions that a PCRV must with-

stand is possible only as a result of idealizing assumptions or conditions.

It was possible to create conditions of net compression to counteract the

effect of pressures in excess of the normal working pressure of 450 psig.

The test program was not planned to verify all of the conditions of

hypothesis 8. However, the test did verify that serviceability was not

impaired, even at pressures for which local concrete tensile stresses

larger than 500 psi were predicted.

Test results showed that item 1 of hypothesis 8 has validity. Small

areas were predicted to be in tension, and the test results indicated that

some areas of the vessel were, in fact, in tension at a pressure cf 500 psig

without any adverse effect on vessel performance, as shown by gages 67,

777, 781, 813, 377, 379, and 7on Figs. 1. 7, 1. 8, 1. i 1, and 1. 12.
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Item 2 of hypothesis 8 has validity for concrete shrinkage. This is

not surprising since all concrete structures resist the effects of tension

caused by differential shrinkage. Testing specifically for temperature

effects was not accomplished. Temperature gradients occurred during

model construction when concrete internal temperatures exceeded 90 0 F and

the mean daily temperature of the air at the outside surface was 45 F.

The strain data collected during the period between concrete placement

and prestressing were not reliable, and this portion of hypothesis 8 was

not verified by the test.

Item 3 of hypothesis 8 was verified. The test showed that when the

concrete strain at penetrations was tensile, as inferred from measurements

made on the liner, the strains remained small even at 500 psig pressure

(shown in Figs. 6. 9 through 6. 11).

Item 4 of hypothesis 8 was verified up to and above pressures which

result in net tension. As shown in Figs. 1. 7, 1. 8, 1. 11, and 1. 12, the

strain at local points became tensile at a pressure of about 650 psig,

although discernible cracking did not occur until a pressure of 950 psig

was reached. In addition, when those areas encountered tensile strain,

further pressure increases did not cause a change in the slope of the

strain curve.

Item 5 was verified, for the design criteria used, by the fact that

although these localized tension fields were predicted, there was no visual

evidence of failure resulting from a stress field at the end anchors. This

is true not only for the pressure levels up to and including net tension but

also up to and including 1700 psig.

Item 6 was not observed during the test since the effects mentioned

are so small that it was not possible to measure them directly.

Hypothesis 9. This hypothesis was verified by the design investi-

gation and test. Minor shrinkage cracks were visible, and there was no

indication that they reduced serviceability since the structure performed

essentially as predicted. Pressure-caused cracks reduced the structural

stiffness of the section and caused a change in slope of the strain curve

above 900 psig--well above the 6 00-psig level where net tension started.

However, at pressure levels below.600 psig, those same cracks did not

cause large changes in pressure-induced strain. Some offsets in total

strain did occur, however, for reinforcement located near the midplane

where horizontal cracking was anticipated and appeared.
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1. 2. 4. Leakage of Gas Through Concrete

Gas leakage tests on the PCRV Model 1 were performed to acquire

information as to the leakage characteristics through the heterogeneous

maze of concrete, reinforcement, prestressing tendons, and along the

penetrations and construction joints through the concrete. For these tests

the model was pressurized with oil. A test gas (helium or nitrogen) was

introduced between the liner and the concrete at a pressure lower than that

of the pressurization oil. Gas introduction points were located (1) at a

distance of about one third of the liner height from the top head, (2) in an

18-in. top head penetration, and (3) at the construction joint.

The flow to each of these points was controlled by a valve so that gas

pressures could be regulated independently. The total gas flow and pres-

sure were measured at the inlet. A mass spectrometer was used to find

the gas efflux areas on the outside of the model.

The results of the mass spectrometer survey showed that almost all

of the flow came out of the vessel at the construction joint and at the pene-

tration liner-concrete interfaces. Gas permeation through the concrete

was negligible.

The results of the gas inlet flow measurements are shown in Fig. 1. 24

with a pressure differential between the hydraulic pressure and the test gas

of 50 to 400 psig. (Valve 1 flows could not be shown on this figure with the

scale used for valves 2 and 3 because the valve 1 flows were much lower. )

The total flow with all valves open is approximately equal to the sum of the

leakage rates obtained with each one of the valves open. This could be

interpreted in two ways.

1. The local pressure losses at the introduction point are very

high and represent a major portion of the difference between

the introduction point and atmospheric pressure.

2. The flow paths from the various introduction points are

essentially separate.

Either one or both of these interpretations could be valid for Model 1.

In support of the first point, with pressure ratios of 20 or less, most of

the pressure loss should occur near the introduction point. In support of

the second point, the mass spectrometer data showed that the flow from

the penetration cracks was very much reduced if the valve on a penetration

were closed. The same conclusion is valid for the construction joint valve.

The flow paths from each gas introduction point appear to be fairly ind-

pendent of each other.
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The construction joint in Model 1 is not typical of construction joints

in an actual PCRV application in that it has numerous instrumentation leads

passing along the joint interface. The penetrations similarly are not typical

since no cooling tubes were present to restrict gas flow between the steel

liner and the concrete. To interpret the Model 1 results for leakages from

a full-scale PCRV should lead to conservative leakage rates provided the

liner leak area postulated is comparable to the gas introduction pipe size

(about 1. 5-in. diam) in the model. It was established that the helium flow

was laminar by the fact that the flow rate was linearly proportional to the

sum of the inlet and outlet gas pressures times the differences in these

pressures. This proportionality relation is independent of geometry (one-

dimensional, cylindrical, or spherical coordinates) and occurs only with

laminar (Poiseuille) flow. To extrapolate the results shown on Fig. 1. 24

the following relation based on flow in cylindrical coordinates is offered.

W p ln(r /r.) P OP T
m o im p p m

Wm - ln(r/r.)p']Pm APmTp
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where p
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ri

LP
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T

prototype,

model,

mass flow,

viscosity,

vessel wall thickness,

the effective radius of the gas introduction point or liner leak,

one half the sum of inlet and outlet pressures,

the difference between inlet and outlet pressures, and

the average absolute temperature of gas flow through the

vessel.

1. 3. CONCRETE AND REINFORCING STEEL

1. 3. 1. Objectives and Approach

The design objectives were (1) to assess the requirement for concrete
strength and the effects of other concrete properties within this design

geometry and loading, (2) to determine the need for reinforcing steel, and
(3) to evaluate the actual performance of the design by comparing the test
results with predictions.

The design approach was the conventional one of a concrete structural
engineer. The criteria applied for strength, construction, and fabrication
problems were those of Refs. 1 and 2, combined with engineering judgment
in those cases not specifically applicable or mentioned in the references.
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1. 3. 2. Performance Requirements

The major performance requirements for the reinforced concrete

portion of the structure were:

1. Combined concrete and reinforcing steel strength sufficient to

support the loads specified in Section 1. 2.

2. Construction feasibility as evidenced by:

a. Adequate room for feasible placement of reinforcing steel,

prestressing tendon tubes, and concrete.

b. Liner installation feasibility.

c. Exterior shape that would allow (1) surfaces for mounting

tendon anchor blocks, and (2) feasible concrete forming.

3. Material property requirements as follows:

a. Dense, homogeneous concrete with a strength equal to or

greater than the minimum of 4500 psi required by usual

prestressing practice, but to be determined by design; a

placeability that would allow compaction and placement of

concrete around the embedments; and commercial

availability.

b. Reinforcing steel with strengths as needed by the design but

available commercially, and fabricated by standard methods.

1. 3. 3. Design Details

1. 3. 3. 1. Concrete. In accordance with the policy of using con-

ventional practices and materials, the concrete compressive cylinder

strength was specified as a minimum of 5500 psig, with the provision that

the total water content be minimized so that the slump would not exceed

1-1/2 in. in order to reduce shrinkage. All concrete- related specifications

adopted for the job were ASTM or from Ref. I , or were slight modifications

thereto. A maximum aggregate size of 3/4 in. was specified. Additives,

except chlorides, were allowed. Cement was specified to be Type 1 or 2,

in accordance wil} ASTM designations. Concrete trial mixes were required

to be established in advance of concrete selection and in accordance with

Ref. I, using ASTM methods of test. For concrete placement, an option

was provided, allowing the contractor to use either job-mixed and placed

or intrusion-grouted concrete. Conventional placement of job-mixed con-

crete was selected. Protection against rapid set and strength deterioration

during mixing, hauling, and placing was provided by restricting the mixing

time, hauling time, and atmospheric moisture conditions during place-

ment. Forms were specified to be in accordance with Ref. 1.
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1. 3. 3. 2. Reinforcing Steel. Commercially available material was

used for the reinforcing steel (rebar). ASTM A431 and A432 rebar, with

yield strengths of 60, 000 and 75, 000 psi, were specified. Bending details
and placement accuracy were required to be in accordance with Ref 1. No

attempt was made to model or scale down the reinforcement except to limit

the maximum bar size to No. 1 1 rather than 14S or 16S.

Limiting the maximum bar size to No. 11 provided for some redun-

dancy of elements but considerably less than would be found in the full-size

PCRV. (See Fig. 1. 25, which shows the reinforcing design. ) Use of bars

as large as No. 11 rather than smaller bars increased the rebar spacing

for a given steel cross-sectional area requirement, allowed placement of

concrete with a maximum aggregate size of 3/4 in. , and decreased the total

number of embedments. Figure 1. 29 is a general view of the reinforcement

for the bottom head.

1. 3. 3. 3. Instrumentation. Instrumentation to measure specific

phenomena related to the concrete included strain gages, moisture detectors,

extensometers, crack detectors, thermocouples, microphones, and devices

for observation and recording of weather conditions. The devices are de-

scribed in Section 5 and shown in Figs. 1.26 through 1.28. To minimize the

total number of embednents but still provide data on the reinforcing steel

strain, the strain gages were attached to the rebar (as shown in Fig. 5. 3).

The coils of instrumentation leads appear in Fig. 1. 29. The general plan

for location of the strain gages on the rebar was to instrument specific

areas of interest and, of course, the rebar was located where it would pro-

vide needed strength for the various loading conditions, particularly at

discontinuities.

1. 3. 3. 4. Concrete Thickness. The geometric and load discon-

tinuities played an import ant role in the selection of concrete thicknesses

and reinforcing steel placement. They were classified in order of assumed

importance as follows:

1. The 18-in. penetrations.
2. The 3-1/2 in. penet raf iols.
3. The 4-in. penetrations.

4. The transitions between the cylinder portion and top and

bottom heads.

5. The prestressing tendon end anchors.

6. The support.

7. The exterior shape.

The concrete thicknesses for the PCRV concept described in

Section 1. 1. 2. 1 were selected for reasons of strength, shielding, operational

capability, and construction feasibility. The model ratio for concrete

39



thicknesses was selected primarily to minimize construction and testing

costs, yet allow a penetration size which provided access to the interior.

Departures from the model ratio were acceptable since the testing was not

on a strictly model approach. To establish the adequacy of the model

thicknesses shown in Fig. 1.25, the stresses due to pressure, service

loads, and prestressing were evaluated.

Pressure is the most important load condition for which prestressing

was required. It is large compared to the weight loads. For example, the

axial integrated pressure force at the reference pressure of 520 psig was

4 X 106 lb, while the total model weight was approximately 0. 2 X 10 lb.

1. 3. 3. 5. Restraint of Model Support. The effect of supports was

considered. It was evident that the gravity load wa-s negligible compared

to pressure. However, the parasitic effect on prest ressing, which would

occur if the support were continuous with the model, was undesirable.

Neoprene bearing pads were therefore designed in accordance with standards

of the American Association of State Highway Officials (AASHO) and were

placed between the support and the model to minimize radial restraint.

1. 3. 3.6. Thermal Loads. Thermal loads were not considered in

detail because a specific temperature test was not planned. By conventional

standards, concrete structures must withstand larger temperature gradients

and levels; therefore, the thermal gradient problem was considered

insignificant. Accordingly, the standard practice of Ref. 1 was followed.

Steps were taken to minimize the temperature differential and thermal

shrinkage by specifying placement of concrete at approximately 500 F.

This was done to reduce the maximum internal temperature--by utilizing

the heat capacity of the concrete constituents to absorb the heat liberated

by cement hydration--in part to protect instrumentation and in part to
minimize differential temperatures during construction.

1. 3. 3. 7. Penetrations. The effect of the 18-in. penetration wa s

examined by approximate design methods. Of particular concern, based

on application of classic theory of elasticity methods, was the intersection

of the penetration with the transition between top head and cylinder. These

approximate methods indicated the need for a small amount of reinforcement

and are discussed in detail in Section 2. However. axial strain was pre-

dicted to be lower for the area near the junction between the transition and

cylinder than for the axisymmetric body. The investigation showed that the

penetrations would not initiate concrete failure for pressures up to and

including ultimate strength pressure if reinforcement were provided.
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The effect of the array of thirty-seven 3-1/2-in. -diam penetrations

upon the stiffness of the top head is described in Section 2. Because of the

low predicted stress discussed there, no overall strength problem was

anticipated. A more detailed means of evaluation indicated that for com-

pressive loading, the liners of the penetrations almost compensated for

the concrete displaced, and that in combination with pressure in the pene-

trations, the head would not be the weakest link for the ultimate strength

design (USD) methods of evaluation. The concrete would, however, be

stressed in tension, during pressure cycles, near the end of the pene-

tration nearest the outer concrete surface. The same findings were true

for the 4-in. penetrations as they related to the cylinder wall.

1. 3. 3. 8. Discontinuities. Discontinuities occurred at the transitions

Conventional design techniques for planar structures have recognized that

this is an analytical singularity, but attempts at plastic analysis and

experience with concretes have indicated that the notching effect is

negligible if shear is provided for and overall strain is minimized as

required by Ref. 1 . An analysis performed to provide information that

would assist in proportioning and reinforcing this area predicted the higher

stress at this singularity. The addition of the truncated cone transition

reduced the predicted stress by 30% when the effect of the 18-in. penetra-

tions was assumed to be negligible. The possibility of using a quarter toroid

transition was briefly evaluated, but the peak stresses were concentrated

near the 450 point and it is possible that with one peak the total strain

would be larger than if the same energy were divided into two peaks by

the cone. In any event, the USD methods indicated virtually the same

ultimate strength for either transition. The design was made and rein-

forced for the simpler conical transition, and much of the instrumentation

is located there, especially at the intersection with the 18-in. penetrations.

For the discontinuity effect at the end anchor bearing blocks, the
design followed standard Ref. 1 practice in limiting the average bearing

stress. For the axial tendons, an evaluation was made to ensure that the

edges of the concrete adjacent to the bearing blocks did not shear off while
the axial tendons were tensioned. It was found that the distribution of
reinforcing steel required by Ref. 1 was adequate to prevent local over-

loading of the concrete.

1. 3. 4. Comparisons

The observed structural response was generally as predicted and

provided evidence verifying the design methods used. The measurements

were made on reinforcing steel and applied to the concrete; therefore, the

stiffening effect of the reinforcing steel is included.
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Most of the figures presented result from replotting more compactly

the results of computer-plotted graphs. The condit ion and reliability of

the sensors was established in work described in Section 6. Most of the

data shown purposely contains the effects of creep. shrinkage, assymmetry

of loads, and the like. In some instances, the plotted strain coordinate

value is sufficiently large that the type spacing of the computer printer

causes plotting in several vertical rows for low strain levels, indicating

no strain change with pressure. The information is presented in this

manner so that a comprehensive picture can le port rayed for pressures

from 0 psig to 1700 psig.

1. 3. 4. 1. Prestressing and Pressure Strains. Figures 1. 7, 1. 8,

1. 11 through 1. 13, 1. 20 through 1. 23, and 1. 30 through 1. 32 give a c om-

prehensive picture of the strains from the beginning, of prestressing to the

1700-psig pressure level. In some instances, the sensor information

shows initial tension not predicted by any analysis nl( r verified by other
test information. A detailed discussion of these n( ndit ions is provided in
Section 6. The important points illust rated are:

1. The strain is generally compressive up t the system operating

pressure.

2. The strain level and range are predictable.

3. The change in the slope of the strain (urve occurred at a pressure

above 850 psig, indicating that cracking was probably initiated

at this pressure.

4. The reinforcing steel bond held to the indicated 2000 pin. /in.

tension where steel yield could occur. Gage 1 1 3 on Fig. 1. 7
provided the most support for this premise since it is located
at or immediately adjacent to a visible c vack. It is probable

that the steel did not break.

5. Gage 3 is approximately 3 in. radially out wa rd from the peak

predicted stress at the transition but nea r the 18-in. penetration,

while gage 68 is at a similar elevation ana radius but as remote

as possible from the penetration. A comparison of gage 3

(Fig. 1. 11) with gage 68 (Fig. 1. 7) shows that the strain at gage
3 is les . and the change in strain with pressure is less. These

data woi. d indicate that the prediction of lower axial strain near

the penetration is correct.

6. At approximately 850 psig--80% more than the 450 -psig normal

working pressure and 40% more than the 600 -psig equivalent

initial pressure (for the cylinder hoop tendons)--a change in the

slope of the strain curve occurred. Gage 113 (Fig. 1. 7) shows

the strain recorded at a location near the visually observed mid-

plane circumferential cracking caused by 900 -psig pressure.



Gages 3 and 68 (Figs. 1. 11 and 1. 7, respectively) do not show a

change in the strain curve until higher pressures are reached.

Gages 3 and 68, as well as others on Figs. 1. 7, 1. 8, 1. 11, and

1. 12, still record compression. The change in the slope of the

strain curve most probably is the result of structural mode

changes elsewhere, such as the pressure-caused deformation

and cracking at midplane.

Only inferential comparisons were possible regarding the area of the

top head in which the 3-1/2-in. penetrations were located since the close

spacing of the penetrations (approximately 2-1/2 in. between penetrations)

prevented the installation of strain gages in this area. Despite the close

spacing and local effects of prestressing, no evidence of concrete failure

was found, even at a pressure of 1700 psig, when a visual inspection of

the exterior concrete surface was made.

The 4-in. penetrations in the side wall caused no noticeable reduction

in strength or local increase in strain. No visual signs of concrete failure

occurred at these locations during any of the pressure tests.

A geometric discontinuity effect exists at the transitions; however,

this condition apparently had no effect during prestressing nor until after

the 950-psig pressure caused midplane cracking. It appears from the data

that above 900 psig, the change in strain at the transitions resulted from

the cracks at midplane. The proof of this lies in the fact that repeated and

multiple measurements at this discontinuity show that the change in strain

at the conical transitions occurred while compression still existed. Addi-

tional discussion of this subject is presented in Section 6. 4. 2. 7.

No deleterious effects are discernible from the prestressing system

end anchor bearing loads, even though the concrete was extensively cracked

at 1700 psig and the loads on the anchors in some instances were almost

double the amount occurring prior to pressurization. This verified the pre-

diction that use of conventional end anchor bearing criteria would be adequate.

The reinforcing steel bond was better than would be expected when

compared to a literal application of Ref. 1. Although the standard anchorage

lengths vary with the predicted structural strain, they usually are 30 to

40 bar diameters, which for No. 11 bars would be 40 to 50 in. Since for

the size of the model this would be an excessive physical length, less-than-

standard anchorage lengths were provided. Advantage was taken, therefore,

of the better bond in the prestressed structure. From the load conditions,

it was evident that the radial stress would become increasingly higher with

pressure increase. This, combined with the radially inward pressure of

the prestressing tendons, would increase rebar bond for some of the meri-

dional and hoop-oriented bars. As a gross check on predictions, gages
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were mounted at distances of 4-1/2 and 7 in. from the bar ends. Figures

1. 30 through 1. 32 show the strains that were measured. The strain in

tension was large even through the bond was decreased to some extent by

the waterproofing and mechanical protection provided for the electrical

resistance strain gages.

Gages 148 and 158, for example, were located approximately 6 in.

from the liner, oriented in an axial direction and at about the elevation of

the junction between the bottom head transition and the cylinder wall--

essentially the same elevation as gages 363 and 381 shown in Figs. 1. 7

and 1. 8. Gages 363 and 381 were approximately 10 in. from the liner.

The shapes of the strain curves are almost identical and the strain range

is approximately the same. Gages 363 and 381 were on No. 5 reinforcing

bars that were continuous from top to bottom of the model, thus achieving

the best possible anchorage conditions. Gages 148 and 158 were located

7 in. from the ends of No. 11 bars.

1. 3.4. 2. Creep and Shrinkage Strains. Concrete creep and shrinkage

were of concern primarily because of their contribution to prestressing

losses. The effects of concrete creep and shrinkage upon prestressing

losses were minimized by specifying two-stage jacking, so that the primary

creep losses (and some resulting from secondary creep) of the first stage

were recovered in the second stage. An allowance of about 8% was made

for the prestressing losses occurring after completion of tensioning, the

actual amount being dependent on the location of the tendon. Elastic deform-

ation losses were allowed for by specifying a greater anchored load for the

first tendons tensioned than for the last. (See Section 1. 5 for a description

of the prestressing system.)

Creep was evident during and after tensioning. The period of time

during which the measurements could be made was short since pressure

tests began within one week after the end of prestressing and were essen-

tially completed one month later. The creep that was observed was the

primary portion of the creep curve and is difficult to isolate from the

asymmetric, concurrent tensioning work.

Figure 1. 17 shows creep and other effects combined. The shaded

portions of the curve represent time periods when tensioning work was

done. The gages shown were axial gages, two located on rebar 3 in. from

the liner and four on the liner itself.

The small decreases in strain during work periods are explainable

by the fact that the tendons were tensioned one or two at a time and thus

could, at times, cause eccentric loads. Creep was rapid because the

strain was uniaxial and the time period was that of primary creep. The

creep shown is significant. That it was adequately allowed for by the design

is evident from test results, which show that the structural response was

within the limits predicted.

44



1. 3.5. Conclusions

The following conclusions are drawn from an evaluation of the con-

crete and reinforcing steel design:

1. The performance requirements were met. The concrete and

reinforcing steelhad adequate strength to resist not only the pre-

stressing loads but also extreme overpressures.

2. The fact that the concrete cracks closed and the concrete and

rebar could withstand the slightly diminished prestressing loads

after severe concrete cracking showed that the cracks per se had

little effect on the vessel's ability to resist prestressing loads.

Deliberate pressurization to concrete cracking at 1200 psi, fol-

lowed by retesting at lower pressures, showed changes in strain

rates for pressures above 600 psig. Pressurization to 30% above

600 psig caused no significant changes in strain rates during

repetition of previous pressure test levels.

3. Despite the severe deformation and strain, the model is still

serviceable for some uses provided minor repairs are made.

4. The reinforcing steel exhibited the capability to add structural

strength without failure despite concrete cracks which exceeded
3/8 in. in width and strain exceeding yield. Excellent bond capa-

bility was found by test.

5. The design criteria as applied were shown to be adequate to pre-

judge the capability of the model to satisfy the stated performance

requirements.

6. It is possible to anticipate and provide for the prestressing losses

resulting from time-dependent material strain such as concrete

creep and shrinkage.

7. The progression of strain to failure is detectable by direct visual

inspection and by instrumentation.

8. It was evident that the strain and deformation were controlled by

the location, direction, and amount of the prestressing loads.

9. Although concrete is classified as having brittle material charac-

teristics, the composite effect in a prestressed structure including

bonded reinforcing bar and unbonded prestressing tendons shows

a large amount of ductility.

10. The crack closure resulted in a reduction in the rate of pressure

decay when no makeup fluid was provided.
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1. 4. LINER

The liner for the PCRV Model 1 (Fig. 1. 33) was considered primarily

as a gas -tight membrane and was not required to act as a strength member

in resisting the internal pressure. Proper allowances were needed in the

overall vessel design to avoid the creation of excessive liner strains that

would lead to either buckling or premature tensile failures.

1. 4. 1. Objectives and Approach

To ensure that the liner could serve as a gas-tight membrane at

pressures above the vessel design pressure, the liner work was planned to

satisfy the following objectives:

1. Predict the reaction of the liner to loads and develop analytical

methods for liner design.

2. Design and construct the liner to satisfy the performance require-

ments.

3. Perform tests on the model to determine the capability of the

liner to withstand the imposed stresses, and compare the test

results with the analytical predictions.

1. 4. 2. Performance Requirements

To accomplish the overall test objectives for Model 1, the following

performance requirements were im posed on the liner:

1. Leak-tightness. The liner was to remain leak tight at pressures

up to 1800 psig. Leakage was to occur first in the liner, not in

the penetrations or closures.

2. Strength. The liner of the main cavity was to be sufficiently

strong that it could be braced and used as the interior formfor

placing the concrete. The liner penetrations and closures were

to be able to withstand internal pressures in excess of 2000 psig.

3. Anchorage. The liner was to be anchored to ensure that the liner

strains would be controlled by the concrete. The liner anchors

were also required to prevent failure of the welds between the

penetrations and the liner.

4. Geometry. The model was to be constructed to simulate the

geometry for a 250-MW(e) reactor plant. A cylinder was selected

for the reactor cavity for this particular plant layout, with the

steam generator, control rod, and service penetrations located

in the top head.
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The liner was required to behave in an elastic manner up to 900 psig,

the pressure at which concrete cracking was predicted to occur. Above

900 psig, yielding of the liner was permitted.

1. 4. 3. Model Ratio

Model 1 was to be constructed as a small PCRV; consequently, the

model ratio was not scaled down uniformly from the design of a 250-MW(e)

reactor plant for all Model 1 construction details. The main cavity liner

thickness was established as 8-gage sheet since the actual scaled thickness

was not available commercially.

1. 4. 4. Design Details

The design details are shown in Fig. 1. 33. ASTM A36 steel was speci-

fied to provide the required ductility. All welding was required to be in

accordance with the ASME Boiler and Pressure Vessel Code, Section IX,

or the American Welding Standard (AWS) Code. The liner was required to

be air tight with a 2-psig internal pressure applied before embedment in

concrete.

The liner anchors were spaced on nominal 8-in. centers to reduce

buckling. Analysis of the liner, cons idering it as an edge - loaded plate

with no transverse support, indicated that this spacing would be adequate

to resist the strains predicted during the test. Transition sections were

provided between the cylindrical section and the flat heads to reduce the

strain concentrations in these areas and to permit efficient placement of

concrete and reinforcing steel. Complete anchorage was not provided at

the transition sections since the predicted concrete strain gradient in

these areas was high. Truncated cone transitions were chosen for ease of

construction as compared with ellipsoidal or toroidal sections.

The size chosen for penetrations was a compromise between model

ratio and commercially available pipe. All penetrations were designed to

withstand at least 2000 psig; however, the 3-1/2-in. and 4-in. nozzles

were expected to yield because of hoop stresses at pressures above 1800

psig, except where reinforcement was provided by the concrete. The

penetration liners were anchored to the concrete to prevent failures of the

welds between the penetrations and the main liner at pressures up to

2000 psig. Closures for all penetrations were designed to withstand a

minimum internal pressure of 2000 psig. To withstand this pressure, the

thin blind flanges on the 18-in, closures were stiffened by welding a

smaller pipe to the flange and filling the pipe with concrete.

Under prestressing loads, only the nominal stresses in the liner

were to be generally compressive. The liner wall thickness was selected
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to give a nominal yield stress of twice the strain calculated to be imposed

by the concrete. However, local stress concentrations were allowed to

cause yield provided the strain was compressive and the application of

cyclic internal pressure to 900 psig did not cause the stress range to exceed

two thirds of the algebraic difference between the compressive and tensile

yield strengths. No specific design pressure was established for the liner

because the liner strain is controlled by the concrete and not by its own

strength.

1. 4. 5. Fabrication Methods

The liner was shop fabricated, tested, and shipped to the job site as

a complete unit. The instrumentation was applied to the exterior surface

of the liner before it was placed in the forms, and the remaining instru-

mentation was applied as construction proceeded. The details concerning

construction and the installation of the gages are given in Sections 3 and 5,

respectively.

1.4.6. Test

Liner strains were monitored and recorded starting with the pre-

stressing phase of construction, and strain measurements were continued

for the duration of the test period. In addition, direct measurements of

the liner deformation were taken by extensometers mounted on a frame-

work within the model, and the weight of oil required to reach various

pressure levels was recorded. By comparing the rc su]ts of three types

of measurements, a determination could be made of the deformation of the

liner. The test procedures are given in Section 4.

1.4. 7. Comparisons

1.4. 7. 1. Leak-tightness. Analysis of the liner design resulted in

a prediction of liner failure at approximately 1800-psig pressure, with

failure located within the cylinder. During the actual test, a pressure of

1720 psig was reached before oil leakage from the model exceeded the

test pumping rate of 3 gpm. The pressure achieved compares favorably

with the analytical predictions.

During the test, a minor leak developed at one of the repair welds

on the bottom head of the liner. The leak was first detected at a pressure

of 700 psig, and at that pressure it amounted to only a few drops per min.

The pressure decay because of the leak during an 8-min. hold at pressure

was less than 2 psig.
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Concrete cracks up to 1/4 in. wide were opened at the model midplane

at a pressure of 1100 psig. The pressure was cycled from 50 to 1100 psig

several times with no noticeable increase in leak rate. The pressure was

then increased steadily until the liner leakage showed a fairly rapid increase

in flow rate at a pressure slightly above 1700 psig. At 1720 psig, the leak

rate exceeded the pump capacity of 3 gpm. The pressure decayed to

800 psig, and at this pressure the rate of pressure decay was approximately

2 psig in 5 min. At this point, pumping was resumed and a peak pressure

of 1340 psig was reached, indicating a definite failure in the liner. The

model was inspected carefully while still under pressure, and no leakage

was detected at any of the vessel penetrations.

1. 4. 7. 2. Strength and Integrity. The strength of the liner is unim-

portant since the strain on the liner is controlled by the concrete. Sections

6. 4 and 6. 5 contain a detailed discussion of the strain behavior of the

vessel. The summary results are presented here. There was some evidence

of "oil canning" during the pressure tests, particularly below 50 psig, and

for this reason the datum pressure during pressure cycles was raised to

50 psig. Oil canning continued up to approximately 500 psig. At this pres-

sure the liner was forced against the concrete, and the liner deformation

rate became nearly linear with increased pressure.

During the prestressing phase of the test the liner strains were con-

controlled by the concrete and were predictably low. The measured strains

and the strains predicted by analysis showed remarkably close agreement.

(A detailed discussion and experimental data are given in Section 6. 4. )

The small differences may be accounted for by the fact that the vessel was

not axisymmetric as assumed by the analysis, and the actual prestressing

forces applied included a factor to account for concrete creep and shrinkage

and, consequently, were larger than had been assumed for the analysis.

The prestressing strains at the transition zones were small even

though the transitions can be considered as stress raisers for certain strain

directions. The prestressing strains in the bottom head were lower than

those of the top head. (This condition is shown in Fig. 6. 14 and is discussed

further in Section 6.4. 1.5.)

The strain at the intersection of the 18-in. penetration liner and the

liner transition section does not exhibit as high a strain concentration effect

as predicted by analysis (see Fig. 6. 11). A comparison of the strains in

the transition section at the penetration and at points unaffected by the pene-

tration indicates that the axial strain (the primary strain at the section)

was lower than predicted, and the hoop strain was increased slightly over

that predicted.
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During pressure testing, it was expected that the strains measured

by the gages mounted on the exterior of the liner would not agree closely

with gages at similar locations on the inside of the liner because of the

small void created in the concrete by the gage protection of the liner exte-

rior gages. However, the interior and exterior liner gages for similar

locations showed the same strain trends (see Figs. 6.15a and 6. 15b). At

pressures above 1100 psi, the slopes of the liner strain curves changed,

indicating that concrete cracks were affecting the liner significantly. This

condition is exhibited by gages 777, 781, 813, and 821, shown on Figs.
1.7, 1.8, 1.11, and 1.12.

The 3-1/2-in. -diam penetrations in the top head were fabricated from

schedule-40 pipe, and this wall thickness provided almost complete corn-

pensation for the displaced concrete. These penetrations, especially those

in the outer rows, were expected to be distorted by the C (cross-head)

tendons. To reduce the effect of the head tendons on the penetrations, the

B (circumferential) tendons in the heads were tensioned first, to create a

radial interface pressure between the concrete and the penetrations and

provide an anchoring effect. The axial strain at the penetrations after

completion of prestressing (shown in Fig. 6. 9) was compressive, and the

strain level was low, demonstrating that the prestressing created an

anchoring effect and the penetration liner did, in fact, provide a large

measure of compensation.

No leakage failure or high strains were anticipated for the 3-1 /2-in.

and 4-in. penetration liners during the pressure tests. Figure 6. 14 shows

the tangential strains for prestressing and the strain progression as the
pressure was increased; it shows also the analytically predicted strains.

Although the results are not identical, the predicted and measured strain

values are both small, and the differences are also comparatively small.

For the 18-in. penetrations, no attempt was made to provide full

compensation for the displaced concrete. It was expected that the tendons

would create a high interface pressure between the penetration liners and

the concrete. Accordingly, reinforcing steel was provided to distribute

the load to the adjacent concrete. Sufficient steel was provided to resist

the entire force created by the radial pressure of the horizontal curve in

the B (circumferential) tendons, assuming no concrete compressive strength

in that direction. Horizontally oriented U-shaped bars, the ends of which

projected radially away from the center of curvature of the tendon horizontal

curve, were used to distribute the load.

As the tendons were tensioned and the pressure tests were conducted,

the strain level was low (see Figs. 6.22 and 6.23) and no deformation of

the 18-in. penetration liners was visible.
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The 18-in. penetrations were designed to yield circumferentially at

a pressure of approximately 1800 psig if the steel liners were not supported

by the concrete. The strains were low at 1700 psig when the axial force

on the flange was on the order of 400, 000 lb and the integrated anchoring

load was approximately 7400 lb per in. of the penetration liner perimeter.

No special vertical reinforcement was provided to resist breakout at the

concrete surface. In Fig. 1. 34, the gages depict the strain at this location;

no appreciable strains occurred.

1. 4. 7. 3. Anchorage. The liner anchors were provided to cause the

liner to act in concert with the supporting concrete. A comparison of

strains measured by gages mounted on the liner and on the reinforcing

steel 3 in. from the liner, shown on Fig. 1.20, indicates that the liner

strain is controlled by the concrete under both prestressing and pressure

loads. The variations in anchor spacing of 2, 4, and 8 in. intervals used

at various areas of the liner had no noticeable effect on the behavior of the

liner.

The spacing between anchors was increased to approximately 10 in.

at the transition zones to permit some averaging of the high local strains

predicted in these areas. The local peak strain at the transition was con-

siderably lower than predicted, and this is typical of the strains measured

at similar locations (shown in Fig. 6. 11). It is, of course, true that with

the steep gradients involved, the measured strain is extremely sensitive to

gage length and placement. The fact that the strains, in some instances

measured by gages with 3/32-in. gage length, were consistently less than

predicted indicates that some strain averaging occurred.

1.4.8. Conclusions

The liner, in general, satisfied the performance requirements for

leak-tightness and strength. There was reasonable agreement between the

predicted and the actual leakage pressures. The penetrations were designed

to withstand a pressure of 2000 psig, and no penetration failures were

encountered up to 1720 psig. No signs of weld failure were evident at the

welds between the penetrations and the liner.

The liner strains were low at pressures below 900 psig and were in

excellent agreement with the strains measured on the adjacent reinforcing

steel, indicating that the liner strains were controlled by the concrete.

The liner behaved essentially elastically on repeated pressure cycles to

900 psig. Liner strains at the midplane increased rapidly at pressures

above 900 psig, indicating the effect of the concrete cracks on the liner.
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1. 5. PRESTRESSING SYSTEM

1. 5. 1. Objectives and Approach

Work on the prestressing system was directed toward accomplishment

of the following objectives:

1. Design a prestressing system to satisfy the performance require-

ments.

2. Establish the construction procedures for installing the system,

and evaluate the effect of the system on normal concrete con-

struction practices.

3. Determine the reaction of the prestressing system during various

tests on the PCRV.

4. Compare the performance of the prestressing system during the

tests with the design predictions.

1. 5. 2. Performance Requirements

Basically, the prestressing system was installed to provide a generally

compressive load on the concrete structure and the liner to counteract the

tensile effects caused by internal pressure up to 600 psig. To satisfy this

overall requirement, the following performance requirements were estab-

lished.

1. Strength. The prestressing tendons were required to have suf-

ficient strength to exert the design prestressing loads and allow

a margin for overtensioning during installation and during the

pressure tests. The amount of residual load was determined by

the margin for overloading to the vessel ultimate strength of

2000 psig.

2. Tensioning Precision. The prestressing system was required to

be tensioned with precision sufficient to avoid applying forces

that would cause failure during the tensioning sequence or result

in variations in loads that would adversely affect the test results.

The anchored loads were specified to be within 3% of the design

loads.

3. Ductility. The prestressing steel was required to be sufficiently

ductile to allow the loads to exceed the nominal yield strain with-

out failure at pressures up to 2000 psig. In particular, the

prestressing system was not to fail before the liner.
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4. Quality. The system was required to be of sufficiently high

quality to ensure that the minimum material properties could be

used for the design bases.

5. Adaptability. The prestressing system was to be utilized without

the need for developmental effort and was to be compatible with

the design and construction of the other vessel components.

1. 5. 3. Model Ratio

No attempt was made to reduce the size of the prestressing system

components because the objectives were:

1. To conduct the test and subsequent evaluation on a prestressing

system that was available for a full-size vessel rather than on a

system that might be suitable only for model use.

2. To prevent excessive congestion of the embedded elements that

might result through the use of smaller tendons.

3. To provide a more rigorous empirical test of the model strength

because the prestressing loads would be more concentrated using

a few large tendons than would be the case in a full-size reactor

vessel.

1. 5. 4. Design Details

To satisfy the performance requirements, the prestressing system

had the features described in the following sections and shown in Fig. 3.9.

1. 5. 4. 1. Strength. The tendons were required to be capable of devel-

oping the forces shown in Fig. 1. 4. The prestressing system specification

required that the prestressing steel have a guaranteed ultimate strength of

250, 000 psi and meet the requirements of ASTM Specification A416 or A421.

The tendons were to have a residual load capability of 0. 6 of the ultimate

strength of the steel after prestressing

The number and location of the prestressing tendons required to

maintain a general state of compression in the vessel up to 600-psig pres-

sure was evaluated. The idealized prestressing system configuration shown

in Fig. 1. 3 evolved as a result of this study. Design details are shown in

Fig. 1.25.

C Tendons. The cross-head C tendons could not be located at pre-

cisely the positions indicated by the analysis described in Section 2. In

order to formulate a mathematical model for the heads, the C tendons were

assumed to be in a plane and to intersect at the vessel axis. To compensate
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for the effects of these assumptions, the prestressing forces for the head

tendons were increased. Further increases were made to compensate for

concrete shrinkage and creep and for the prestressing system tensioning

precision. The last adjustment, amounting to one-half the specified pre-

cision allowance, was made to avoid the reduction in prestressing forces

that would result if most of the small number of tendons were tensioned to

the low end of the tolerance.

The C tendons were installed in flexible oval-shaped steel tendon

ducts so that they could be accommodated in the approximately 2-in. -wide

ligaments between the 3-1/2-in. penetrations in the top head. The tendon

tube end spacing was increased to allow room for the installation of end

anchors. The procedure led, in turn, to the adoption of a hexagonal shape

at the top and bottom heads.

A Tendons. Two concentric rows of axial A tendons were required

to impose the axial compressive forces on the model (Figs. 1. 4 and 1. 25).

The required prestressing forces for the tendons were adjusted upward to

account for creep, shrinkage, and relaxation losses. Standard end anchors

were used without modification for anchoring the A tendons.

B Tendons. Each of the circumferential B tendons extended for a

1200 arc around the model. This configuration resulted in the application

of the circumferential prestressing forces in three circular pressure arcs

and three radial forces spaced at 1200 and located under the anchor blocks.

The idealized prestressing forces shown in Fig. 1. 3 could not be duplicated

with linear prestressing tendons; however, a reasonable approximation was

achieved. The use of pilasters was considered in the design to permit a

more even distribution of the anchoring forces; however, the additional stiff-

ness resulting from their use would have interferred with the test objectives.

Separate steel bearing blocks were used to allow close spacing and cross-

over of the tendons at the end anchors and to decrease the axial stiffness

of the model. The prestressing forces, particularly at midplane, were

adjusted upward to account for creep, shrinkage, and relaxation losses.

This required prestressing steel in excess of that initially needed to resist

the pressure forces only. Since the prestressing steel acts as reinforcement

at ultimate strength, the reinforcing steel was decreased in this section so

that the ultimate strength design characteristics were not affected.

Circular prestressing or wire wrapping was also considered for the

cylindrical portion of the model. The technique was not adopted, however,

because of the following disadvantages:

1. The model was too small in diameter to permit the use of standard

circular prestressing equipment.
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2. The C end anchors would have interfered with the application of

the circular prestressing.

3. Measurements of the prestressing forces actually applied would

have been difficult; therefore, quantitative information on vessel

performance during testing would not have been obtained.

1. 5. 4. 2. Prestressing Tensioning Sequence. The vessel was ten-

sioned in accordance with the sequence given in Section 1. 2. 2. 1. As

tensioning proceeded, strain levels in the concrete and the liner were moni-

tored to ensure that the strains developed did not exceed reasonable limits.

Figure 1. 17, showing axial strain versus the prestressing work stages,

is typical of the strain data reviewed during prestressing operations to

determine the effects of applying the prestressing forces. The strain data

shown are referenced to the strain existing in the vessel at the start of

prestressing, and the curves indicate the strain changes as the operation

proceeded. The strain caused by successive tensioning of the tendons did

not exceed 150 gin. /in. during the first stage of axial prestressing. Figures

1. 18 and 1. 19 show the changes in strain that occurred during the entire

prestressing sequence and also show the predicted strains for the same

location. As can be seen from the figures, there is excellent agreement

between the predicted and measured strain values at these locations.

1. 5. 4. 3. Ductility. The prestressing tendons were to be sufficiently

ductile to permit application of tensioning forces in excess of the propor-

tional limit. By applying prestressing forces above the final residual loads,

the tendons are effectively proof tested. In addition, the tendons are deformed

when the end anchors are attached, and the steel must be ductile to prevent

fracture during this operation. One tendon for each type and length was

tested by the manufacturer. The apparent modulus of elasticity E was

determined to be 25. 8 x 106 psi. Failure occurred at an approximate ulti-

mate strain of 1. 1 to 1. 2").

1. 5. 5. Comparisons

Observations made during the construction and test periods and eval-

uation of the data collected indicated that the prestressing system met or

exceeded the design objectives.

1. 5. 5. 1. Strength. The prestressing steel used on Model 1 was

tested and found to have an ultimate strength near 270, 000 psi. The pre-

stressing system was designed to allow attainment of 2000-psig internal

pressure without tendon failure. Although that pressure was not reached,

an internal pressure of 1720 psig was reached without apparent damage to

the tendons, the bearing blocks, or the end anchors.
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A total axial load of 8. 6 X 10 pounds was imposed on the vessel when

the 48 axial tendons were tensioned to approximately 180 kips each, as

shown in Fig. 1. 4. This load would result in an average calculated con-

crete strain in the vessel wall of 214 Ain. /in. The measured strain on

gages located on the liner at the vessel midplane after the completion of

prestressing was 208 Ain. /in. , and gages located on the reinforcing steel

3 in. from the liner indicated strains of 250 to 260 Ain. /in. Such close

agreement is probably fortuitous since the design analysis in this case

does not account for the effect of Poisson's ratio or the effect of any tendons

other than the axial tendons.

During the pressure cycles made before cracks occurred, the loads

on the prestressing tendons were affected equally by increases in pressure,

as demonstrated in Figs. 1. 6 and 1. 13 by the clusters of data points repre-

senting load cells at various positions on the vessel. Repeated cycles to

pressures up to 900 psig after cracking occurred did not appreciably alter

the rates of change of loads for the tendons monitored. Above 900 psig,

the slope of the load curve changed, indicating that additional loads were

transferred to the tendons as additional cracks developed in the concrete.

The tensioning sequence provided a means for evaluating the effects

of the forces applied as tensioning progressed. The strains shown in

Figs. 1. 18 and 1. 19 are in good agreement with those predicted by analysis.

The model was tensioned in two stages to protect against failure caused by

the extremely high local forces when the final load was applied by individual

tendons. The sequence chosen was successful, although perhaps conserv-

ative, and no damage occurred during the tensioning operations.

1. 5. 5. 2. Tensioning Precision. The short length tendons required

for the model caused difficulty in maintaining a tensioning load accuracy

of 3% on individual tendons. A 1% load change resulted in only 0. 01 in.

change in the model, as illustrated by the vertical lines in Figs. 1.21

through 1. 23. These figures indicate that the strains produced in the model

agreed reasonably well with the analytical predictions. It should not be

concluded from these figures that all strain measurements were as uniform

or as close to the predicted values as those shown. The gages for inclusion

in the figures were selected in order to avoid as much as possible the effects

of penetrations or other local discontinuities.

1. 5. 5. 3. Quality. The prestressing system quality was ensured by

tests and inspections performed on the components prior to installation and

by the effective proof test applied when the tendons were tensioned. Several

of the tendons were broken during tensioning operations. The difficulty was

traced to a seam defect in one lot of wire. Successful completion of the test

objectives indicated that the prestressing system quality was adequate.
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1.5.6. Conclusions

An internal pressure of 1720 psig (approximately 3-1/2 times normal

working pressure) has been applied to the model, and no failure of a pre-

stressing system component has occurred. The prestressing loads on the

tendons, with the exception of the B tendons, have remained at, or slightly

below, the loads applied when they were anchored. The B tendon loads

have decreased approximately 15%, as indicated by the load cells installed

on these tendons; however, the prestressing forces on the B tendons are

still higher than are needed to offset the effects of internal pressures up to

450 psig, the normal working pressure of the vessel.

The prestressing forces applied to the vessel during the tensioning

phase produced compressive strains at most locations within the vessel at

approximately the levels predicted by analysis. During the pressure cycles,

the strains varied generally in accordance with the predictions, indicating

that the prestressing system design and installation had satisfied the per-

fornance requirements.

REFERENCES

1. ACI Standard Building Code Requirements for Reinforced Concrete

(ACI. 318-63).

2. ASME Boiler and Pressure Vessel Code, Sections II, VIII, and IX.
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Fig. 1. 10--View of midplane crack taken after several cycles to 950 psig;

this crack occurred at first cycle to 950 psig
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2. ANALYTICAL METHODS AND STRESS ANALYSES

2. 1. SUMMARY

This section describes the elastic stress analyses that were performed

in support of the design and for comparison with strain data taken during

the Model 1 test program.

The analysis techniques used are relatively new and not yet common-

place in the structural engineering field. The description of the analyses

is therefore preceded by a brief introduction to the finite-element method

of structural analysis, its background, and the reasons for its use in con-

nection with concrete vessels. The remainder of the section deals with the

parametric studies performed during the preliminary design stage of the

model, the objectives set for the detailed analysis, the elastic stress cal-

culations, and the failure or limit investigation.

2.2. INTRODUCTION

Conventional structural engineering design practices or pressure

vessel analysis methods are not readily applicable to prestressed concrete

pressure vessels. Consequently, more sophisticated methods of structural

analysis have been developed and were used in the design of Model 1.

2.2. 1. Selection of the Finite-Element Method

A PCRV is a complex structure that precludes the use of closed-form

solution methods for calculating stresses or strains, and numerical tech-

niques must be used. Such numerical methods belong to one of two types:

finite -difference methods or the methods of finite elements. Unlike the

finite -difference methods, which are widely known, the finite-element

methods are relatively new and are still in the development stage. How-

ever, the use of the finite-element method in the analysis of problems in

continuum mechanics has become a rigorously established and a widely

accepted procedure.

In relation to the PCRV analysis, the finite-difference method suffers

from certain limitations that make its use either difficult or inadequate.

For example, the method does not lend itself readily to the treatment of
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irregular geometry or arbitrary boundary conditions. Furthermore, the

finite-difference approach poses very serious, if not insurmountable,

problems when dealing with nonhomogeneous and composite materials. In

contrast to this, the finite-element method is very adaptable to complex

geometry and can treat nonhomogeneous material properties in a very

simple way. It is particularly convenient for the analysis of composite

systems such as prestressed and reinforced concrete structures. These

and other advantages formed the basis for choosing the finite-element

method for this analysis.

The basic concept of the finite-element method is the replacement
of a continuous solid by an articulated structure to which the standard methods

of structural analysis become directly applicable. Based on prescribed

admissible deformation patterns of the individual elements, the stiffness

and load matrices of the elements can be derived. The equilibrium equations

of the total assemblage are formulated by matrix superposition of the indi-

vidual element stiffness and load matrices, thus resulting in a system of

linear algebraic equations. The choice of the method of solution of this

system of equations, direct versus iterative, is determined by the size of

the stiffness matrix, its convergence properties, and the type and size of

the digital computer used. A detailed description of the method as it is

applied to the analysis of axisymmetric composite structures, with partic-

ular emphasis on prestressed concrete reactor vessels, is given in Ref. 1.
The general procedure is des ribed in the following sections.

2. 2. 2. The Finite-Element Procedure

A continuous solid is idealized as an assemblage of elements in order

to find an alternative form of the equilibrium equations, which are easier

to solve than the governing differential equations of the continuous solid.

One thereby reduces the problem from the solution of a system of differ-

ential equations to solution of an equivalent set of algebraic equations. This

is achieved by the following procedure:

1. After an appropriate finite-element grid for the body to be analyzed

has been selected, admissible displacement fields for the elements

are assumed in the form of polynomials.

2. By appropriate differentiation of the assumed element displacement

functions., the element strains can be obtained.

3. The unknown coefficients of the displacement polynomials are

related to the element nodal displacements by evaluating the dis-

placement functions at the nodal points.

4. in steps 1 through 3 the element strains are expressed as linear

combinations of the element nodal displacements.
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5. The element stress-strain relations are represented by the

generalized Hooke's law for isotropic, orthotropic, or anisotropic

material.

6. The strain energy of the element is formulated by taking the inner

product of the strains with the stresses. The external energy is

the negative of the inner product of the nodal forces and the nodal

displacements. The sum of the two quantities is the total potential

energy of the element.

7. By differentiating the energy expression with respect to the dis-

placement components in succession and setting the results equal

to zero, a relation between the nodal forces and the nodal displace-

ments is obtained. The coefficients relating the nodal forces to

the nodal displacements are the stiffness coefficients of the element.

The element nodal forces, which are statically equivalent to body

forces and temperature loads, are derived by energy considerations

such as those described above.

8. By superposition of the individual element stiffnesses contributing

to each nodal point force, the stiffness matrix [ K] of the total

assemblage of elements is obtained. This involves only simple

matrix addition when all element stiffnesses have been expressed

in the same coordinate system.

9. The equilibrium equation [ K] {V} = {F}, where {V} and {F} are
the nodal point displacement and force vectors, respectively, is

solved. Since in most cases the number of equations to be solved

runs into several hundreds or even thousands, this step is signi-

ficant and may require special solution techniques.

10. The element strains are evaluated from the computed nodal dis-

placements by kinematic relations, and, finally, the element

stresses are determined from the element strains by means of

the stress-strain relations.

The dependability of the method is strongly controlled by the assumed

deformation patterns of the individual elements. Therefore, if the finite-

element analysis procedure is to be meaningful, the assumed displacement

field must satisfy the following requirements:

1. The deformation between adjacent elements must be compatible.

No gaps or overlaps are permitted in the deformed finite-element

system.

2. The displacement field must include all possible rigid body dis-
placements of the element.
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3. The displacement field must be continuously differentiable up to

and including the highest derivative required in the formulation

of the element strain energy function.

2. 2. 3. Method of Solution of Equilibrium Equations

The accuracy of the results of finite -element analysis is a function

of the mesh density of the idealized structure. Problems of practical

interest usually require a relatively fine mesh. Consequently, the number

of equations to be solved may be of the order of several hundreds and may,

in special cases, be several thousands. The adoption of a particular method

of solution, therefore, depends largely on the characteristics of the digital

computer available, the anticipated number of equations, and the structural

properties of the idealized solid.

The successive over-relaxation iterative method can effectively be

used for the solution of well-conditioned systems containing up to 1000
equations. For larger systems, however. direct-solution methods are

more effective. In most cases, the geometry of the solid permits nodal

points to be arranged in such a way as to obtain a band stiffness matrix.

For matrices of this type. the direct-solution methods are very efficient.

In this analysis, systems up to 2400 equations are solved by a tridiagonal

Gaussian elimination method discussed in Ref. 1.

2. 2. 4. Composite Finite -Element Assembla ge

In homogeneous structures, the finite-element idealization consists

of like elements. Therefore, compatibility is accomplished through the

appropriate choice of the element deformation patterns. The analyst, in
this case, is concerned only with constructing a finite-element mesh that

provides a realistic idealization of the original solid. The mesh size and

density can be varied from region to region in accordance with the antici-

pated stress gradients.

In the case of composite structures, however, unlike elements

sharing one common boundary must deform compatibly. Furthermore,

steel reinforcement elements must be laid out along the boundaries of the

triangular elements to ensure that, for the analysis, the bonded reinforce-

nment, in the state of deformation, remains in c ontact with the surrounding

material.

In this analysis, the displacement polynomials of both the triangular

elements and the one-dimensional steel elements contain only the linear

terms. Therefore, these two types of elements deform compatibly with

each other provided they share one common boundary. Compatibility
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between the triangular elements and the shell elements can only be satisfied

if the shell is assumed to act as a membrane. The significance of this

assumption depends largely on the particular structure being analyzed with

regard to its dimensions, the relative flexibility of the shell, the amount

of shell constraint, and the type of loading. Where the shell (i. e. , the

PCRV liner) is meant to serve primarily as a leak-tight membrane rather

than a structural member, the analysis of the liner can be performed in

two steps: first, considering it as a part of the overall structure and

treating it as a membrane; and second, considering it as a true shell sub-

jected to the deformations and stresses obtained in the first analysis.

2. 2. 5. Analysis of a PCRV

A complete analysis of a PCRV by the finite-element method involves

the five operations described in the following paragraphs.

2. 2. 5. 1. Mesh Layout, i. e. , Subdivision of the Continuous Body

into Triangular Elements. If the structure is symmetric with respect to

the middle plane (the plane taken perpendicular to the z axis at the mid-

height of the structure), then the analysis can be carried out for one half

of the r -z plane only, provided the appropriate boundary conditions are

applied at the cut surfaces. The finite-element mesh need not be regular

or of uniform density. In fact, one of the major attributes of the finite-

element method is its adaptability to irregular geometry and uneven sub-

division, so that regions with high stress gradients can be represented by

finer mesh. In the case at hand, however, the computer-generated mesh

layout (Fig. 2.1) was made uniform for the best conformation to the presence

of steel reinforcement and prestressing cables. Because a PCRV contains

penetrations, it is generally not axisymmetric. When the penetrations are

sufficiently reinforced and sufficiently small, their effect on the overall

behavior of the structure can be neglected. Clusters of axisymmetrically

arranged penetrations can be approximately accounted for by assigning an

effective elastic modulus to the region in which they are located.

2. 2. 5. 2. Steel-Reinforcement Layout. Steel elements must be so

laid out that deformations of the steel elements are compatible with deform-

ations of the concrete elements in the manner previously explained. This

step also involves reapportionment of that reinforcement, which is not

circumferentially continuous, so that the idealized axisymmetric system

structurally approximates the original system as closely as possible.

Figure 2. 2 shows an idealization of the steel reinforcement for the PCRV

model being analyzed.

2. 2. 5. 3. Tendon Layout. This step is handled in the same manner

as the conventional steel reinforcement, with the exception that, in the

present case of anunbonded post-tensioning system, only loads normal to
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the tendon are transmitted to t i Wit. U by
connecting the tendons to a series of one -dimensional dummy elements that

are in turn connected to the concrete. If these dummy elements are laid out

normal to the cable, normal loads only are transmitted to the concrete.

Figure 2. 3 shows the axisymmetric idealization of the prestressing cables.

2. 2. 5. 4. Steel Liner. In the elastic range, the structural contribution

of the liner is not significant per se. However, the state of stress in the

liner must still be determined if the liner is to be properly designed.

Because of the relative thinness of the liner and the confinement furnished

by the concrete around it, it is treated as a membrane in this analysis.

2.2. 5. 5. Analysis Results. Because of the large volume of the out-

put data, an accurate study of the results of the analysis becomes very

cumbersome and time consuming. Therefore, stresses are plotted auto-

matically through another computer program using output tapes generated

in the stress analysis program.

To plot the contours, the computer program employs a two-dimensional

linear interpolation scheme, which accounts for the lack of smoothness in

the plotted contours. Since the solution is numerical, the numbers obtained

in regions of singularity have a finite characteristic, and, consequently,
stress contours can represent these regions only approximately.

2. 3. PARAMETRIC STUDY

2. 3. 1. Concrete and Prestressing Steel

The selection of the dimensions for PCRV Model 1 is discussed

in Section 1. The stress analyses performed in the course of making those

decisions include (1) a head thickness parameter study, (2) a wallthickness

parameter study, (3) a determination of the effect of a triangular fillet, and

(4) a study of various tendon systems. All observations, and results expressed

in the following discussion pertain to the general internal geometry of a

0. 75 cavity height-to- diameter ratio.

2. 3. 1. 1. 1{,ad Thickness. The range of head thicknesses investigated

was 22 in. to 37 in. (scaled). The analyses showed that changes in the head

thickness had relatively little effect on the deflection and stresses at the

cylinder midplane and at cylinder-head junction. On the other hand, the

maximum deflection and maximum stresses in the head varied by a

factor of approximately 2. 5 over this range of head thicknesses.

2. 3. 1. 2. Wall Thickness. A cylindrical wall thickness of 20. 5 in.
was selected. Increases in thickness offered little advantage.
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2. 3. 1. 3. Triangular Fillet. The selection of a 450 triangular fillet,

the leg of which was 11% of the internal radius, reduced peak stress values

by 30% at the head-cylinder junction and by a few percent at the center of

the head.

2. 3. 1. 4. Tendon Systems. The following geometrically different

prestressing system configurations were investigated:

1. A system of circumferential tendons in the cylinder and head and

axial tendons through the cylinder was physically infeasible. The

number of tendons was so large that the number of end anchors

required was physically impractical.

2. A second system included diagonal tendons from the outside

surface of the cylinder to the outer surfaces of the heads, in

addition to circumferential and axial tendons, in families inclined

from 560 to 630 with the horizontal. The addition of the diagonals

greatly reduced the number of circumferential and axial tendons,

making them at least physically possible. However, this analysis

assumed that the surface shear loads from the diagonal tendon

anchors were absorbed by external steel members, such as steel

connecting bars between top and bottom anchors on the cylinder,

and by bars or steel plates on the heads. The steel members

appeared to be impractical in view of the penetrations in the top

head and the prestressing requirements.

3. The third system, the one selected for the model, opposed the

pressure-induced loads with three families of tendons: curved

cross-head tendons, axial tendons, and circumferential tendons.

Detailed final analyses performed later for this system are

described in Section 2.4.

2. 3. 2. Liner

The effect of the liner on the deformation and stress distribution of

the vessel was isolated in a parameter study. A single parameter, the

liner thickness, was varied from 0. 0 in. to over 1. 5 in.

The vessel to which the liner was added was assumed to be unrein-

forced, unprestressed, and under an internal pressure of 520 psi. Full

bond to the concrete was assumed at all points on the liner. The central

penetrations in the top head were included in the analysis with a modified
elasticity E* = 0. 45 E and Poisson's ratio v* = v, which neglect the effect

of liners within the penetrations.

This parametric study led to the selection of a 0. 164-in. liner

thickness. By using a liner of this thickness a reduction of 3. 5% to 5. 5%

in maximum displacement over the unlined vessel was obtained. The
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stresses were diminished by approximately the same percentages.. Increasing

the liner thickness by a factor of 10 reduced the deflections by an additional

11% to 29%.

2.4. DETAILED ANALYSES

Once the overall vessel geometry had been established, as described in

the preceding paragraphs and in Section 1, a number of detailed calculations

were carried out in support of the final design effort. The objectives of

the detailed analyses were:

1. To provide accurate stress values for all expected loading con-

ditions, as verification that the design criteria had been met.

2. To optimize, within reasonable limits, the basic tendon configu-

rations that had been derived in the preliminary parametric

studies.

3. To provide guidance for the post-tensioning phase of construction

by verifying that the proposed jacking sequence would not tem-

porarily and locally overload the concrete.

The following sections contain brief descriptions of the detailed stress

analyses.

2. 4. 1. Input Data Assumptions for Material, Structure, and Geometry

The calculationalmethod for the design analyses of Model 1 required

that axisymmetry be assumed. Consequently, deviations from axisymmetry

were handled by suitable approximations. The approximations and assumptions

are listed below.

1. The concrete was treated as a homogeneous material with the

modulus of elasticity E 5. 0 X 1 06 psi and Poisson's ratio
v = 0. 15. The reinforcing steel and liner basic material prop-

erties were taken to be E = 30 X 106 and v = 0. 30.

2. The dodecahedral exterior surface of the barrel section was approx-

imated by an inscribed circular cylinder of 7 0 -in. radius.

3. The hexagonal array of fuel loading penetrations in the top head was

approximated by a circular cylinder of equal volume with modified

material constants of E:= 0.45 E and v* = v. This reduction was

based on perforated plate theory.

4. The large penetrations in the top head and the small lateral ones

in the cylinder were considered as sparsely placed and therefore

were neglected. The associated reinforcing steel and liners were
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5. The volume of concrete displaced by the prestressing passageway

was compensated by the prestressing sheaths; therefore, no loss

or gain in stiffness was credited to the structure.

6. The thicknesses of the heads and cylinder suggested that shear

deformation would be a significant factor. Plane sections were

no longer expected to remain plane as in thin-shell theory. The

cylinder, therefore, was subdivided into eight layers of elements

and the heads into twelve layers to provide the most realistic and

practical representation of thick wall body kinematics.

7. The finite-element mesh was constructed as uniformly and finely

as possible so that loading conditions could be imposed in a

realistic manner and more nearly at their true points of application.

8. The fine mesh permitted placement of the steel reinforcement

with a minimum of approximation in the analyses. The reinforcing

steel is represented in the analyses by two types of uniaxial bar

elements; one type acts in the meridional plane and the other acts

in the circumferential direction.

9. The meridional bar reinforcements were so distributed that they

could be subdivided into families. Each family was represented

as an infinite number of closely spaced bars, approximately

simulating the real condition.

10. To simulate full bond between steel and concrete, the meridional

bars were subdivided into elements whose lengths were equal to

the adjacent triangular elements.

11. The circumferential bar reinforcement was introduced as fully

bonded steel hoops at locations that were within 1. 5 in. of the

design position.

12. The elastic modulus of the reinforcing steel was reduced from its
basic value of 30 X 106 psi to 25 X 106 psi, thus compensating for

the loss of concrete volume replaced by the reinforcing steel.

13. Tendon loads were introduced in the manner previously described,

simulating the absence of bond by one-dimensional''pin-connected'

dummy members.

14. The liner was assumed to be anchored to the concrete at a sufficient

number of points to preclude buckling.

15. For purposes of the overall analysis the liner was treated as a

membrane.

16. On the basis of assumptions 14 and 15, the liner and concrete

surface deformations could be taken as identical and varying linearly

along the surface.
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2.4.2. Elastic Analyses

Two types of elastic calculations were performed, using the SAFE'-

PCRS computer program( 2 ) and subject to the above data and assumptions:

internal pressure load analysis and unit load analyses. The unit load

analyses evaluated the effects of discrete tendon loads. The composite

action of the PCRV under both pressure and pre stressing forces could

then be judged by superposition of the results.

2.4.2.1. Internal Pressure Load Analysis. An internal pressure of

520 psi was imposed on all internal surfaces of the lined and reinforced

PCRV; however, no prestressing loads were considered. The resulting

stress distributions represented the negative of the distribution which

would have to be gene rated by the prestressing system.

The finite -element idealizations of the concrete, liner, bonded rein-

forcement, and prestressing steel are shown in Figs. 2. 1, 2. 2, and 2. 3.

The results of the internal pressure load analysis are graphically

illustrated in Figs. 2.4 through 2. 10. These figures are contour plots of

the radial, axial, circumferential, shear, maximum principal and

minimum principal stresses, and the principal stress directions, respec-

tively. Each contour line represents those points within the structure which

are at the same level of stress; positive values represent tension, and

negative values represent compression.

2. 4. 2. 2. Unit Load Analyse s. The development of the pre stre s sing

system tensioning sequence was influenced by considering the separate

effects of six subsets (Cases A through F in Table 2. 1 and Fig. 2. 11) of

prestressing tendons. Each subset was geometrically located to oppose a

portion of the internal pressure loads and analyzed for a unit tension load.

The unit load analyses are described below:

1. Case A. A set of axial tendons located on two circles (at radii of

53.875 in. and 63.75 in.) were considered as unbonded between their

end anchors. A load of 2n x 106 lb at each radius resulted in axial

compression of the barrel with relatively small stresses elsewhere.

The stress distributions are shown in Figs. 2. 12 through 2. 18.

2. Case B. Curvilinear, unbonded tendons in the upper and lower

heads were passed radially through the axis, describing a cubic

polynomial in the meridional plane. The cubic trace produces

forces normal to the tendon equivalent to the vertical internal
x16

pressure forces. A 2 x 106-lb load, top and bottom, produced
stresses in the heads by bending them inward toward the vessel

cavity and produced comparatively low stresses in the barrel.

The stress distributions are presented in Figs. 2.19 through2.25.

SAFE = Stress analysis by finite elements.
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Table 2. 1

ANALYSES PERFORMED

Results of Analysis

Case Loading Condition (Figures)

A Axial tendons 2. 12 through 2. 18

B Curved head tendons 2. 19 through 2. 25

C Circumferential head tendons 2. 26 through 2. 32

D Circumferential upper barrel 2. 33 through 2. 39

tendons

E Circumferential lower barrel 2.40 through 2.46

tendons

F Circumferential mid-barrel 2. 47 through 2. 53
tendons

G Full prestressing system 2. 54 through 2. 61

H Full prestressing system and 2. 62 through 2. 68

520-psi internal pressure

3. Case C. Circumferential head tendons (at a radius of 66. 5 in.)

were imposed to partially overcome the tension due to bending

of the heads. Two circles were placed in each head and considered

as a single unit load. Each tendon was assumed to carry a 106 -lb

tensile load. The stress fields are illustrated in Figs. 2. 26

through 2. 32.

4. Case D. Four circumferential tendons were positioned (at a

radius of 66. 5 in.) in the upper barrel section at irregularly spaced

elevations. Each tendon was tensioned to 106 lb, and the resulting

stress distributions are shown in Figs 2. 33 through 2. 39.

5. Case E. A similar set of tendons was- placed (at a radius of

66. 5 in. ) in the lower barrel section. These tendons were treated

as a separate unit loading condition because the lower head did not

contain penetrations as did the upper head. The circumferential
tendons (106 lb each) created large hoop compression in the barrel

and head as well as significant bending in the head. The stress
distributions are presented in Figs. 2. 40 through 2. 46.

6. Case F. Circumferential tendons at the barrel midplane (at a
radius of 66.5 in.) induced large compressive hoop stresses in the

barrel and moderate hoop and bending stresses in the head. The
stress fields are shown in Figs. 2. 47 through 2. 53.
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7. CaseG. All forces imposed in the unit load analyses were created

by inducing initial tensile forces in the tendon elements. This was

done by assigning to the elements negative strains which produced

the required initial tendon forces. This scheme permits realistic

treatment of tension losses due to elastic deformations. Since

the true tendon forces are those remaining after the elastic defor-

mations have taken place, the input forces represent an approxi-

mate estimate of the final values. In most cases such losses did

not exceed 5%.

The sequence in which to apply the prestressing loads was

determined through a step-wise addition of the above unit loads.

The allowable stress criteria were 500-psi maximum tension and

2500-psi maximum compression. The tensioning was performed in

two major stages, half loads in all tendon subsets and full loads in

all groups. The half loads were imposed in the following sequence:

axial, circumferential head, curved head, lower barrel, upper

barrel, and midplane barrel tendons. Each subset was loaded to

50% of the design value, and the control point stresses were scanned.

After completion of the first stage, the second stage was

performed by increasing each tendon group to 100% of the design

load (Fig. 2. 54). During the pretensioning stage the maximum

computed stresses did not exceed their design values except in the

regions of highly local stress concentrations, such as under tendon

anchors. Due to the axisymmetric representation of the pre -

stressing system, the head tendons met at a single point on the axis

of symmetry, creating at that point in the analysis a state of loca-

lized tensile stress that has no counterpart in the real structure.

The stress distributions for full prestressing are shown in

Figs. 2. 55 through 2. 66.

8. Case H. The stress fields for the full prestressing and for the

520--psi internal pressure were superposed and arc presented in
Figs. 2. 62 through 2. 68. Figure 2. 69 shows the displaced profile

under the conditions of prestress plus pressure.

2. 4. 3. Tendon Optimization

The two opposing systems of force on a PCRV result from the internal

pressure and from the prestressing tendons. Since these tendons represent a

large portion of the total PCRiV cost, considerable effort is warranted to generate

an economical design in which the two ;?c.r ce systems approximately balance

and in which the stress criteria are satisfied with a minimum of tendon force.

Of the infinite number of conceivable tendon configurations, only a

small subset is actually capable of performing the task. In fact, for cer-

tain geometries rhe subset may be emnpt. However, if one solution exists,

then it is presumed that several solutions can be found, from which one

must be selected by some optimization techniques.
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The method employed to determine the tendon configuration involved

optimization on a selected number of individual tendons or tendon groups.

The procedure used linear programming and can be summarized as

follows:

1. The structure was analyzed under its design loading conditions

without any prestressing loads. Control points were selected
whichwere representative of the states of stress in the structure

under the design conditions. The stresses at these points were

noted. The stresses at the control points were monitored through-

out the optimization procedure.

2. The unit load analyses described in Section 2.4.2.2. were used

in this analysis. The coordinate stresses at the selected control

points represented the utility of each tendon group in controlling

the design load stresses.

3. A system of linear inequalities was formulated which described

the relationship between the actual stresses and the allowable

stresses. Other linear inequalities that imposed numerical or

physical constraints on the tendon selections were added to the

system. A single expression, summarizing the quantities (e. g.

cost, volume, length, etc. ) to be minimized, was formulated

and designated as the object.

4. The system of equations was first satisfied, after which the

object equation was minimized without destroying the feasibility.

The resulting solution provided the best tendon configuration for that

group of selected tendons, that set of constraints, those design loads, and

that PCRV geometry.

2. 4. 4. Nonlinear Analysis

The computer analysis was employed not only to furnish support to

the detail-design effort, but also to predict the mode of incipient failure

during overpressurization of the vessel. More specifically, it was intended

to predict by analysis the locations of initial concrete cracking, the approx-

imate pressure levels at which such cracking would occur, and whether the

cracks would be self-arresting or would propagate (at constant load) through

the structure.

The analysis considered the prestressing loads; however, the rein-

forcing steel was intentionally excluded. The analytical procedure is out-

lined in the following paragraphs.

The Model 1 structure was assumed to be subjected to the internal

design pressure of 520Opsi and the prestressing tendon loads given in Fig.2. 54.
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The resulting stress distribution revealed that no significant region of the

structure was in tension at this stage. The internal pressure was raised

incrementally, producing changes in the stress distribution until a tensile

stress of 500 psi (the assumed ultimate tensile strength of concrete) was

produced. The 500-psi tensile stress first occurred in the fillet region

at an internal pressure of approximately 650 psi. The mathematical

model was subsequently altered in this region to permit separation of adja-

cent elements and, hence, to analytically introduce a crack. A reanalysis

at 650 psi revealed such a reduction in the fillet stresses that self-propagation

of the crack did not appear possible in that region.

The internal pressure was further increased to approximately 750 psi

when the ultimate tensile strength of concrete was exceeded at the exterior

surface of the cylinder midplane. An analytical crack was introduced in

the circumferential direction at the midplane. Reanalysis again confirmed

the improbability of a self-propagating crack.

Further elevation of the internal pressure to approximately 800 psi

produced a 500-psi circumferential tensile stress at the inner surface and

midplane of the cylinder. Since the method of analysis assumes axisymmetry,

a vertical crack could notbe introduced analytically and the analysis was

te rminated.

As a result of this analysis, Model 1 was expected to develop cracks

in the fillet region initially and then at the exterior cylinder surface.
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Case A--Axial tendons
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I "

Case C -- Hoop head tendons
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Fig. 2. 11 -- Prestressing system tensioning sequence
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Fig. 2. 19--Radial stress, Case B
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Fig 2. 20--Axial stress, Case B
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Fig. 2.22--Shear stress, Case B
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Fig. 2. 69--Deformed shape under full pre-
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3. CONSTRUCTION

3. 1. INTRODUCTION

A purchase order on a fixed price basis was placed with a general

contractor for construction of PCRV Model 1 on June 24, 1964, and

accepted on July 1, 1964. The scope of work included material, labor,

tools, equipment, facilities, and services to erect a prestressed concrete

reactor structure model. A specification and three drawings were fur-

nished in the bid package. Materials of construction are listed in

Table 3. 1.

3. 2. SITE

The construction site was below the General Atomic Experimental

Engineering Test Tower in a canyon adjoining Sorrento Valley. Site

preparation work commenced on July 21, 1964.

3.3. FOUNDATION

The model foundation consisted of a cylindrical wall on a slab (see

Fig. 3. 1). The slab rested on undisturbed soil of adequate bearing

strength. The slab and wall were normal items of reinforced concrete
construction, with one determination of special interest, i. e. , an attempt
was made to use transit-mix concrete. The transit-mixed concrete was

found to be outside of specification, however, because the mixer could not

readily discharge the low-slump mix, and the time in transit exceeded the

allowable time in the mixer. One trial was made with the cement and water

added to the transit mixer at the site, followed by mixing for the allowable

time period, and this also was found to be impractical. The slab was

poured on July 31 and the cylinder wall on August 6. A sprayed-on curing

agent was applied to the concrete.

3. 4. FORMS

The soffit form shoring and side forms were begun on August 10.

Form contact surfaces were provided by plywood panels, externally

supported and braced, with no internal ties. Bottom and top head panels
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Table 3. 1

MATERIALS OF CONSTRUCTION

Item

Rebar

Cement

Sand

Aggregate (coarse)

A dmixture

Water

Spec

ASTM A431, A432

ASTM C150

Size or Type

4, 5, 6, 7, 8, 11

Type II

Santee

Mission Valley

Pozzolith 8

Potable

Remarks

San Diego

City water

Liner sheet

Nozzles

ASTM A36

ASTM A53

Gr B pipe 3 " eSchedule 40
41" p Schedule 80

18" 9

A354 Gr BC

A194 Gr 2H

A325

Bolts

Nuts

Washers

Grout

Concrete

Strand

Water stop

Epoxy bond

Epoxy filler

Bearing pads

Bearing blocks

ASTM A416

Em b e co

5500 psi

270 lips

Under liner

l" slump

15% stronger than

specification

PVC

Edeco 2090

Edeco 2096

Neoprene

ASTM A36
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were identical, with the six panels arranged in hexagonal pattern. The

clipped corners were achieved by vertical panels of plywood at each corner

inside the form. Walers were cut in the form of a circular segment, and

four adjustable metal bands maintained shape and dimension. The vertical

form panels were anchored to the soffit with external toe plates across the

six faces at the intersection of soffit and sides. All planes of intersection

were chamfered.

The soffit form had an annular opening directly over the support wall.

Neoprene bearing pads were placed end to end on the support wall and flush

with the upper face of the soffit. Sand was compacted into the ring area

around the bearing pads and flush with the upper face of the soffit to pre-

vent the intrusion of concrete into the voids.

The bottom head forms had no penetrations, and the only block-outs,

other than the clipped corners, were for the shear keys for the B (circum-

ferential) tendon bearing blocks. All tendon tubes terminated at the inside

face of the forms.

3. 5. INSTALLATION OF EMBEDMENTS FOR BOTTOM HEAD

Reinforcing steel, vertical tendon sheaths with transition end pieces,

and horizontal and cross -head tendon sheaths were placed in the bottom

head in a sequence and position that eliminated interference and permitted

the embedments to be placed in the proper position (see Fig. 1. 25).

Incorrectly fabricated reinforcing steel required rebending on several

occasions. Difficulties in defining the trace of the C (cross-head) tendons

in conjunction with end anchor locations, and a question on the type of cross -

head tendon sheath to be used, caused some delay in construction.

3.6. CONCRETE PLACEMENT FOR BOTTOM HEAD

The concrete for the bottom head was placed on December 7, 1964

(see Fig. 3. 2). This placement was approximately 13 cu yd of job-mixed

concrete. Prior to placement of the concrete the form surfaces were

coated with a releasing agent, and all reinforcing bars (rebar), tendon

sheaths, and forms were sprayed with water. No puddles or standing

water were permitted. A grout cushion approximately 2 in. thick was

placed completely across the bottom head, and the concrete was deposited

on this bedding. Concrete was placed evenly across the bottom head, with

the surface difference in elevation not exceeding 12 in.

A pour strip on the forms and two water stops were located at the

construction joint, approximately 3 ft 6 in. above the soffit. The water
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stops were 6 in. high PVC butt-welded and were placed in two concentric

circles. The bottom 3 in. of each water stop was embedded in the concrete,

normal to the plane of the construction joint.

3.7. CONCRETE

The design mix for 5500-psi concrete, selected from three trial

mixes, consisted of 7-3/4 sacks of cement per cu yd, mixed in approxi-

mately 1/4-cu yd batches.

The aggregate was commercially available Mission Valley,San Diego,

material (crushed Poway conglomerate). The cement was Colton Type II;

the admixture was Pozzolith 8. The water was San Diego City water, which

was cooled with the addition of crushed ice to a temperature of approxi-

mately 35 F. The concrete temperature at discharge from the mixer was

approximately 500F.

The weather was clear, the relative humidity was above 70%, the

wind speed was approximately 5 mph, and the temperature was approxi-

mately 60 0 F. Because of these advantageous conditions, no protection

against rapid drying was required.

The mixer discharged concrete averaging 1-1/2 in. slump, with

some slumps as low as 0 in. and several with 2 in. (see Fig. 3. 3). It

was stipulated that an occasional batch with 2-in. slump would be accepted,

but no two consecutive batches with 2-in. slump were placed. Prior to

placing the concrete the forms were washed and blown clean.

A truck crane hoisted the bucket from the mixer discharge chute up

and over the vertical rebar that extended the full height of the model. The

bucket was lowered to the discharge point within 2 ft above the placement

elevation. High-frequency vibrators (n = 10,000 cpm) of 1-in. diam were

used to vibrate the deposited concrete. Vibrators were inserted into the

concrete vertically and were not used to distribute or move the concrete.

Vibration was allowed at any one location only until bubbles arose around

the head. The vibrator was then removed and inserted at another location

not more than 12 in. away from the previous point of consolidation.

A central cavity approximately 7 in. deep and 8 ft 5 in. in diam was

provided at the top of the bottom head to receive the liner and the projecting

3-in. anchors on the bottom of the liner.

The concrete was water-cured for 14 days from date of placement.

Within 24 hr after placement, the side forms were stripped. The concrete

was then covered with burlap and soaked continuously for the curing period.
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Concrete mixing controls included frequent sand and aggregate

moisture content determinations, many slump tests, weighing of all fine

and coarse aggregate, water, and crushed ice, and volumetric measure-

ment of additive (Pozzolith 8). Cement was added in full bag quantities.

Sample cylinders were obtained at various times during the placement

and were tested at intervals of 7, 14, 28, and 109 days.

3.8. REINFORCING BAR

The reinforcing bar (rebar) in the model conformed to ASTM A431

and A432 and included sizes No. 4, 5, 6, 7, 8, and 11. Fabrication was

in accordance with ACI 318-63, and placement and fabrication tolerances

were 1/4 in. , the equivalent of those for a beam 24 in. deep. Several of

each bar type and size were instrumented to obtain deformation at selected

locations (see Fig. 3. 4).

3. 9. LINER

The liner (see Figs. 1. 33 and 3. 5) was of welded hot- rolled sheet

approximately 0. 162 in. thick in the form of a right cylinder with

inside dimensions of 6 ft 2 in. in height and 8 ft 3 in. in diam. Con-

ical transitions from the cylinder to top and bottom flat heads were

employed. There were no penetrations in the bottom plate, two sets

of 4 horizontal 4-in. -diam pipes penetrated the cylinder below the

top transition section, and thirty-seven 3-1/2-in. diam penetrations

and three 1 8-in. - diam penetrations were in the top head. The three

18- in. - diam penetrations extended into the conical transition. An

additional 1 -1 /2 in. - diam horizontal penetration was provided approxi-

mately 12 in. below the top head.

Each nozzle had a circumferential anchor ring near the liner wall.

The upper half of each 18-in. -diam nozzle was stiffened with brackets
between the flange and upper anchoring. The 18-in. -diam nozzles had

flanged connections; all others were threaded with couplings and plug
closures. The 18-in. -diam penetrations were capped with fabricated plug

closures consisting of a 1-5/8-in. -thick blind flange and 12-in. -deep,
17-in. -o. d. cylindrical plugs. These plugs had 3/8-in. thick walls, were
filled with nonshrink grout, and were welded to the bottom side of the blind

flange. High-strength structural steel bolts were used on the flanges.

The seal was provided by an O ring. Additional anchorage was provided
by 6 rows of weld bead deposited horizontally and circumferentially on the

o. d. of the 18-in. -diam standard pipe between the upper and lower circum-

ferential anchor rings.
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Bar anchors, spaced from 4 in. to 8 in. apart, were welded on the

external surface of the liner, except within the area of the thirty-seven

3k-in. -diam penetrations in the top head. The bar anchors consisted of

1-in. by 1/4-in. bar projecting 3 in. from the liner, with a 1-in. right-

angle hook at the outer end. Lifting rings were provided on the top head

to permit handling without serious distortion.

The liner was not a coded vessel, but all welding was performed in

accordance with the AWS Code or Section IX of the ASME Boiler and

Pressure Vessel Code.

On December 10, 1964, the liner, previously instrumented on the

outer surface and on certain areas of the outside surfaces of the nozzles,

was lifted into position in the model cavity (provided during concrete

placement of the bottom head).

On December 15, a nonshrink grout was pumped into the 8-in. -thick

void beneath the entire liner bottom. This operation appeared to be mar -
ginal during the time of placement, and later events proved it to be

unsatisfactory. Some void areas appeared to exist under the liner as dis -

closed by "drumming" tests during placement, and their existence was

confirmed in later tests and examinations.

3. 10. CYLINDER AND TOP HEAD

The construction joint was to have been cleaned and prepared within

hours after completion of the lower head placement, but the contractor

failed to provide the required equipment in time to prepare the joint. A

change in specification was granted, therefore, to substitute sandblasting

and an epoxy adhesive to provide adequate joint strength.

Shoring to prevent liner distortion during the placement of the

remainder of the concrete was installed on January 18, 1965. The contrac-

tor proposed placing the remaining concrete in a single placement rather

than pouring the barrel section and top head separately. This proposal

was accepted, and approximately 24-1/2 cu yd were placed on January 25

(see Fig. 3. 6). Prior to this placement the remaining reinforcing steel,

tendon sheaths, and forms were erected. The construction joint was sand-

blasted and vacuumed, and epoxy was applied as recommended by the vendor.

A bed of grout approximately 2 in. thick was placed on the prepared joint,

and job-mixed concrete was deposited onto the grout.

The concrete was cured with water for 14 days, using soaked burlap

in contact with the stripped faces. Forms were stripped when the con-

crete was 24 hr old, and the tendon sheaths were cleaned with air and water.
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No sheaths were found to be blocked by concrete. The sheaths had been

filled with dry sand, and a pull wire extending the full length of the sheath
was attached to a wadding of rags at each end for removal of any green

concrete or cementitious material and for cleaning the sheaths. The sand

also supplied internal support to the cross-head, flexible, oval-shaped

sheaths during the concrete operations. Figure .3.7 shows the top head of

the model before installation of the prestressing system.

3. 11. GROUT REPAIR

After shoring was removed from the liner interior, "drum" tests

that were performed indicated unbonded or unbacked areas on the liner

bottom. Three test coupons were cut from the tank liner bottom head,

and the grout material was found to be moist and soft. Compression tests
of the material were made in place. These tests showed the grout to have

little bearing strength. A redistribution of pore water with no recovery

following loading was observed. As a result, the grout under the liner was

rejected. Repair of the grout area, which began on March 8, consisted of

cutting sections out of the liner bottom, taking care not to remove or dam-

age the anchors, scooping out the uncemented material, replacing with

acceptable material, and trowelling off to a smooth void-free surface. The

liner bottom rewelding began March 22. The bottom was checked with a

helium leak detector, and all leaks found at the joints were rewelded. The

liner interior was then available for final installation of gages and dis -

placement sensor framework.

3. 12. PRESTRESSING SYSTEM

The prestressing system was of the Freyssinet type and consisted

of vertical, circumferential, and cross -head tendons installed in tendon

sheaths. The tendons were anchored at bearing plates or bearing blocks

and were tensioned in two stages to the design load (see Fig. 3. 8).

Two tests of tendon material to be used in the model were made in

the laboratory of the strand supplier. The actual tendon lengths and the

test lengths, as well as the length for an additional test, are shown in

Table 3. 2. The tests gave an apparent modulus of elasticity Es for the

material of =25. 8 x 10 ps .

The 48 vertical tendons consisted of 9 strands of 7 wires each. These
tendons were straight, were tensioned from one end in two stages with a

final load of approximately 180, 000 lb force, and employed external

standard-size anchors similar to the one shown in Fig. 3. 9.
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Tabla 3. 2

TENDON DATA

Tendon Length

Tendon (Distance Between No. of No. of

Type Anchor Bearing Plates) Test Length Strands Tendons

A 12' 7-1/2" 12' 4-7/8" 9 48

B 13' 9-1/2" 13' 8-1/4" 12 45

C 14' 7 -3/8" 14' 9" 12 36

Test

tendon 13' 11'' 12 3

The 15 circumferential tendon hoops were 12-strand tendons and

employed externally placed bearing blocks (see Fig. 3. 8). Each tendon

hoop consisted of three tendon segments, each of which covered 1200 of

arc on the vessel circumference. Tensioning was in two stages, and final

loading varied from 183, 400 lb total force in the head to 170, 800 lb total

force at midheight.

The top and bottom heads each had 18 cross -head tendons. These

12-strand tendons employed externally placed bearing blocks. Tensioning

was in two stages, and the final loading was approximately 253, 000 lb

total force.

The tendons were made up from 3 packs of material containing

12, 000 linear ft of 270k-type prestressing strand. The strands were

flame-cut approximately 6 ft longer than the required length and assem-

bled in bundles of 9 or 12 each for a tendon. On the vertical tendons, an ,

effort was made to avoid strand crossing in the tendon sheath. Each end

of a strand in a tendon was color -coded with a different color spray paint

and was installed with an identical color pattern and sequence at the top

and bottom anchorage of the tendon. This was not a difficult procedure

and may have contributed to the absence of problems in tensioning the

vertical tendons.

3. 13. PRESTRESSING PROCEDURE

Because of the short tendon length, the preliminary tensioning pro-

cedure required (1) auxiliary shimming in place under the anchorage,

(2) pulling the tendon to a maximum of 75% of ultimate for the tendon,

(3) seating the anchorage on the tendon, (4) repulling the tendon and

removing the auxiliary shims, (5) measuring the force remaining in the
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tendon while attached to the jack, using the pump pressure gage and the

jack calibration curve, and (6) placing the correct shim thickness below

the anchorage to produce the correct force when the tendon end anchorage

settled on the shims. Considered in shim thickness requirements were

seating losses in the anchorages for both the stressed and, in the case of

single-end jacking, the dead ends of the tendons. The 1-1/2-in, by 8-in.

shims furnished for the vertical tendons were of two thicknesses, nominal

1/16 in. and 3/8 in. Calculations showed that a 1/16-in. variation in shim

buildup would cause the tendon force to be +3% outside of the specified

residual load at the time of release of the tendon from the jack. Additional

1-1/2-in. by 8-in. shims, 1/8 in, and 1/32 in. thick, were required to
provide the desired load.

The vertical tendons were tensioned first to one-half load. Six jacks

and three pumps were used during tensioning. Four jacks were 200-ton

and two were 150-ton capacity. Two jacks were calibrated with each pump

unit and were used only with that unit.

Measurement of elongation was first attempted by measuring jack

body movement with dial indicators referenced to the bearing plate. This

method was unreliable because of the jack swing that occurred as the jack

picked up and loaded the individual strands from the chucks on the jack

body. It was observed that when pump pressures read 100 psig, all strands

were loaded. For first-stage tensioning, elongation was measured by the

dial indicator method through the tensioning, plugging, shimming, and final

pressure-setting stages. Because these were short tendons, plug seating

was responsible for a large percentage of the total elongation. The tendons

were tensioned to 70% of ultimate, plugged, and shimmed to leave the

desired force in the tendon.

Using the load cells, pump calibration curves, and measured elonga-

tions, it was possible to arrive at a modulus of elasticity for the material

in that length. This result indicated that the modulus of elasticity of the

tendons was low, and consequently the residual forces in the tendon were

slightly higher than specified.

After first-stage tensioning of the 48 A (vertical) tendons was com-

pleted, a check of the three load cells, the measured elongations, and the

unstressed anchorage seating losses indicated that the tendon loadings

were not within specification and were erratic and inconsistent.

Since the first-stage loading was approximately one -half the final

loading, it was decided to continue tensioning the B and C tendons and

attempt to improve the procedure.
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The 15 B (circumferential) tendons were made up of three 1200

segments with the ends of the tendons crossing in the externally mounted

bearing blocks. This tendon crossing in the bearing block caused a force

couple to exist at the block and a tendency for the block to rotate on the

model face (Fig. 3. 8). This rotation was resisted by friction of the block

on the concrete and by shear keys welded to the block and embedded in the

concrete face of the model. Because it was possible by one-end jacking to

create an unbalance of force on the B bearing block, all B tendons were

jacked at both ends. Six jacks and three pumps were employed for the B

tendon tensioning.

Tensioning of the B tendons, readings on the load cell, and compar-

ison of elongation indicated that first-stage loading was out of specification

tolerance and was erratic and inconsistent. One bearing block slid across

the face of the model during a detensioning operation, shearing out the

concrete at the shear key locations. This block was returned to its original

location and the concrete was repaired using epoxy and sand. No further

difficulties caused by uneven loading of the B bearing blocks were encoun-

tered in the total tensioning phase of work. As tensioning continued on

the B tendons, additional wire breakage occurred which was traced to

overstressing the shorter strands on the inside curvature of the tendon.

This difference in length was compensated for by rotating each end of the

color-coded and sequenced tendon 900 clockwise from the original position.

In addition, the same difficulty previously encountered with the A tendons

was experienced in measuring elongation with the dial indicator method.

The B tendons were shimmed with scimitar -shaped shims of 1/32-in.,
1/1 6 -in. , 1/8-in. , and 3/8-in. thickness and had varying loads, depending

on location on the model. Special jack chairs were required on those B

and C tendons having load cells.

The 36 C (cross -head) tendons were stressed from both ends and all

to the same loading. The same procedures as used fog B tendons for

shimming, anchoring, and installing the correct shim thickness were

followed.

Several cross-head tendon strands were broken because of the slight

difference in length due to the vertical. curvature It was not possible to

compensate or equalize length by rotating the tendon due to the oval shape

of the sheath and the lack of clearance between the sheath and tendon strand.

Also, some of the C bearing blocks were outside of specification for align-

ment and perpendicularity of block bearing surface to the longitudinal axis

of the tendon. Compensation for misalignment was accomplished by

enlarging the hole in the bearing block and introducing a bearing plate

which allowed the end anchorage to move the required amount to achieve

alignm ent.

204



Each C bearing block accommodated six end anchorages and wrapped

around a corner of the model. These blocks were sensitive to unsymmetri-

cal loading. The tensioning sequence was altered to tension a tendon as

far from the centerline of the block as possible and to tension a tendon on

each face before a second tendon was tensioned in a set of three.

Two C tendons, one in the top head and one in the bottom head, were

installed with a load cell at each end in order that friction forces could be

measured from one end to the other by alternately jacking each end. It

was possible to calculate from the load cells the force at the jacked or

unjacked end. To make a final check of the forces, both ends were jacked,

elongation was measured, and forces were calculated using the pump gages

and the load cells. Employing empirical equations and values determined

from the various jacking sequences noted above, the force at the center-

line of the tendon was calculated. The load cells provided a continuous

record of forces in the tendons at the bearing blocks.

The second stage of tensioning was performed using a more precise

procedure for measuring elongation and shimming thickness. All tendons

were tensioned until shims from the first stage could be removed. A pre-

determined pump gage pressure was then reached, and an initial reference

point was marked on a painted surface, on the tendon and on the jack, using

a sharp pencil and straight-edge. The required force was applied to the

tendon at a predetermined pump gage pressure, the elongation of the

tendon was measured, and the correct shim thickness was inserted between

the anchorage and bearing surface. The pump pressure was reduced to the

original reference pressure, and residual elongation of the tendon was

measured between the jack reference mark and the mark on the tendon.

This elongation was required to be within 1/32 in. of that specified. Load

cell readings verified the loading, in tendons so equipped, to be within t3%,
and the procedure was considered adequate for all tendons.

Wire breakage occurred frequently during the second stage of ten-

sioning. It was ultimately determined that the strand material was faulty;

one wire containing a fold extended for several thousand feet through the

12, 000 -ft reel. Before the job was completed, twc truck loads of broken

strand were removed from the site and six reels of additional material

were delivered to complete the tensioning.

Except for the excessive breakage in faulty strand material, no

unusual difficulties were encountered in the second stage. The third stage

of tensioning, which had been specified in the event tendon loads at the end
of the second stage tensioning were not within specification tolerance, was
not required. Tendon tensioning data are presented in Table 3. 3.
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Table 3. 5

TENDON TENSIONING DATA

Final -Stage

Tendon Type and No. Specified Loading
(Figure 1. 25) (Residual)(kips) Load Cell Location

A
1, 2, ', 4, 9, 10, 183. 4 A-1, A-17 (bottom)
11, 12, 17, 18, 19, 20,
25, 26, 27, 28, 33, 34,
35, 36, 41, 42, 43, 44

A
5, 6, 7, 8, 13, 14, 180. 0 A -5 (bottom)
15, 16, 21, 22, 23, 24,
29, 30, 31, 32, 37, 38,
3a, 40, 45, 46, 47, 48

B (3 of each)
a, b, n, o 251.0
c, d, e, f, j, k, 1, m 213. 0 B -c, B -m
g, h, i 170. 8 B-h (3)

C (2 of each)

1-18 253. 0 C-6 (2) (top head)
C-6 (2) (bottom head)
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4. TEST DESCRIPTION AND OBSERVATIONS

Model 1 tests included five phases: (1) preliminary, (2) prestressing,

(3) pressurization in the elastic range, (4) gas leakage through the concrete,

and (5) overpressurization.

4. 1. PRELIMINARY

The preliminary tests included an operational checkout of all sensors

and devices in place, to detect shorts or other malfunctions. Auxiliary

systems or equipment, such as hydraulic pressurization, data acquisition

and recording, gas leakage measurement, and computer processing, were

tested insofar as possible without actually pressurizing the vessel, by using

simulated signals, loads, or other means. Sensors installed in the concrete,

on rebar, on the liner, and on the surface of the concrete were monitored
with hourly scans, and sensor output was plotted and surveyed for stability.

4.2. PRESTRESSING

The prestressing phase of work began when the concrete was approxi-

mately four months old, and tendon installation was completed in about

eleven days. Tensioning began after completion of a scan and evaluation

of all sensors and data. A "zero" data scan and reference were recorded

and tensioning proceeded according to sequence. Data recordings were
made twice each day prior to and following each day's work and in the

morning and evening of each day on which no work was done on the model.

These data runs indicated the effects of the tensioning on the sensors

in the model (on rebar, liner, and penetrations) and results were compared

with the design parameters for that loading arrangement and magnitude of

forces. These comparisons were continued throughout the tensioning.

First-stage tensioning was completed in approximately four weeks.

During second- and final-stage tensioning, a more precise procedure

was used. Complete data scans twice each day confirmed uniformity of

loading and showed a consistent slight overloading due to an apparent lower

modulus of elasticity for the tendons than was considered in the procedure.

Prestressing was completed in approximately four weeks. A data scan at

the completion of tensioning established a second reference point.
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No data were available for the concrete placement and curing periods

due to difficulties with the sensing and recording portions of the data acqui-

sition system, i. e. , wet and shorted gages, switch resistance variation,

variation in power supplies, temperature effects on terminal boards and

exposed wiring.

4. 3. PRESSURIZATION

The pressurization phase began when the concrete was approximately

7 months old, following filling and venting of the model liner, and continued

over a period of approximately 30 days. All testing was at ambient temp-

eratures and employed oil as the pressurizing fluid.

Progressive loading to a predetermined pressure level, followed by

cycling from that level to a base datum and back to the level several times,

was carried out. Complete data scans were taken at the specified pressure

level and again at the base datum to establish repeatability of sensor signal

or show changes in sensor output as a result of relaxation, yield, or what-

ever phenomenon was causing a change in output signal.

A base datum of 50 psig was chosen to reduce cycling of the repaired

liner bottom, to save the time required for reduction to 0 psig, and to

avoid possible negative pressures or siphoning of hydraulic fluid from the

model.

Weight measurements were taken of all rejected pressurizing fluid

each time pressure was reduced to the base datum to determine model

volume changes due to an increase of pressure (see Table 4. 1). Consis-

tent values for rejected fluid served as an indication of the elastic behavior

of the model while in the substantially elastic range.

The first cycle series, 100 psig to 50 psig, was performed three

times. Rejected pressurizing fluid weights were consistent and averaged

9.42 lb.

In the second cycle series, pressure levels of 300 psig to 50 psig

were reached thrce times. Data scans were taken on the first rise to

pressure of 300 psig at 200 and 250 psig. Rejected weights of pressurizing

fluid (300 psig to 50 psig) were measured and averaged 26. 62 lb.

The next cycle series called for a maximum pressure of 400 psig and

ten cycles. On the first increase to pressure, complete data scans were
also taken at 350 psig. The rejected oil weights averaged 34. 3 lb. Because
all data were consistent and repeatable, this series was reduced to five
cycles.
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Table 4. 1

WEIGHT OF REJECTED OIL

OP Wt of Oil P Wt of Oil
(psig) (lb)_(psig)_(lb)

100 - 50

100 - 50

100 - 50

300 - 0

300 - 50

300 - 50

300 - 50

350 - 0

400 - 50

400 - 50

400 - 50

400 - 50

400 - 50

500 - 50

500 - 50

500 - 50

500 - 50

500 - 50

500 - 50

500 - 50

500 - 50

500 - 50

500 - 50

500 - 50

500 - 400

400 - 200

200 - 50

550 - 50

550 - 50

550 - 50

550 - 50

550 - 50

600 - 50

600 - 50

600 - 50

600 - 50

600 - 50

600 - 50

8.5
9.875
9,875

27. 75
24.75
26. 25
26, 25
30. 5
34. 625
34. 35
34.25
34.25
34. 125
42.875
43. 250
42. 250
42. 250
42. 250
4 3. 000
42.00
42. 000
42. 250
42. 50
41.20

8.00
17.20
1 3.80
43. 00
42. 250
43.00
43. 250
43.00
47. 50

47.00

47.00

47. 00
47.00

600 - 50
600-50

600-50
600 - 50

650 - 50
650 50

!I 650-5O
650 - 50
700 - 50
700 - 50

700 - 50
700 - 50
700 - 50

h 700 - 50

700 - 50

700 - 50
700-50
700 - 50
500- 50
7 50 - 50

750 - 50

750 - 50
800 - 50

2i 800 -50
800 - 50

800 - 50

800 - 50
850 50

j 900 - 50
950 - 50

1000 - 50

700 - 50

1050 50
1150 - 50
1200 - 50

1 300-50

47.00
47.00
47.00
43. 275a
51.25
51.00
51.25
51.25
55. 50
55. 50
55. 50
55. 375
54. 75
54. 75
54.43
54. 125
63. 125
56. 25
38.00
57.75
53. 50
51. 125

58. 50
63. 125
63. 250
63. 50
63. 00
63. 375
67.62
73. 125
78.75
86. 125
54. 15

93. 50
116.0

126.12

152.00

-- Hose broke and some oil spilled.
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A 500-psig 10-cycle series was the next pressure level studied. A

complete data scan was taken at 450 psig on the first rise to a pressure of

500 psig. Rejected oil measurements in the test averaged 42, 46 lb.

On the last rise to 500 psig, pressure was maintained and held for

approximately 18 hr. Complete data scans were taken hourly throughout

the pressure-holdirng periods. Additional volrrme, of pressurizing fluid

to hold this pressure were not required, indicating that there was no

leakage from the liner.

A recheck of rejected fluid volumes was made by increasing the model

pressure from the base datum to 500 psig. Measurements of fluid taken

as pressure was decreased to 400, 300, 200, and 100 psig were compared

with the original volume data. The volume of fluid rejected was not greater

than previously measured, indicating that no yielding of the model had

occurred.

Pressure cycling was continued with a 550-psig 5-cycle series and

a 6 00-psig 10-cycle series, which were carried out as noted for the pre-

vious series.

A 6 50-psig 5-cycle series and an 8-hr hold test at 650 psig were

then conducted. A continuous check on pre ssure -volume (weight of fluid

rejected) showed a discontinuity between 450 and 500 psig. Up to 450 psig

the oil had weighed,~4.25 lb per 50 psig. From 450 psig to 800 psig, this
ratio was ~4.00 lb per 50 psig. A reduction of pressure to below 100 psig

gave a weight of oil in excess of either of these ratios and is attributed to

"oil canning'' of the bottom of the liner. When unloaded, the liner bottom

rejected approximately 3 to 5 lb of oil by flexing away from the grout base

and assuming its warped surface. This occurrence was noted several

times during the permeation tests when the AP of oil pressure to gas pres-

sure approached 50 psig. A rise in model pressure would result from the

triggering of this built-in force of the liner bottom when displaced from its

unloaded shape.

A 700-psig 10-cycle series and an 8-hr hold test were completed.

Weight of oil displaced during this series remained on a straight line plot

for pressure versus weight of fluid rejected.

4.4. GAS LEAKAGE THROUGH CONCRETE

The first gas leakage tests were started at 500 psig and were per-

formed in the following manner. The vessel pressure was reduced to the

sei -tum and a complete data scan was taken. The model pressure was

then increased to 500 psig and another data scan taken. The 500-psig

220



pressure level was maintained and helium gas was introduced at the liner-

concrete interface selectively at 3 points at 50 psig (Fig. 4. 1). This

50-psig pressure was held constant and the model exterior concrete was

scanned with a helium-sensitive detector. Areas of helium concentration

were mapped and outlined. These areas were in the vicinity of the con-

struction joint and around the 18-in. -diam nozzle in the top head. Helium

flow rate was observed at constant pressure (Table 4. 2).

With the model at 500 psig, the helium pressure was raised to 100

psig and the model was again scanned for leakage. Helium was detected

in the same locations as before. These steps were repeated with constant

model pressure of 500 psig and helium at 150, 200, 250, 300, 350, 400,
and 450' psig.

Following this test series, gas pressure was reduced to 0 psig and

the model pressure was reduced to 400 psig. A new series of gas pres-

sures was introduced at the application ports, beginning at 50 psig and

increasing in pressure to 150 and 350 psig.

Gas pressure was reduced again to 0 psig and model pressure to

200 psig. Gas pressures of 50, 100, and 150 psig were applied at the

three sample ports, singly at first and then to all three ports. The model

scan for these conditions was again taken,

Nitrogen was substituted for helium, and flow rates were observed

for a model pressure of 500 psig and for gas at 50, 250, and 450 psig
(see Table 4. 2). Rupture of the variable area flowmeter s at a pressure

of '450 psig limited the gas pressures to 430 psig as a maximum level

on the 1/4-in. flowmeter.

Before the 750-psig 5-cycle series (the next test series) was started,

an additional test of gas leakage through concrete with helium at 450 psig

and 400 psig was attempted. An oil drip was observed from the No. 3 gas

line, which indicated a leak in the liner. No. 3 valve was left open and the

line was drained. Pressure was increased to 750 psig and a data point

sample (DPS) was taken at 725 psig on the increase to test pressure. An
800-psig 5-cycle series was the last series of tests called for in the pres-

surization phase.

4. 5. OVERPRESSURIZATION

The test program for pressure levels of 800 psig and greater was

dictated by the expected yielding of the model, which would be indicated by

The 1/4-in. flowmeter ruptured at 400+ psig.
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Table 4.2

Hydraulic Gas

Pressure Pressure

500

500

500

500

500

500
500
500
500

500

400

400
450

200
200
200

500
500

500
500

No.

50

100
150

200

250

150
300
350

4 0 0 1-

450

50

150
350

50
100
150

50
150
250
350

1 and No. Z

GAS FLOW RATES

All Valves OpenjValve No. 1Open[Valve No. 2_Open Valve No. 3 Open

1/4 1/8 1/4 11/8 1/411/8 1/4 1/8

4. 5
4.0

4.0
6.0
9.0

11. 25

14.5

8.25
17.0
19.6

6.5
9. 5

5.8
15.4
23.5

0.5

1.3.25
11.25
11.25
20.6
0.5

0.5

0.5

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

13.0

0.5
0.5
0.5

10.25
22.2

0.5

21.1
0.5
0.5
0.5

Heli

a I

0
1.5

0.0
0.0
0.0

0
0
0

0
0

Nitro

0
0
0
0

um

0 &

1.75
3.25

2.0
1.5
1.5

1.8
1.5
1.

2.0
2.0

(a)
2.75
2.0
(c)
2.25

0
2.25
2.00
2.25

0.00
1a

1.5

gen

0
1.5
2.25

2.5

1.5

2.5
2. 5

3.0
3.0

3.5
3.5
2.75
4.0
4.5

2. 5
3.0

1.75
3.5
5.25
7. 25

3. 5

5.5
6.75

8.75

8.75

11.0
11.0
7.0

13.75

15.5
(a)

18.5

(c)
22.0

4.25

8.25
17.6
17.8
4.25
6.5
9.0

5.5

13.8
20.2

0.5

4. 5

5.75
8.25
8.00

12.0
11. 25
10.50
10.50
10.0a
13.0
12.75
7.25

14.6
17.5

6.0
8. 5

5.0
13.0
20.2

0. 5

19.2
bBlowout of 1/4-in. flowrneter

CNo. 1 and No. 2 - 22.8
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13.25

19.1

0. 5
0.5

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0. 5
0.5
0.5
0. 5
0. 5
0.5
0.5

12.75
12.00

0.5
0.5
0.5
9.0
0.5
0.5

18. 8
0.5
0.5
0.5

I i ' 1 i
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a change in the pressure-volume relation. A change from a straight line
plot to a curve was expected to begin at around 800 psig.

The model was closely examined for concrete failure, cracks or

spalls, tendon anchorage slip, bearing block shift, or liner leakage.

Nothing was discernible beyond the No. 3 gas line drip discovered at 750

psig, as described in Section 4, 4,

On the basis of the model inspection, sensor data, and pressure-

volume relation, it was decided to continue pressure loading in 25-psig

increments, with a DPS taken at each new pressure level and a return to

base datum after every 50-psig pressure increase When pressure was

decreased from 850 psig to the base datum of 50 psig, a departure from

linearity in the pressure-volume plot was first detected.

On the following day, when the pressure had been increased to 1000

psig, the curve on the pressure-volume plot continued to develop, showing

a greater increase in volume for a 50-psig increase in pressure than had

been observed up to 800 psig. The first pressure-induced crack on the

external face of the concrete was observed at 950 psig.

Pre ssure was raised to 1 i00 psig following a reduction of pressure

to 50 psig. Pressure was increased from 50 to 200, 300, 400, 500, 600,

and 700 psig; a DPS was taken at each level, and then pressure was reduced

to 50 psig. Pressure was increased to 150, 250, 350, 450, 550, 650, 750,

850, 950, 1000, 1025, and 1050 psig, with a DPS taken at each point. Pres-
sure was reduced to 50 psig, a DPS was taken, and pressure was then

increased to 1000, 1050, 1075, and li00 psig, with a DPS at each level,

followed by a reduction of pressure to 50 psig. At 1100 psig two small

oily spots (less than 10 sq. in. ) appeared on two faces. At 1100 psig a drip

started from tendon A .11

Pre ssure was maintained at 50 psig for about 48 hr and then increased

to 1050, 1100, 1125, and 1150 psig and reduced to 50 psig, with a DPS taken
at each level. Pre ssure was raised in steps, with a DPS at each level, to

include 150, 300, 450, 600. 750, 800, 850, 900 950, 1100, 1150, 1175,
and 1200 psig, followed by a reduction to 50 psig, an increase to 1150,
1200, and 1250 psig, and again a reduction to 50 psig. More cracks began

to appear at the midplane of the model as pressure was progressively

increased.

On the final day of testing, pressure was increased in steps, with a

DPS taken at each level, from 50 psig to 200, 500, 700, 900, 1100, 1200,
1225, 1250, 1275, and 1300 psig, followed by a reduction to 50 psig. This
was the last reduction in pressure prior to failure by leakage from the liner

through the horizontal cracking that had progressively appeared until at

least one continuous crack girdled the model at midheight.
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Pressure was raised and a DPS was taken at 1200, 1250, 1300, 1350,

1400, 1500, 1550, 1600, 1650, and 1700 psig. During the increase to 1750

psig leakage developed at such a rate that the 3-gpm pressurizing pump

could not increase pressure on the model. This was defined as the conclu-

sion of the overpressurization phase.
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5. TEST EQUIPMENT AND METHODS

5. 1. SUMMARY

This section describes the work associated with the instrumentation

and pressurization systems used on the Prestressed Concrete Reactor

Vessel Model 1 test program.

The methods of measurement, the hydraulic system used, the types

of sensors, and the accuracy obtained are detailed. The final test config-

uration consisted of a remotely pressurized concrete model containing

1 300 sensors evaluated by a 2000-channel digital data acquisition system.

Appendix 5-A lists strain gage errors and methods of treatment,

Appendix 5-B describes strain gage mounting and waterproofing techniques,

and Appendix 5-C contains sensor calibration and description sheets.

5.2. INTRODUCTION

The test equipment, its requirements and characteristics, and the

methods of operation during the test program are discussed in this section.

The experimental apparatus may be grouped into three categories, namely,

(1) the pressurization system, (2) the model condition sensing system, and

(3) the data acquisition and recording system.

The demands of the test program and the means of providing reliable

information created a challenge in the area of instrumentation. The number

and type of test determinations required to monitor the physical properties

of the concrete model and its environment resulted in a complex and rela-

tively quick-recording instrumentation system. The largest problem area

was related to obtaining data from approximately 1 300 separate sensors.

Electrical resistance strain gages were selected for the deter-

mination of strain within the body of the concrete and on the concrete

surface, on the reinforcing bars, and on the internal and external surface

of the steel liner. Although the experience of others, notably the British

and French, using resistance strain gages in the prestressed concrete

vessel experimental field has not been entirely successful, this was

nevertheless considered the best technique for the application and is the

one most commonly used in the United States. No other sensing method

offered the same capabilities for strain measurement as the electrical
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resistance gage. The application, however, does impose some severe

requirements not commonly experienced in strain gage work. The gage

must be robustly protected to withstand the rigors of heavy construction

activity and must be sealed to preclude the entrance of the pressurizing

medium or moisture from the concrete.

Two requirements for the test extended the capabilities of the strain

gage system almost to a maximum. These demands are related to the

short-term accuracy and long-term stability. Normally in strain gage

applications a continuous slow change of zero setting is tolerable and can

be compensated by periodic recalibration. However, this common cor-

rective technique for elimination of long-term drift could not be tolerated

because of the need for providing a continuous record to permit analysis

of concrete creep and shrinkage. (See Appendix 5-A for a list of strain

gage errors and the methods of treatment. )

In addition to the electrical resistance-type strain gage system,

linear transducers and vibrating wire gages were provided for strain meas-

urements. A large number of thermocouples were dispersed throughout

the model. Several types of crack detector systems were employed at the

surface of the concrete. Other sensor systems included concrete moisture

monitors, load cells for tendon force measurement, fluid flowmeters,

volume change and deflection measurement devices, pressure transducers,

gas leakage flowmeters, and model environment condition sensing

devices.

The collection and recording of data were accomplished using a

2000-channel data acquisition system. The acquisition system recorded

information on magnetic tape in a format compatible with the computer

as well as in digital form on paper tape. The data from the 2000 channels

of information were acquired within approximately 7 min. For rapid

visual access to the information, any 10 of the connected channels can be

selected and the information automatically plotted during the data sampling

period, on a 10-channel digital X-Y plotter.

The test requirements called for a hydraulic pressurization system,

suitable for cyclic loading and capable of extending the vessel to failure.

A gas system was also provided for the introduction of helium at the con-

crete and liner interface for the study of gas leakage through the concrete.

The instrumentation and test support systems to satisfy the test

criteria were quite formidable and presented some problems in satisfactory

realization. However, the test equipment that was provided proved eminently

suitable and contributed greatly to a comprehensive assessment of the PCRV.

228



5. 3. INSTALLATION OF GAGES

5. 3. 1. Liner

Approximately 200 gages were applied to the external and internal

surfaces of the steel liner. The application requires that the gages be

moisture-proofed and provided with mechanical protection from construc-

tion hazards. The technique used is described in detail in a later section

of the report but essentially consists of covering the gage and the connec-

tion to the lead wires with a series of silicone rubber coatings topped with

a hard epoxy.

The majority of gages mounted on the liner were Bakelite-encapsulated

foil gages. A few epoxy-backed foil gages, with grid lengths equivalent to

the thickness of the liner, and fiberglass-encapsulated foil 900 rosettes

were also applied. The manufacturers' specifications for the gages are

given in Appendix 5-C.

All gages mounted on the liner were installed with Eastman 910

adhesive, specially approved for strain gage applications.

The materials and techniques used on the steel liner were chosen for

the specific requirements of this test. Full use was made of the advice and

recommendations of consultants in the strain gage field.

The cleaning procedure for the liner was particularly arduous. The

vessel had been fabricated under normal shop conditions and was covered with

a heavy coating of grease over heavy mill scale. In some cases it

was necessary to clean a 3-ft-square area to prevent contamination of a

1 -in. -square gage area. Figure 5. 1 shows the installation of gages on the

interior of the liner.

5. 3. 2. Concrete

The concrete surface was prepared for strain gages by sanding or

grinding the concrete surface smooth, then applying a room-temperature-

curing two-part epoxy, RTC, to the concrete. The RTC epoxy was used

as a filler material and waterpoofing medium to which the strain gage was

applied with Eastman 910 adhesive. The first RTC was put on the concrete

surface 16 days after pouring of the concrete and 3 days after turning off

the constant flow of water used to keep the concrete surface wet. Five days

after application, it was possible to peel the RTC off the surface of the

concrete. A previous successful test of RTC on a concrete beam had proved

that it would adhere to dry concrete. Excessive moisture, therefore, was

considered to be responsible for the lack of adherence of the RTC. A
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different filler (Cycle-Weld) and RTC were successfully applied to the con-

crete surface after the concrete had been drying for 15 days. Before gages

were applied, the prepared concrete surface was cleaned, using the same

cleaning procedure as used for the reinforcing bar and the liner.

Several types of strain gages were used on the surface of the concrete.

Two measuring techniques were employed to obtain an average strain over

a 2-in. length. In one case, three FAB-50-12-S6 gages were lined up in a

row so that the strain on an individual gage could be monitored or averaged

with the two other strain values. The second approach was to apply a single

EA-06-19CDK-120 gage, 1. 9 in. long, which would give a better average

strain than the shorter gage. This long, open-face gage had a high mortality

rate caused by separation of the gage from its backing. All single gages

were components of 900 and 1200 rosettes; each rosette consisted of three

gages to the leg.

The gages were applied under the following adverse conditions typical

of heavy construction:

1. There was no weather protection, and several hundred gages were

installed in the open.

2. The temperature ranged from 500 to 900F.

3. The concrete was wet during the first attempt to install gages on

the model surface.

4. Dust was blowing from contractor grinding operations and other

sources.

5. Morning and evening fog caused high humidity for a large part of

the working day.

6. The construction workers lacked appreciation for the relatively

delicate operation of the gage.

The technique of mounting strain gages was developed at General

Atomic after a review of the installation procedures used by Portland

Cement Association and a study of the recommendations of W. T. Bean,

engineering con- ltant, who specializes in strain gage application techniques.

A common technique for concrete surface gages is to use paper-backed

wire gages waterproofed with wax.. This technique proved to be unsatisfactory

for model test conditions. The technique finally developed proved superior

because gage losses due to the fragile nature of paper-backed wire gages

were diminished, the waterproofing was elastic and adhered better to the

wire leads than a fairly rigid wax, and improved mechanical protection was

provided by thi epoxy outer covering.
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In addition to the resistance strain gages, three linear differential

transformers were installed on the concrete surface in a vertical position

over a 10-in. length. Three vibrating wire -type strain gages were

installed but were eventually abandoned because of the failure of specially

built electronic devices to perform as required in time to meet the schedule.

Modifications were required for the data acquisition system to switch auto-

matically from voltage mode to frequency mode because the manual method

was too time-consuming and would have significantly reduced the speed of

data -taking.

5. 3. 3. Reinforcing Steel

The gages applied to the reinforcing steel were FAB-50-12-S6 or

FAB-25-12-S6 gages, depending on the size of the reinforcing bar. Figures

5.2 and 5.3 show the application of gages to reinforcing bars. The

deformations on the bars were filed down to the mean diameter of the bar.
The.smaller FAB-25-12-S6 gages were used on No.4 (1/2-in. -diam) rein-
forcing bars to minimize the gage curvature. All gages on reinforcing

bars were applied with BR 600 adhesive cured to 2500F to stabilize the

adhesive. A Bakelite foil-type gage with a transducer quality adhesive

such as BR 600 provides a higher quality installation than is obtained
with the traditional paper-backed wire gage with Duco cement employed

in past concrete work. (1) It was found that the National Bureau of

Standards method using the BLH Valore-brass foil envelope gage was

inadequate for this particular installation. The waterproofing technique

adopted for the model consisted of applying two coats of commercial

strain gage waterproofing, then a coating of silicone rubber, and finally

an outer covering of tough epoxy for mechanical protection.

Techniques for gage application and waterproofing were developed by

General Atomic in accordance with the recommendations of the consultant.

Other investigators, notably the British and French, have had little suc-

cess with resistance strain gages buried in concrete. This program

was reasonably successful because of the judicious choice of sensors,

adhesives, and waterproofing materials, and the use of proper mounting

techniques.

5.4. CONDITION SENSING SYSTEM

5.4. 1. Prestressing Monitoring

The facilities of the General Dynamics Structures Laboratory were

utilized to design and construct twelve 400, 000-pound spool-type load cells.

The load cells were placed under the tendon end anchor so that the force
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exerted by the tendon could be rnuiotored. The load cells provided a

second force-measuring system during the initial tensioning by the

hydraulic jacks. The load cells were also monitored during the pres-

sure tests, to give changes in tendon load due to internal model

pressure.

5.4. 2. Measurement of Structural Response to Pressure

Most of the sensors were chosen and placed to show the shape changes

of the model with pressure. The deflection of the liner was measured with

21 small linear motion potentiometers attached to a framework inside the
liner. This framework referenced all movement to three points on the

bottom of the liner.

Thermocouples were attached to the framework to facilitate corrections

for thermal expansion of the rack. Along the inside wall of the liner were

installed three linear differential transformers (LDT), which measured the

vertical expansion over a 10-in. gage length. The electronic equipment

for the internal LDT's was located outside the liner because of the pressure

environment inside the liner. Three additional LDT's were attached to the

concrete exterior in the same manner as those attached to the liner.

Approximately 20 crack detectors were used on the concrete surface.

The crack detectors were thin lines of conducting silver-graphite epoxy

spread in various patterns. The conducting silver-graphite was used as a

resistor in a circuit such that when the continuity was interrupted, an alarm

system was activated, signaling a crack. This method worked quite well

to indicate not only the cracking of the concrete but also the subsequent

closing of the crack. Unfortunately, most crack detectors were located

where the concrete did not crack.

5. 5. DATA ACQUISITION SYSTEM

The basic readout system consisted of 1500 sensors connected through

approximately one quarter million feet of wire to switches which switched

from sensor to sensor, an amplifier to amplify the voltage when necessary,

a voltmeter to read the sensor output, and recorders for recording the

sensor output. Figure 5. 4 shows the instrumentation setup; Figs. 5. 5

and 5. 6 are schematic and block diagrams, respectively, of the data

acquisition system; and Fig. 5. 7 is a block diagram of the systems sup-

plementing the purchased data acquisition equipment.

The primary requirements of the system were to (1) read and record

the output from all sensors within a few minutes, (2) present the data in a

form such that it could be manipulated by computer, (3) provide a method

232



of remote, instantaneous test evaluation, and (4) read signals in microvolt

level. The major portion of the data acquisition system was purchased as

a package. The ten switches in the system were Cunningham Type F

guarded crossbar switches, each capable of accepting 200 three-wire chan-

nels. The signal input to the crossbar is made through gold-plated "comb"
connectors allowing a relatively easy plug-in of signal wire. Gold was used
to minimize thermoelectric effects in switches and connectors. The cross-

bar switches had internal solid gold twin contacts, thus ensuring accurate

transference of low-level signals. The crossbar selector was factory

modified to control and select 10 crossbars with 2000 three-wire channels.

Formerly, the largest data acquisition system of this type consisted of

1000 three-wire channels or 5 crossbars.

The crossbar selector has several desirable features. A "guarded"

crossbar scanner feature allows small dc and ac voltage measurements

to be made in the presence of a common mode noise. The crossbar

scanner can be programmed to insert a fixed delay time at each chan-

nel position before it issues a read command to the voltmeter. For

the purpose of the test, the delay time was set at 0.08 sec to allow

the switching transients and strain gage to heat up to decay before the

signal was read. From the crossbar, the signal is sent through the

amplifier to the voltmeter. The amplifier has an input impedance of

1010 ohms and a 1 or 10 mV full-scale output with overranging to

:30 mV. When a high voltage is sensed, the amplifier is automatically

bypassed. From the amplifier, the signal goes to the integrating digital

voltmeter, which displays the voltage visually and provides an electrical

input to the recorders. With 100 mV full scale on the voltmeter, the

specifications( 2 ) are as follows:

Stability +0. 01%/day or

0. 02%/week

Linearity . . . . . . . . . . . . . . . . . . . 0. 006%

Noise at 0. 1 sec sample time . . . . . . 0. 022% ilcount of ambiguity
on the machine

Error due to temperature . . . . . . . . 0. 0013%/ C

The above values consider the amplifier in the circuitry and 10% line

voltage change. The drift tolerance is 0. 01% in six months, based on the

internal calibration of the machine.

The voltmeter has four selectable time periods for signal integration.

All data acquisition was done with the voltmeter set at 0. 1 sec integration

time, which is the time over which the voltmeter integrates the signal,

averaging the value of the input signal voltage. With integration and guarding
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there is a high noise rejection ratio, the exact value depending on the

frequency of the noise. With a floating guard and integration, the voltmeter

achieves an overall effective common mode rejection of at least 140 db

including dc. (3)

From the voltmeter the signal is sent to the recorders. Any com-

bination, or none, of the recorders may be recording while the rest of the

instrumentation functions normally. The three recorders are the Cook

Model 150 incremental tape recorder, the Monroe Data/Log Printer, and

the Moseley Model 2D-2A X-Y Plotter.

The incremental tape recorder conforms to IBM standards using NRZ-

type recording with a bit density of 200 bits per in. The data are recorded

on magnetic tape in a manner such that the tape can be read directly by the

computer without any intermediate steps.

The data/log printer prints channel location and voltage values on a

folded paper tape. The data/log printer served as a backup source of data

and as a mechanism for making immediate appraisal of test data at the

test site.

The third recorder, the X-Y plotter, is unique in that it uses "on the

line recording" without any storage or buffer capabilities, and while plotting,

it holds up the operation of all other data acquisition system components

until it has completed the plotting. A second feature is that it can be pro-

grammed to plot any 10 of the 2000 channels in the Y axis against any one of

the 2000 channels in the X axis. Other choices in the X axis are step-

function or real time. Each channel in the X and Y direction has a multi-

step zero suppression which allows all 10 channels to be plotted regardless

of their relative voltages.

Each detector in twenty channels of crack detectors gives an

audible and visual indication of a crack and records the crack condi-

tion on the computer tape when the next data run is made.

Two types of power supplies were used. A 6-V ac to dc power

supply was used to power all types of sensors except strain gages.

The second type was a 48-V Hewlett Packard Company dc power supply

with a voltage regulation of 0. 1%, which powered all strain gage cir-

cuits. All power supplies were connected to visual and audible signals

whichh indicated a power supply failure. As a second measure of safety,

0.A supply voltages were measured and recorded on each data point

sample. A 99-day digital clock was capable of remotely initiating a

dat: request at various time intervals without human attention.
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For identification, data were manually entered for each data run.

The information recorded for each data point sample included the identi-

fication number of the data, the initials of the test conductor, the percent

sky cover to the nearest 10%, the visibility in miles, the reasonfor visibility

limitation (fog, rain, smog, etc. ), the wind speed to the nearest 10 mph,

the wind direction, the cycle number (the number of times a pressure has

been achieved), the type of data run (instrumentation checkout run, computer

practice run, etc. ), and the applicable test section of test specifications.

The instrumentation was maintained at a stable temperature in a

former military instrumentation trailer. The atmosphere was kept dust-

free by an air lock, and low in humidity by an air conditioner which kept
the temperature at 70 0 F 5 0 F.

Six methods of instrumentation function checks were used throughout

the test. Three methods of check were printed with each data point sample,

thus providing a continuous validation of the instrumentation. The three

recorded checks were (1) the voltage of a standard cell known within 10

microvolts; (2) the strain on six unstrained strain gages mounted on rein-

forcing bars and wired the same as those in the model, with the same lead

length, the only difference being that all wire and the gages were located

in the air-conditioned trailer; (3) the strain on six unstrained strain gages

mounted on reinforcing bars the same as those in the model, with all wires

exposed to temperature, and with the reinforcing bars with the strain gages

placed in a box so well insulated that ambient temperature changes caused

an internal temperature change of only 2 F as measured with a thermocouple.

Daily checks were made by using the internal calibration of the data

acquisition system and by making a data point sample run with the voltmeter

measuring the switch resistance of the switches in each strain gage bridge.

A further daily check was made on all strain gages. Two data point sample

runs were made in quick succession, with the polarity changed between

runs. The change in polarity of the bridge excitation provided a measure

of the polarization that occurred, indicating the presence of a moisture shunt

somewhere in the circuit.

5.6. STRAIN GAGE EQUATION

The equation used to compute strain from data stored on magnetic

tape by the system was based on the simplified Wheatstone bridge schematic

of the system shown in the following sketch:
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R RL R

RG Ep ~|E

DVM

R + Rs Rc Rb

In the computation,

RG = resistance of the gage = 120 ohms nominal,

R = resistance of the line '. 75 ohms,

R1= resistance of the line '2 ohms,

R = resistance of the switches 20. 005 ohms,1

Ra = resistance of the bridge leg = 120 ohms,

Rb= resistance of the bridge leg made up of fifteen 120-ohm gages
= 1805 ohms as measured,

R = resistance of the bridge leg made up of fifteen 120-ohm gages

S1 = 1805 ohms as measured,

DVM = digital voltmeter,

E. = power supply voltage = 48 V nominal,
1

Rd = RG + R Li'
R =R +R +R ,
c c 1 s

E = strain in in. /in., and

GF = gage factor.

Using the basic Wheatstone bridge theory, the following general

equation for strain can be developed:

[Ra(R + R ) + R (R + R )] - E.(RaR - RbRd)
a c d b c d ac b d

0 (GF)PR(EPR - ER - E.R)'
d 0 a 0 b i b
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where E = voltage read across gage Rb = nominal 45 V,

E. = bridge voltage = E --8V,
1 45

E0 = voltage of the bridge unbalance read and recorded by the data

acquisition system.

To correct for power supply voltage variation, it was more convenient

to measure the voltage drop across Ra than to measure the power supply

directly. The bridge voltage E. was computed. The new gage factor was

computed for each gage by the equation

F.-.112 120
R E. 120+ 1805

GF =(GF) -

n 0 1805 L(E120
\E. 120 - 1805

-1

where GFn = new gage factor,

GF0 = gage factor given by the manufacturer, and

Rd = resistance of the active gage leg of the bridge.

5.7. STRAIN GAGE SYSTEM PROBLEMS

During the initial checkout of the installed system, abnormal and
erratic data values were observed which could not be associated with strain.

An investigation was initiated to determine the cause of the behavior and

resolve the problem.

The first circuit used for strain gages was the common "chevron"' 4'

circuit. The chevron circuit used initially had a common one-half bridge

for every 40 strain gages. The common one-half bridges were strain

gages mounted on steel tabs located in a terminal board (see Fig. 5. 8)

about 10 ft from the model. The other one-half bridge was located at the

active gage site. For scheduling expediency, the nonactive "dummy' gage

at the active gage site was a miniature wire-wound resistor. The resistor

was allowed in the bridge circuit because of the temperature stability of

the massive concrete and the compromise that concrete creep would be

measured on 15 specially instrumented units.

Each of the 1100 strain gages in the chevron configuration was moni-

tored for its bridge balance, apparent change in strain with time, and any

abnormalities. After 4 days, 42 gages were known to be damaged and not

serviceable, 108 resistors had been replaced by putting them remotely in

the terminal board, and 16 gages had lost their identity. A subsequent
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statistical survey showed that during one week, with a confidence level of

60%, less than 12% of the strain gages had deviated over 50 gin/in. and

15% had deviated between 25 and 40 sin. /in.

On two consecutive days, immediately after the gage installation

checkout, data runs were made to establish an initial zero value for each

gage. Coincidentally, heavy rains began, and three days later, 319 gages,

or 29%, had deviated 50 gin. /in. or more during the preceding 48 hr.

Many gages indicated an apparent shift of thousands of microinches. By

the eighth day after checkout, the voltmeter indicated gage movement of

hundreds of microinches in a few seconds. The action taken to evaluate

the behavior of the gage system and to determine the cause is detailed

below. Most items were done concurrently.

One of the first tasks was to write a computer program that would

give the change in gage output over a period of time. The computer would

then classify the gages according to the magnitude of their change. In

this manner, defective gages could be grouped together and located.

While the computer program was being written, a ground loop was

removed which eliminated about 10 gin. /in. of wandering. Fifteen gages

were then monitored and plotted for two nights. No correlation between

temperature, time, or gage location could be made. Ten different gages

were then chosen and monitored using an ac bridge for 24 hr. No improve -

ment in performance was effected by using ac.

Since the resistor in the bridge was the result of compromises, it
was suspect. All resistors were checked by unsoldering each of the 1100

gage -resistor one -half bridge combinations from the terminal board and

checking for resistance. Several resistors had changed by as much as

40 ohms, but most resistance values were correct. While the wires were

unsoldered, each one-half bridge was checked for its resistance to ground.

Many gages were found to be shorted to the steel in the model. However,

the magnitude of voltage changes experienced could not have been caused

entirely by voltage leakage due to grounding.

While measuring the gage resistance to ground, it was discovered

that some gages had an emf even though they were completely isolated from

any power. It was determined that the concrete model acts as a battery with

a theoretical output of 400 mV, and as high as 200 mV could be detected in

the gages. The presence of an emf on a grounded gage would account for

wandering of the gages. If one gage of the 4 0-gage group were grounded,

then all 40 gages would have an apparent bridge voltage shift due to the

induced voltage from the battery effect. To reduce the battery effect, the

model ws grounded in four places. Each ground was to a stainless steel
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plate buried in the ground. The plates served to dissipate power from the

model and to reduce the voltage of the battery effect.

After the gage leads were resoldered into the terminal board, each

gage was monitored for voltage with all power supplies off. Any gage that

showed a voltage was removed from the circuit. This correction reduced

the gage wandering considerably.

The leads from the terminal board to the model were inspected and

found to have hundreds of breaks caused by cutting-torch sparks andinechan-

ical damage during the model construction period. Since the model and

wiring were exposed to the weather, the heavy rains had shorted the wires

together in a nonregular manner.

Each wire was inspected and dried, and the breaks were repaired.

By this time all grounded gages had been removed, and data runs were made

to assess cross-talk between nongrounded gages through adjoining breaks

in the wires on the exterior of the concrete. In this procedure, which was

repeated 38 times, one power supply was turned on while 37 power supplies

were off, and all gage voltages were recorded. Any gage that showed voltage

with its power supply off was removed. About 5 gages were removed because

of nongrounded cross-talk.

As a trial, the wandering of several gages was stopped by changing

the gage resistor wire coming from the concrete so that it would be the

signal lead to the high impedance voltmeter (108 ohms). The resistor loss

was then made up by installing a strain gage on a steel coupon in the termi-

nal board. Twenty-seven resistors were changed to this gage configuration,

and the gages were then monitored for 24 hr. Except for a few gages, the

wandering had not diminished below that of the other normally installed

gages.

All soldered joints were inspected and, if necessary, resoldered. By

this time, the strain values of the wandering gages had been reduced by a

factor of 10, but the wandering was still about 400 Ain. /in. on many gages.

The power supplies were being monitored during these checkout

procedures and were observed to change as much as 5 mV in a short ti e.

This 5-mV change would directly affect the gage output; the more unbalanced

the bridge, the more the power supply would affect the gage output.

W. T. Bean, consulting engineer and strain gage expert, agreed on

the problem solution methods, the gage choice, the waterproofing methods,

and the instrumentation choice. Mr. Bean suggested the use of crossbar

switches to switch from gage to gage, using one common 3-leg bridge for

all gages. He also suggested that the gage bonding be tested by momen-

tarily imposing 30 V rms on each gage. This shock treatment was
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very effective. It destroyed any unbonded gages, burned off any dirt. and

vaporized any moisture that was grounding a well-bonded gage. Only 25

gages were lost by shock treatment; the 100 others were removed for other

reasons (see Table 5. 1).

Table 5. 1

RESULTS OF SHOCK TREATMENT

CORRECTIVE TECHNIQUE

No. of Gages No. of Gages
Before Shock After Shock

Voltage change in 12 hr Treatment Treatment

Voltage > 40 pin. /in. 275 162
20 < V < 40 pin. /in. 350 130
10 < V < 20 pin. /in. 350 230

V < 10 pin. /in. 100 453
Total 1100 975

It was decided to use the crossbar switches to switch the gages,

one at a time, onto a common bridge. The system was therefore

changed over to a 3-wire circuit with a common 3-leg bridge in the

trailer. The sensor line with the resistor was used as a signal line

to the voltmeter. Since the voltmeter had an impedance of 10 -8 ohms,

an additional 120 ohms had no effect. While the system was being

changed to the new circuit, the data acquisition system was programmed

to automatically shut off power to all sensors except strain gage

sensors when strain data were being taken. Since only one 120 -ohm

bridge was powered at a time, a 6-V battery was used for the power

source. The battery removed the small fluctuations caused by power

supply changes. This new system had the advantage of isolating every

gage and removing the resistors from the bridge circuit. It had the

disadvantage of putting a switch contact in the bridge.

This 3-wire circuit was monitored for a few days until it was

established that the wandering had been reduced to about 30 pin. /in.

The remaining wandering occurred in groups of 100 gages and was

traced to changes in crossbar switch contact resistance. The cross-

bar manufacturer was called and with his help all crossbars were

readjusted.

Even with readjusted crossbar switches, the gages still had a

random wandering of about 30 pin. /in. in groups of 100. Two high

impedance resistors (1800 ohms. made up of mounted strain gages)

were then installed in adjacent legs in the former 120-ohm bridge so

that the switch would be in one of the 1800-ohm legs. The switching
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changes were then reduced to negligible amounts. The 6-V battery was

removed and a 48-V ac to dc power supply was substituted. Observation

of this new circuit revealed that the 3-wire system was no longer a

temperature -compensating system. To provide temperature compensation,

a solid conductor No. 2 gage wire was run from the battery to the terminal

boards. This No. 2 gage wire was then used as a relatively temperature -

stable common lead in the active gage side of the bridge. Installation of

the. No. 2 gage common lead to offset changes on the bridge diminished

the shielding and caused a zero shift of all gages.

Since this new configuration isolated each gage, except for a common

power line, all gages which had 1 megohm or greater resistance to ground

were reinstated.

The new system was then monitored for 48 hr and found to be shifting

only 5 to 10 microvolts on most gages. The high impedance bridge with

the 3-wire gage with No. 2 wire, powered by a 48-V power supply, was

the configuration used for the remainder of the test. After all repairs and

corrections were made, 10% of the gages ha'd been lost. Most of the gages

that were lost were in the concrete and were lost as the result of grounding

caused by lead damage or moisture leakage.

5.8. PRESSURIZATION SYSTEMS

Two interrelated pressurization systems were utilized for the model

tests. The first was the hydraulic system for the main model pressure

tests, and the second was a gas system for the conduct of studies of gas

leakage through the concrete. The gas system was also incorporated into

the hydraulic system for specific aspects of the model pressure tests and

as a safety feature during the leakage tests.

An existing portable hydraulic system was converted for the pressure

tests. It contained a dual pumping system with capacities of 5 gpm at

1000 psig and 3. 25 gpm at 3000 psig. A 20-gal accumulator, rated to

3000 psig, was also an integral part of the system. The control system

was modified so that regulation and control could be performed from with-

in the instrumentation trailer. Figure 5. 9 is a schematic diagram of the

circuit.

After the model was vented and filled with reclaimed, redistilled oil,

the pressurizing operation was performed. This procedure consisted of

charging the accumulator via the pumps, then isolating them, and raising

the system pressure with the bottled supply of gaseous nitrogen to the

accumulator. This method provided a pulse-free supply of oil and main-

tained a constant pressure with a simple regulation. System and model
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pressure were recorded by the data acquisition system, and in addition, a
continuous record of pressure was made on a circular recorder. This
latter record was used to confirm that the model was never inadvertently
subjected to overpressure excursions. A 1 6 -in. Heise gage was utilized
for visual pressure indications and control.

The volume of oil required for pressure changes was measured
during the depressurization cycle by a simple weight measurement. The
large viscosity changes of the oil withtemperature precluded the satisfactory
measurement of volume by a turbine flowmeter. Both the viscosity and the
compressibility of the oil were determined in order to make a true model
volume change.

Because of the relatively large volumetric change during the final
post-yield test, the accumulator was bypassed and the pump system was
used to pressurize the model. Following the indication of oil leakage from
the model it was apparent that the flow capacity of the hydraulic system
was insufficient to increase further yield of the model, and the test was

discontinued.

5.9. SYSTEM FOR TESTING GAS LEAKAGE IN CONCRETE

A gas pressurizing system was incorporated into the model pressure

test circuit. This was provided for the conduct of gas leakage studies in
the concrete. Three penetrations were made in the wall of the liner, at

different locations, for the introduction of gas at the interface of the con-

crete and the liner.

Three lines connected to these penetrations led to the pressurizing
and control system external to the model. Safety features were included
to circumvent overpressurization behind the liner, which would have
promoted a collapse condition. Whenever gas leakage tests were being

conducted, the oil-filled cavity of the vessel was automatically pressurized

so that a minimum differential of 50 psig was always maintained across

the liner wall, the interior pressure, of course, being held the higher.

Prior to gas leakage measurements, the internal lines were

inspected using a helium mass spectrometer. The system was found to

be well sealed; no leakages as large as 10-5 cc/sec were recorded when

the lines were filled with helium at 1 psig.
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Measurements of rate of flow, or leakage, were made using helium

and nitrogen at various pressure levels. The gas was supplied from

bottles and was regulated and monitored by the pressurization system

controls in the instrumentation trailer.

The flow rates were measured using variable-area flowmeters. The

flow ranges covered were 1 to 100 lb/day of helium, and 1 to 250 lb/day of

nitrogen. The flowmeters were calibrated by the manufacturer at 50 psi

with gaseous helium. For higher pressures, an analytical method was

used for calibration. The calculated calibration agrees very closely with

the 50-psi empirical calibration supplied by the manufacturer.

Problems were encountered in obtaining flow rates at the 400-psig

pressure level because of a ruptured flowmeter and oil detected in the gas

lines from the model.

5. 10. CONCLUSIONS

The following paragraphs summarize the performance of the equip-

ment associated with the instrumentation and pressurization systems.

1. After the initial problems were resolved, the comprehensive

sensing and recording instrumentation systems performed

satisfactorily throughout the test program.

2. The variety and number of instrumentation recordings that were

made permitted extensive evaluation of the behavior of pre -

stressed concrete pressure vessel models.

3. The technique of providing moisture -proofing and mechanical

protection for the electrical resistance-type strain gages was

satisfactory. Stricter adherence to the procedures, through

more rigorous quality control, could have eliminated many of

the gage failures that occurred. The great majority of the gages

were properly protected and withstood the hazards of construc -

tion and time without apparent deterioration.

4. The hydraulic pressurization system functioned adequately.

However, a much higher capacity system would have permitted

a faster rate of pressurization during the final post-yield phase.

5. The provisions for evaluating the gas leakage of concrete were

only partially suitable. The flow measuring devices failed

during the high-pressure phase.
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Appendix 5-A

STRAIN GAGE ERRORS

This appendix lists the strain gage errors and describes the sources,

magnitude, and method cf treatment for each potential error.

1. Change in Gage Factor with Temperature. The gage factor change

with temperature is very slight, i. e. , from 500 to 100 0 F. For normal

strain values, the change would be 0. 001%. This very small error is

normally neglected except under special laboratory investigations; it was

neglected in this work.

2. Creep of Adhesive and Instability of Backing. Extraordinary

precautions were taken to avoid creep by using BR 600, a high-temperature,

stable, transducer-quality adhesive reputed to be the most stable and

long-lived adhesive available for strain gage work. The BR 600 was cured

to 2500F at the rate of 100 to 20 CF temperature rise per min. Creep tests

performed at 1000 in. /in at 250 0 F for 55 days showed a creep of

0. 09 in. /in. per day. All gages on the reinforcing bar were applied

with BR 600 adhesive.

All gages on the liner and on the concrete were applied with special

gage-type Eastman 910 adhesive. Estimated creep for Eastman 910 is

2 yin. /in. per day for the first 90 days.

Instability of backing is normally caused by using any one of a variety

of paper-backed gages. Bakelite, which is one of the most stable backings,

was therefore chosen for the gage backing material. The error contribution

due to Bakelite backing is predicted in the adhesive creep data above.

3. Gage Trimming. Frequently, especially in the use of paper-

backed gages, the gages are trimmed to the proper size. For this test,

gages were not trimmed but were used as received from the manufacturer.

Trimming the backing of the gage could cause an abrupt change from the

gage grid to the parent metal, the size of the error depending on how close

the backing is trimmed to the gage.

4. Nonlinearity of Bridge. This error is caused by neglecting a

small factor in the denominator of the bridge equation. This factor is

normally neglected when using a bridge balanced by signal conditions, but

in the bridge equation used here, a correction was made for this factor.
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5. Temperature Compensation. The gages are temperature- 6

compensated for use with steel having a temperature coefficient of 6 x 10

in. /in. F. From the material specifications, the temperature coefficient
6 0could range anywhere from 5 to 7 x 106 in. /in. F. If the gage were

60mounted on steel with a 5 x 10- 6 in./in. F coefficient of expansion, a
20 Win. change due to a 20 F temperature change might be expected.

The handbook values for the expansion of concrete range from 5. 5
to 7. 9 x 10-6 in. /in. F. Self-compensating strain gages with a nominal

value of 6 x 10-6 in. /in. F were used on the concrete surface.

(5)6. Pressure Sensitivity of Gage. Apparent strain due to pressure

on the face of the gage is about 3 Win. /in. at 2000 psi.

7. Metallurgical Instability of Gage Metal at Temperature. A new

stabilized constantan foil gage was used in areas in which temperatures

ranged from 500F to approximately 120 F.

8. Variance in Gage Resistance, as Received from Vendor. The

gages, as received, had a resistance of 120 ohms 0. 5 ohm. No direct

contribution to error is made by bridge unbalance; however, an unbalance

aggravates any error caused by power supply voltage change. The

resistance value of each gage with its leads was computed by considering

any unbalance voltage to be caused by a resistance value. The resistance
of the gage is necessary for computing the gage factor.

9. Variation in Gage Factors. The gage factor ( 1%) is given for

each batch of gages and is marked on the outside of the wrapper. The gage

factor for each gage was tabulated and evaluated in the computer program.

A true gage factor was recomputed for each gage. The computation

assumed that the original unbalance of the bridge was caused by the line

resistance and gage resistance variation. The variance in strain caused

by gage factor is an absolute value. Differential strain is not affected by

an uncertainty of 1% in the gage factor. Due to the rigorous schedule of

testing, about a week of testing had passed before this gage factor cor-
rection was available. The gage factor correction was not used because

of a compromise between schedule and accuracy. In the active gage side

of the bridge, a change from 120 ohms to 121 ohms caused by lead resistance

would cause a gage factor change of approximately 1%. At the strain levels

observed during the test, this would result in an error in gage accuracy

but would not affect the differential strain.

10. Grounding or Electrical Leakage Through Sensor. Some

electrical leakage into the concrete model itself occurred. It is highly

improbable that this was due to electrical leakage through the glue of the

strain gage. Any electrical leakage would have to go through the Bakelite

256



backing of the gage and then through the glue. This electrical leakage was

attributed mostly to breakage in the wires inside the concrete. A resistance

to ground less than 1 megohm was shown by 143 gages. The error due to

grounding depends on the resistance to ground, whether or not this resist-

ance is constant, whether or not any voltage is picked up from the galvanic

action of the model, and whether or not the galvanic voltage is constant.

11. Moisture Leakage Into Gage. The method of waterproofing

followed the same technique as used for underwater applications and is

an improvement over conventional techniques. (6) However, because of

inadequate inspection techniques. some gages were not waterproofed as

specified, and it is possible that some of the electrical leakage was caused

by moisture going down through the strands of wire into the gage through

20 ft of leads or through a break in the wire. The moisture pre sent was

assessed by reversing the gage polarity suddenly and measuring the

polarization indicated.

12. Improperly Bonded Gage. Approximately 25 of the 1100 gages
were improperly bonded. A check that would immediately indicate improper

bonding was made on each gage. The check consists of momentarily

applying 30 V rms on each gage. If the bond is unsatisfactory. the gage

will burn up. If the gage is properly bonded, there is a very good heat

sink and the gage can take a great deal of heat without any damage.

13. Strain Introduced to Gage by Improperly Mounted Leads. A

terminal strip was applied to the end of each gage so that the main wire

could.be hooked to the terminal strip. For a proper gage installation, a

very small wire was then run from the terminal strip to the gage so that

any strain introduced into the gage area by the leads themselves would not

be transmitted to the gage.

14. Lead Length Error, 2-Wire versus 3-Wire. With the high

impedance bridge, the 3-wire temperature compensation was ineffective.

The temperature-induced resistance change in the lead on the high impedance

side of the bridge was damped out by the large resistance present. The

temperature-induced resistance change in the active gage side of the bridge

was very small because No. 2 wire was used as a common lead. However,

about 20 ft of 20-gage wire between the terminal board and the concrete

resulted in a change of about 0. 3 ohm for a 150F temperature change.

15. Gage Performance Compatibility With Test Requirements. The

gage chosen for this test was a BLH FAB 50 gage, which is encapsulated

in Bakelite and has a large, constantan foil-type grid. The original test

criterion for maximum strain anticipated during the test was 400 pin./in.

For the gage and backing, 6000 pin. /in. has been observed during testing at
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(7)
General Atomic (BLH reports 50, 000 sin. /in. ). The adhesive is reported

by the manufacturer to have a strain capability of 50, 000 Ain. /in. (8)

General Atomic tested the adhesive to 56, 450 iin. /in. in tension before

physical damage to the adhesive occurred.

16. Accuracy of Digital Data Acquisition System. With 100 mV full

scale on the voltmeter, the specifications are as follows:

p in. / in.

Stability 0.01%/day 1. 7
Stability 0.02%/week 3. 4
Linearity 0.006% 1
Noise 0. 022% 3. 7
Temperature 0. 0015%/1. 8F 5 F 0. 59
Crossbar switch contacts 2

17. Error Encountered as Result of Pulsing Strain Gages. The

error encountered as a result of switching the power on and off to the

strain gages is not detectable. The foil strain gages have good heat

dissipation and are adequate for the job. The switching of the gage has

been observed with an oscilloscope, and the voltage rises on the gage for

a few msec and does not have much overshoot. For additional protection,

there is a 60-msec delay between switching on the power to the gage and

starting the sample period time on the vo]tmeter. After the 60-msec delay,

the voltmeter integrates the signal for a period of 0. 1 sec. Most gages
have been observed to repeat the reading within at least 3 pin. /in. of repeat-

ability. The switch contributes a variance up to 15 milliohmrs, with normal

resistance of 3 milliohms in the 1805-ohm leg of the bridge.

18. Transverse Sensitivity of the Gage. The FAB-50-12 gage has

a transverse sensitivity of -1. 1%, whereas the FAB-25-12 had a transverse

sensitivity of 0. 1%. The foil gage transverse sensitivity is normally con-

sidered only where 900 rosettes are used because the magnitude of the

transverse strain must be known to correct for transverse sensitivity.

19. Power Supply Changes. With the 48-V power supply, the active

strain gage is relatively insensitive to power supply changes. A change in

voltage of 0. 1 V would cause only a 2 sin. /in. change.
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20. Error Caused i. Battery Lffect of Concrete. Dissimilar metals

in the wet concrete cause the concrete to act as a battery. The battery

effect varies with time from 0 to 0. 4 V. The concrete battery effect
is present only on gages that are grounded. However, the data acquisition

system was not equipped to differentiate between grounding and the battery

effect. To minimize the battery effect, four stainless steel plates were

electrically hooked to the model and then buried in the ground. Each plate

was 3 ft x 4 ft, so that the total resistance power dissipation per square

in. of plate would be low.

The error caused by the 0. 4-V battery effect would be the same

error one would encounter if the power supply changed 0. 4 V and would

equal 10 pV.

A tabulation of the maximum error that could be found between two

measurements taken 15 min apart and two measurements taken 1 week

apart is given in Table 5-A. 1. The average strain level of the test is

assumed to be 600 pin. /in. , and the maximum temperature change to be

50 F from the surface of the concrete to the inside of the concrete.

Table 5-A. 1

MAXIMUM ERRORS

Error in pin./in.

Accuracy Repeatability

Source 15 min 1 week 15 min 1 week

1. Change in gage factor with temp 0 0 0 0

2. Creep of adhesive with temp

BR 600 0 0.63 0 0.63
Eastman 910 (estimated) 0 14 0 14

3. Trimming of gage 0 0 0 0
4. Nonlinearity of bridge 0 0 0 0
5. Temperature compensation of

gages mounted on steel

Steel temperature change 0 4 0 0

Concrete su, rface tem-

perature change t2 90 0 0

6. Pressure sensitivity of gage

(max) 3 3 0 0
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Table 5-A. 1 - -continued

Error in pin./ in.

Accuracy Repeatability

Source 15 min 1 week 15 min 1 week

7. Gage metallurgical instability

at temp 0 2 0 0
8. Variance in gage factor as

received from the manu-

facturer; differential strain,

1% at 600pin. 6 t6 0 0

9. Variance in resistance as

received from vendor,

differential strain 0 0 0 0

10. Grounding or electrical

leakage through the sensor;

change in resistance to ground

from 10 megohms to 1

megohm -55 -55
from 10 megohms to 9

megohms -5 -5

11. Moisture leakage into the gage 10 i50 0 0

12. Gage improperly bonded, bad
gages removed 0 0 0 0

13. Strain introduced through leads 0 0 0 0

14. Lead length error, 20 ft of

20-gage wire, AT of 300F 0 60 0 0
15. Gage performance compatible

with test requirements 0 0 0 0

16. Bending of bar -- -- -- --

17. Accuracy of digital data

acquisition system

Stability -- z3.4 -- 3.4

Linearity 1 1 -- 1
Noise 3.7 3. 7 -- 3. 7

Temperature 0. 59 0. 59 -- 0. 59

18. Switching error 3 3 3 3
19. Transverse sensitivity; assume

1. 1% at 600 pin. -0. 6 -0. 6 0 0
20. Power supply changes 2 2 2 2

21. Battery effect 10 10 10 10

Total maximum error if

cumulative ~41 2303 ~20 ~93
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Appendix 5-B

STRAIN GAGE MOUNTING AND WATERPROOFING TECHNIQUES

FOIL-TYPE GAGE MOUNTING INSTRUCTIONS

The following instructions for mounting foil-type gages were formulated

from the W. T. Bean specifications and modified by General Atomic for the

specific Model 1 application.

1. Remove all foreign matter (paint, oxide, scale, etc.) from

surface with disk sander, grinder, or mill file, for a 6-in.

diam on the liner, and for 1-1/2 in. on one side of the rebar,

leaving the surface smooth. At the gage location, clean 12 in.

on the rebar, and a 6-in. diam on the liner, with Inhibisol.

2. Wash hands.

3. Clean the surface with gauze saturated with a solvent such as

trichloroethylene, toluene, acetone, methylethylketone, alcohol,

etc.

4. Be sure the surface is dry and at a temperature of 700F to 1000F.

5. Dip a 1 -in. strip of silicone carbide paper into metal conditioner,

lap the surface, and remove the residue with a clean tissue

(liner only).

6. Repeat step 5 and indicate the gage location, using 8-H pencil.

7. Apply metal conditioner to the surface with a cotton swab, and

remove with one stroke of clean tissue.

8. Wash hands (or clean fingers with neutralizer and cotton applicator).

9. Apply neutralizer to the surface with a cotton swab, and remove

with one stroke of clean tissue.

10. Repeat steps 5 through 9 if the cotton swab (in step 9) shows any

discoloration.

11. Place the strain gage and terminal strip, both with solder contacts

up, on the clean aluminum plate. Place a piece of Mylar tape

(3M No. 850) over both the gage and terminal strip and extending

approximately 2 in. in each direction.

12. Carefully remove the gage from the aluminum plate by gently

peeling off the Mylar tape. Peel only from one end.
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13. Clean the back of the gage and terminal with a cotton applicator

slightly moistened with neutralizer, and air-dry.

14. Apply adhesive.

15. Place the gage in position on the specimen (the tape will hold
the gage).

16. Cover the gage with sheet Teflon (0. 003 in, thick) and hold it in
place with a piece of Mylar tape.

17. Clamp the gage to the surface*' using a thin silicone or rubber pad,

backed up by a small metal plate or magnet to equalize the pres -

sure (be sure the Teflon extends beyond the silicone or rubber pad).

The rubber pad should be slightly smaller than the gage backing.

18. Cure the BR 600 adhesive as follows:

5 hr at 150 0 F,
2 hr at 180 0 F,
1 hr at 2000F,
15 min at 250 0 F, or

0 min at 300 0 F.

The heat rise during the cure should be 100 to 200F (-30, +5 0 F)/min.

19. After the gage has been coated with cement and clamped into

place, the heating cycle must start within the allotted time,
according to the specimen temperature, as shown below.

Maximum Time

Specimen Temp (0 F) Before Heat Cure (hr)

60 65 3
65 -75 2
75 - 85 1/2

85 or cver Gage nct to be applied

20. Remove the clamps and tape.

21. Clean the tape mastic from the gage tabs and the specimen with

a cotton applicator and rosin solvent.

22. Check for continuity with a rcitmeter, and for resistance to

ground with the 50-V ohrneter (100 megohm max).

23. Tin the gage tabs and terminal's with solder.

24. Install the catwhiskers.

CAUTION: Do NOT use a wiping motion when removing the rosin

solvent. A wiping motion may damage the wires con-

necting the gage to the terminal strip.

Pressure may be 10 to 50 psi for BR 600. For Eastman 910,

press with thumb for 60 sec.

262



25. Dssolv e he solder 1-ax wlh rosin solvent and blot with tissue.

26. Install the leads (see specification for lead installation).

27. Apply suitable protective coating (see waterproofing specification).

The following instructions for lead installation and waterproofing were

based on General Atomic specifications.

LEAD INSTALLATION

1. Strip the leads.

2. Just prior to the lead installation, clean the plastic cover by

wiping 6 in. of the lead with a cloth dampened with Inhibisol.

3. Shape the wire so that no strain is placed on the terminal strip

when the wire is soldered to the terminal strip.

4. On the liner, glue a rubber holddown strip across the wire approx-

imately 1-1/4 in. back from the terminal strip, using Eastman

910 adhesive; on rebar, use Sta-strap.

5. On the liner, glue an additional holddown strip 5 in. from the

gage; on rebar, use Sta-strap. On the liner only, apply structural

adhesive to the wire near the holddown strip, and allow to dry a

minimum of 8 hr.

6. Solder the wires to the terminal strip, making sure that no force

is being exerted on the terminal strip.

7. Remove the rosin.

8. Inspect the assembly.

WATERPROOFING OF STRAIN GAGES

1. Check that all rosin has been removed.

2. Place some RTV 731 under the lead wire close to where it is

soldered to the terminal strip.

3. Coat the gage only with Gage Kote No. 1; allow to dry a minimum

of 30 min.

4. Coat the gage, bare wire, and leads with Gage Kote No. 2. Gage

Kote No. 2 should be applied all around the leads for 1-1/4 in.
in back of the gage over both layers of insulation, being sure to

seal between the layers of insulation. Allow Gage Kote No. 2 to

dry for 1 hr. Gage Kote No. 2 should be visible and extend out

under the outer plastic covering of the leads.
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5. Put a small amount of DC4 grease on the gage grid to prevent any

shear being exerted on the gage through the waterproofing.

6. Put thin layer of RTV 731 over the entire gage and on the lead

back to the first tie-down. Allow to dry overnight.

7. Apply one coat of outer covering, Gage Kote No. 5,.for mechanical

protection. On the rebar, apply Gage Kote No. 5 completely

around the bar. Allow Gage Kote No. 5 to dry for 24 hr. Bars

should not come into contact with each other for 24 hr (Gage Kote

No. 5 sticks to itself until cured).

8. Check for general appearance and workmanship. The size of the

waterproof patch on the liner should be approximately 1 -1/ 4 in.

wide, 2 in. long, and 3/16 in. thick; on the rebar steel, it should

be approximately 5 /16 in. thick and 2-1/ 2 in. (max) long.
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Appendix 5-C

SENSOR CALIBRATION AND DESCRIPTION SHEETS

This appendix contains a list of sensors and descriptive and cali-

bration data.

LIST OF SENSORS

Extensometers on surface.

Extensometers on liner.

Displacement sensors on liner (Bourns potentiometers).

Standard cell.

Strain gages.

Fischer and Porter flowmeter.

Load cells.

Weight measuring device for oil volume.

Thermocouples.

Wet bulb.

Atmosphere.

Reference.

Terminal board.

Cable carrier.

Pressure transducer.

Crack detector.

Moisture monitors.

CALIBRATION OF SANBORN 7DCDT-050 TRANSDUCERS

1. Calibration of transducers was accomplished using the following

equipment:

a. Micrometer (1-in. depth) CVAC 27-9.
b. Digital calibrator, HST.

2. Excitation applied to the transducers was 6. 00 V dc f0. 05%;

however, minimal effect was observed when this value was

varied 5%.

3. Calibration of transducers and measuring equipment was accom-

plished by Convair Division of General Dynamics Corporation.
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Calibrations are traceable to the Bureau of Standards via

tertiary standards.

4. Accuracies inv(.)ived:

a. Micrometer

b. Digital calibrator

0. 0002 in. absolute
0. 0001 in. repeatability

100 V absolute

30 pV repeatability

CALIBRATION OF A. T. C. TRANSDUCERS (SPECIFICATION B-35772)

1. Calibration of transducers was accomplished using the following

equipment:

a. Micrometer (1-in. depth), CVAC 7-9.

b. General Atomic linear variable differential transformer

(LVDT) oscillator -demodulation s system.

c. Fluke Model 801 Voltmeter, Ser. No. 2732.

2. Calibration was accomplished by Convair Division of General

Dynamics Corporation. Calibration standards are traceable to

the Bureau of Standards via tertiary standards.

3. Accuracies involved:

a. Micrometer

b. Fluke voltmeter

0. 0002 in. absolute
0. 0001 in. repeatability

t0. 001 V absolute

0, 0001 V resolution

CALIBRATION OF BOURNS MODEL 141 'TRANSDUCERS

1. Calibration of transducers was accomplished using the following

equipment:

a. Micrometer (1-in. depth), CVAC 7-9.

b. Digital calibrator, FIST.

2. Excitation applied to the transducers was 6. OU V dc 0. 05%.

3. Calibration of transducers, an ot measuring equipment, was

accomplished by Convair Division 01 General Dynamics Corpo -

ration. Calibrations are traceable to the Bureau of Standards

via tertiary standards.
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4. Accuracies involved:

a. Micrometer 0. 0002 in. absolute

0. 0001 in. repeatability

b. Digital calibrator 1800 pV absolute
600 piV repeatability

CALIBRATION OF EPPLEY UNSATURATED STANDARD CELL, MODEL 100

Calibration was accomplished by Convair Division of General Dynamics

Corporation (see Certificate of Traceability).

CALIBRATION OF FISCHER AND PORTER VARIABLE AREA F LOWME TER

See Fig. 5-C. 1.

STRAIN GAGE DESCRIPTION

FAB-50-12-S6 Resistance Strain Gage

Supplier: Baldwin-Lima-Hamilton Electronics.

Foil gage encapsulated in Bakelite.

Nominal gage factor: 2. 1.

Nominal resistance: 120 1. 5 ohms.

Gage length (active element): 0. 5 in.

Gage width (active element): 0. 23 in.
Gages self-temperature-compensated for use on materials with

coefficient of expansion of 6 ppm/ 0 F.

FAB-25-12-S6 Resistance Strain Gage

Same as above except size.

Gage length (active element): 0. 25 in.

Gage width (active element): 0. 18 in.

SA-06-062-RB120 3-Gage 450 Rectangular Rosette

Supplier: Micro-Measurements.

Foil gage' encapsulated in Bakelite.

Nominal gage factor: 2.

Nominal resistance: 120 ohms.

Gage length (active element): 0. 062 in.
Gage width (active element): 0. 062 in.

Gages self-temperature-compensated for use on materials with

coefficient of expansion of 6 ppm/ 0 F.
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FO RM
$409

GENERAL DYNAMICS CONVA^1
Post Office Box 1950, San Diego, California 92112

CERTIFICATE OF TRACEABILITY

TO DATE

GENERAL DYNAMICS/ATOMIC 8 April 1965

THIS IS TO CERTIFY THAT THE FOLLOWING EQUIPMENT
WAS CALIBRATED USING STANDARDS TRACEABLE TO THE
NATIONAL BUREAU OF STANDARDS.

COPIES OF TEST DATA ARE ON FILE IN THE CONVAIR
QUALITY CONTROL STANDARDS LABORATORY.

EQUIPMENT CALIBRATED

UNSATURATED STANDARD CELL

MANUFACTURER MODEL EQUIPMENT NO. CALIBRATION DATE

EPPLEY 100 S/N 636335 7 April 1965

STANDARDS USED

SATURATED CELL BANK S/N 1205

REMARKS

The EMF of this standard cell is 1.01911 absolute volts

at temperature 76 F. Internal resistance is 490 Ohms.

TEST DATA SHEET PREP D //APP OVED:
ATTACHED?NL 'I

YES NO '

X 6 'J. Matiash lJ. W. GrochowskiJ
WR 128401
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SA-06-125 RA 3-Gage 43 Rectangular Rosette

Same as above except size.

Gage length (active element): 0. 125 in.

Gage width (active element): 0. 062 in.

EA -06- 19CDK- 120

Supplier: Micro-Measurements.

Open-faced foil gage on epoxy backing.

Nominal gage factor: 2. 1.

Nominal resistance: 120 ohms 0. 2 ohm.

Gage length (active element): 1. 9 in.

Gage width (active element): 0. 028 in.

Gages self-temperature-compensated for use with materials with

coefficient of expansion of 6 ppm/OF.

LOAD CELL DESCRIPTION AND CALIBRATION

The load cells were spool-type and were made from Armco heat-

treated 17-4 PH metal. Three sizes were made, the largest capable of

measuring compression of 400, 000 lb. The load cells had a nominal o. d.

of 8 in. and an i. d. of 6 in. Resistance-type strain gages were mounted

in a a-in. -wide exterior groove in the middle of a 6-in. -high load cell.

A complete Wheatstone bridge was made of strain gages measuring

circumferential and compression strain. No temperature compensation,

other than self-compensating gages and the complete bridge, was used;

no modulus compensation was employed.

The load cells had an output of approximately 1 millivolt per volt of

excitation at full scale. Test values for the calibration of the load cell are

listed in Table 5-C. 1, and the average tabulated values are plotted in

Fig. 5-C. 2. The load cells were calibrated on a standard tensile testing

machine and rotated to four positions.

WEIGHT-MEASURING DEVICE FOR OIL VOLUME

Howe Weightograph Scales, Model 9932.

Certified by San Diego County Bureau of Weights and Measures.

Maximum capacity, 150 lb; minor division 1/4 lb.
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Table 5-C. 1

TEST VALUES FOR CALIBRATION OF LOAD CELL A-1

00 100 300 900

Counts Counts Counts Counts

Load Av Av Av Av

(lb x10 3 ) 1st Run 2nd Run (mnV/V) 1st Run 2nd Run (mV/V) 1st Run 2nd Run (mV/V) 1st Run 2nd Run (mV/V)

0 0 0 0 0 0 0 0 0 0 0 0 0
175 1734 1729 0.8269 1745 1746 0.8336 1721 1720 0.8216 1744 1744 0.8328

180 1781 1779 0.8500
185 1832 1830 0.8744 1845 1845 0.8811 1820 1820 0.8692 1845 1843 0.8806
190 1879 1878 0.8971

195 1932 1927 0.9214 1945 1944 0.9286 1919 1920 0.9167 1944 1943 0.9281
200 1980 1977 0.9448
205 2029 2029 0.9690 2045 2045 0.9766 2019 2020 0.9644 2046 2043 0.9764
210 2079 2078 0.9926
215 2129 2129 1.0167 2147 2147 1.0253 2121 2120 1.0127 2146 2144 1.0243
220 2180 2179 1.0408
225 2228 2228 1.0640 2247 2246 1.0728 2219 2220 1.060 2246 2243 1.0719

220 2179 2180 1.0408
215 2126 2129 1.0160 2149 2149 1.0262 2122 2120 1.0129 2144 2144 1.0239
210 2079 2079 0.9928
205 2030 2030 0.9694 2048 2045 0.9773 2020 2020 0.9647 2044 2044 0.9761

200 1979 1980 0.9453
195 1929 1929 0.9212 1944 1944 0.9284 1920 1921 0.9172 1944 1942 0.9279

190 1879 1880 0.8975
185 1829 1829 0.8734 1845 1848 0.8818 1820 1820 0.8692 1845 1845 0.8811

180 1779 1780 0.8498
175 1730 1730 0.8262 1749 1749 0.8353 1722 1721 0.8221 1744 1745 0.8331

0 0 +1 0 0 0 0 0 +1

NOTE: 1 mV = 349 counts; excitation voltage = 6 V.

N
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THERMOCOUPLE:MEffR EMEN T

Copper-constantan.

Ice bath reference junction.

Thermocouple beads made by silver soldering.
Wet bulb thermocouple with continuous aspirator.

Wet bulb thermocouple calibrated with sling psychrometer.

Ambient temperature measured in air in the shade of the concrete model.

The temperature of one terminal board was measured with a thermocouple.

The temperature of one cable carrier was monitored with a thermocouple.

Millivolt-to-temperature conversion was done by linearizing the NBS

circular 561-millivolt conversion table in the range 500 to 1100 F.

The thermocouple wire specification (Instrument Society of America

Standard of Test) was that the thermocouple material would not cause

more than a 2 0 F deviation from the value given in NBS Circular 561.

The reference thermocouple consisted of two thermocouples in an ice bath.

PRESSURE TRANSDUCERS

Statham, Type PG10TC-5M-350; 0 to 5000 psi.

Calibrated with an Ashcroft Portable Dead-weight Tester, Type 1350 B-100;

0 to 10, 000 psi.
r

CRACK DETECTOR

Silver graphite mixture.

Epoxy Products, Type E solder 3021, 2-part silver epoxy.

MOISTURE MONITORS

Supplied by Conrad Carlson Corporation of San Diego.

The configuration consisted of two stainless steel 1/17-in. -thick plates

embedded in a silicone rubber, RTC 731. The plates were 1/4 in.

apart, and each plate had an area 1/4 x 3 in. exposed to the concrete.

The voltage drop across the plates embedded in the concrete was a
function of the wetness of the concrete.

271



26

24 50 PSIG 100 PSIG 150 PSIG

= 22

20

18 400 PSIG 450 PSIG

16 350 PSIG

14- VARIABLE AREA FLOWMETER ,

z FISCHER & PORTER NO. 1OA2735C
- 12 TUBE NO. FP-1/4-25-G-5/81
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Fig. 5-C. 1--Calibration of variable area flowmeter

J



GEOMETRIC MEAN

LOAD CELL ROTATED 100 AND 90*
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o. DATA REDUCTION AND EVALUATION

6. 1. SUMMARY

This section provides a synopsis of the experimental data obtained

during the testing of the Prestressed Concrete Reactor Vessel (PCRV)

Model 1. During the test a total of 915 data samples were taken of

the 1300 instruments for approximately 1. 1 x 106 data bits. An attempt

has been made to assemble this data into a form that will provide the

reader with an overall picture of the strain measurements throughout the

vessel during both the prestressing and the pressurization phases. Com-

parisons are made, where appropriate, with the results obtained from the

finite-element analysis to show the effects of creep and local perturbations

not accounted for in the analysis. Additionally, an experimental backup

for the validity of the strain gage measurements is provided by the presen-

tation of the volume measurement of the oil used as the pressurizing fluid,

and the axial and diametral changes as measured by displacement sensors

placed inside the vessel.

The test data collected was evaluated in two stages, prestressing

and pressurization. In general, the test results for these two phases are
presented separately; i. e. . although the vessel must be fully prestressed

before pressurization can begin, the strains during pressurization are

generally referenced to full prestressing as a zero point and therefore

become strains due to pressure only.

Concrete behaves elastically under quickly applied cyclic loads.
Over an extended period of time, however, nonlinear strain occurs. The
pressurization data have been processed to remove time-dependent strain,
thereby permitting a clearer basis for comparison of the experimental and
analytical results.

6. 2. INTRODUCTION

Figure 6. 1 is an outline of the PCRV Model 1 showing the general

features of the model, such as locations of tendons, reinforcing bar,

liner, nozzles, and concrete, and the orientation of the various planes

mentioned in the text. Two general areas of investigation were made--

analytical and experimental.
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6.2. 1. Analytical -:' >v tc> 1

An axisymmetric theoretical investigation of the model was made.

The analysis showed the strain level throughout the model for various

tendon loads and for a pressurized condition. Details of the analysis are

given in Section 2, and data from the analysis are utilized throughout this

section.

6. 2. 2. Experimental Investigation

The experimental test was carried out to show several effects.

First, strain gages were located in areas and with orientations to allow

direct comparison with areas that can be analyzed theoretically. This

provides a comparison and a basis for level-of-accuracy determinations

between the two methods. Second, sensors were placed in areas where

strains could not be predicted analytically to show the local effects of

penetrations. Third, the experimental data showed the effects of vessel

overpressure and behavior into the plastic range as well as behavior at

lower pressures after the model had been cracked significantly. The data

reduction shows the results of the experimental test and a comparison,

where possible, with analytical results. Fourth, displacement sensors

and volume change measurements of the pressurizing fluid provided further

experimental cross-comparisons.

6. 2. 3. Data Reduction and Evaluation Methods

The test data were processed on a daily basis in such a way that

areas of potential trouble could be immediately recognized. During the

test, voltages from approximately 1100 strain gages and 200 other sensors

were connected by an automatic switch to a digital voltmeter. When a

reading of the gages and sensors was desired, the voltages were scanned

automatically and the results recorded on IBM magnetic tape. From these

tapes the IBM 7044 converted the voltage readings to strain alues and

printed the results in tabular and graphical form. A typical scan is given

in Appendix 6-A. As can be seen from this example (data point sample 720

for 500 -psig vessel pressure), the tabulated results for both raw voltages

and strain values are given, and many of the strain values are printed into

developed views of the vessel components. Daily inspection on a pictorial

basis was made, which provided a quick means of comparing measure-

ments at geometrically similar locations and repeated measurements at

the same locations, minimizing the chance of random error.

Additionally, the displacement sensors and pressurizing oil volume

measurements permitted a daily check to be made on strain gage validity
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and provided additional means for checking self-consistency of experi-

mental results. These independent experimental results, together with

the results of the numerical analysis, are compared and discussed in this

section.

The following is a synopsis of the computer printout of experimental

results as exemplified in Appendix 6-A.

DATA PRINTOUT FORMAT

1. Data point sample (DPS) number.
2. Internal pressure.

3. DPS used as 'zero" scan.

4. Weather data.

5. Digital clock printout (part of data acquisition system).

6. Computer code for defective gages or records.

7. Voltage printout for all channels (raw data).

8. Moisture monitors (relative moisture content-voltage output).

9. Load cells on tendons (strain gage transducer).

10. Extensometers--linear differential transformers located on

both inside and outside surfaces.

11. Displacement sensors--linear potentiometers placed on a steel

frame inside the liner to measure liner deflection.

12. Crack detectors--brittle epoxy containing powdered silver-graphite

painted on the outside of the vessel.

13. Thermocouples--copper-constantan.

14. Pressure transducer--strain gage-type.

15. Power supply output--volts.

16. Flowmeter - -turbine -type pulse counting circuit.

17. Strain readings for all gages.

18. Representative diagrams of the model with strain gage printout
in the approximate location of the gages (* marks location of

gages):

1. Outside of liner.
2. Inside of liner.

3. Axial gages on the reinforcing steel

on the inner radius.

4. Axial gages on the reinforcing steel

outside radius.

5. Gages in concrete at haunch.

6. Gages on the outside of the vessel.
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6. 3. CONCRETE MATRIX AND REINFORCING BAR

6. 3. 1. Hoop Strain

Six hoop bars located at a vessel radius of 51 in. (very near the

liner) were instrumented to measure hoop strain in the barrel section.

Three hoop bars in both top and bottom heads at a radius of 25 in. were

similarly instrumented. The bars in the top head circumscribe the pene-

tration array of thirty-seven 3Z -in. -diam penetrations and, in turn, are

circumscribed by the hole circle for the large 18-in. nozzles. Figure 6. 2

is a plot of hoop strain for two loading conditions- -full prestressing and

500 psig. The value of strain is plotted from axes which coincide with the

radial locations of the hoop bars. The symbols represent experimental

data, and the lines are plots of computed data of the stress analysis

code.

6. 3. 1. 1. Prestressing. The experimental data for prestressing

appear to be erratic, reflecting the strong local effects caused by the pre-

stressing system. It is significant, however, that the data points fall

decidedly to the left of and below the computed line, indicating greater

compressive strains than anticipated by calculations. This is probably due

to creep which increases strain with time after the original application

of prestressing forces.

To demonstrate the way in which hoop strain is affected during the

prestressing phase, gages 194 and 196 in the top head and gage 251 near

the vessel midsection were selected for plotting. Figures 6. 3 through 6. 5

are plots of the strain versus the time during which prestressing took

place. At four intervals during the prestressing phase, the measured

values can be checked against the computed values: (1) axial tendons

at half load, (2) all tendons at half load, (3) axial tendons at full load, and

(4) fully prestressed. For gage 194 (Fig. 6. 3), the hoop strain increases

very rapidly during the time that the hoop tendons in the head are tensioned,

and the strain exceeds the calculated value by a factor of >2. This is due

to the large penetration proximity in radial plane 11, the location of

gage 194. By contrast, gage 196 (Fig. 6. 4), in a similar location but

between nozzles, shows good agreement at all check points during the

prestressing phase. Similarly, gage 251 (Fig. 6. 5) near the midplane

of the vessel is checked quite closely by calculation.

6. 3. 1.2. Pressurization (Elastic Range). For the pressure data

(see Fig. 6. 2), the effect of prestressing has been subtracted out, leaving

only the value of strain that is due to pressure. Pressure forces caused

less variation in the observed data than occurred during the prestressing

phase since a much more uniform application of the force system is

achieved by pressure. Consequently, the data taken from the three
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different radial planes agree inure closely with each other, and agreement

is also evident between these data samples and the computed strain. The

value of 500 psig was chosen for this and subsequent plots because 500 psig

had been used in the initial design strain investigations. Also, this is a

reasonably high pressure, yet is still within the elastic behavior range of

the overall system to allow this comparison with analysis.

As during the prestressing phase, a notable deviation is present.

The data points denoted by a circle represent the gages located on or near

radial plane 11, which is an r - z plane through the large 18-in. top head

penetrations. This local perturbation is expected to have little or no

effect in the barrel section or the bottom head, but the effect in the top

head should be pronounced. Note that, indeed, the values obtained in the

top head for plane 11 exceed the other experimental values and the calcu-

lated value (which does not account for the effect of the penetration) again

by more than a factor of 2.

On September 17, the vessel was pressurized to 1050 psig in steps

of 100 psig. Data samples were taken at 50, 150, 250, etc. until the final

pressure of 1050 psig was achieved. The strain values measured for these

11 pressures are plotted on a single vertical line at the extreme right of

the prestressing plots (Figs. 6. 3 through 6. 5). These points indicate the

pressure at which the area around the particular gage in question comes

out of compression. For gages 194 and 196 (Figs. 6. 3 and 6. 4) the area

is apparently still in compression at the maximum pressure of 1050 psig.

For gage 251, located at midplane, the vessel comes out of compression

at a pressure of about 450 psig.

Figures 6. 6 through 6. 8 demonstrate the phenomenon and show the

strain-pressure relation up to the failure pressure of 1700 psig. The

strain data of Figs. 6. 3 through 6. 5, discussed above, are strains prior

to the application of any pressure load. The data of Figs. 6. 6 through 6. 8,

however, are relative to a fully prestressed vessel; i. e. , zero strain

represents zero psig pressure. All strain values shown in these plots are

caused primarily by pressure. The effects of creep have been removed

by constructing the plot from strain differences between data samples

which were taken at nearly the same time. No attempt was made to elimi-

nate nonlinearities due to yielding. The strain value at a given pressure

was obtained by using the data sample taken the first time that particular

pressure was achieved, and the effects of previous pressure cycles were

removed from the totals that were plotted. (A description of the method

used is given in Section 6. 8. 5.)
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The solid vertical line (Figs. 6. 6 through 6. 8) is the value of com-

pressive strain analytically predicted for full prestressing. The sloped

line is the elastic line predicted for pressurization. Their intersection

represents the pressure at which the vessel is predicted to come out of

compression. The intermittent vertical line is the actual value of pre-

stressing, and the intersection with the plotted experimental data points

is the actual pressure at which the area around the gage comes out of

compression. The agreement between the elastic line and the experimental

points, and between the computed and the actual pressure at which the

area moves into tension, indicates the basic good agreement between meas-

urement and computation. Lack of agreement for gage 194 is expected,

of course, due to the proximity of the large 18-in. penetration, but in the

absence of local discontinuities, agreement is excellent.

The value of the method used for plotting the strain versus pressure

data is evident if a comparison is made of the pressure data in Figs. 6. 5

and 6. 8 (gage 251). According to Fig. 6. 5, the pressure at which tension

occurs is around 400 psig, but according to Fig. 6. 8, this pressure is about

600 psig and is in close agreement with the computation of about 575 psig.

This lack of agreement arises from the fact that two different sets of data

were used. The data of Fig. 6. 5 are raw data taken on a single day

(September 17) at pressures from 50 to 1050 psig, after many previous

pressurizations during a 20-day period prior to September 17 and after

midplane cracking had occurred. All of the data on Figs. 6. 3 through 6. 8,

including the nomograph, are referenced to DPS 1 as zero scan. Evidently

a zero shift has occurred, due to a temperature effect or to yielding caused

by the large positive strains of intervening pressurization, which has the

apparent effect of decreasing the compression of prestressing. The data

of Fig. 6. 8, however, were constructed purposely to eliminate the tem-

perature and damage effects (prior to a pressure at which yielding actually

occurs), thereby providing a true indication of the pressure-strain relation.

This technique shows the true vessel strain response to pressure and gives

the good agreement with analysis demonstrated here.

6. 3. 2. Axial Strain

Axial strain was measured at nine different axial locations for each

of three radii and in three or more circumferential positions. The three

radii were 52. 5 in. , 60 in. , and 67 in. , and the data are plotted in

Figs. 6. 9 through 6. 11. These figures include experimental and compu-

tational data for both prestressing and 500-psig pressure.

6. 3. 2. 1. Prestressing. The data for prestressing (see Figs. 6. 9

through 6. 11) are somewhat erratic. The points generally do not fall on

the computed line, and the data from the three different circumferential

positions seldom agree with each other. In general, the data fall to the

left of the computed line and usually do not exceed the predicted compres-

sive strain by more than 50%. The data scatter is not serious since
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prestressing, by the nature of the loading, has many local effects, and

the model was not perfect geometrically. For example, the computer

program includes the assumption that the radial forces exerted by hoop

tendons are distributed uniformly along the vessel circumference. Actually,

however, these forces are concentrated at many discrete points along the

circumference and may cause a gage located in the immediate proximity to

read a greater value of compressive strain than the average value computed.

Furthermore, the computed line itself is not smooth. In Fig. 6. 9, the

effect of the fillet causes a sharp peak in each of the fillet areas. In

Figs. 6. 10 and 6. 11, the head tendon anchors cause sharp decreases in

compressive strain just below the anchor points, where axial strain due

to the head tendon suddenly becomes tensile. The plot of the computed

line (particularly in Fig. 6. 11) indicates a rapidly changing strain field
where a slight discrepancy in actual sensor position would cause a great

change in strain value. For these reasons, some lack of agreement with

experimental data may be anticipated.

The average of the experimental data falls to the left of the computed

line, possibly indicating that creep has taken place and has increased the

strain values at constant compressive prestressing load. Note that the

data is not corrected for creep strain in response to prestressing.

A history of the strain of an axial gage (gage 69) during prestressing

is given in Fig. 6. 12; this is the datum point represented by a square in

Fig. 6. 9 at elevation 58. In Fig. 6. 9, this point falls very close to the

computed line; therefore, the strain history throughout the prestressing

phase should match the four computational check points. As shown in

Fig. 6. 12, agreement is quite close.

6. 3. 2. 2. Pressurization (Elastic Range). The computed axial strain

due to pressure and the experimental data points (the strain due to pre-

stressing having been subtracted out) are also plotted in Figs. 6. 9 through

6. 11. Agreement between experiment and computation is excellent. The

strain peaks at the inner radius (r = 52. 5 in. ) (Fig. 6. 9) are due to the

haunch proximity. Strain decreases to zero at the ends, and nearly zero

near vessel midsection. At the vessel midsection the effects of bending

in the wall are the most pronounced, causing the strain depression at the

inner radius, as noted in Fig. 6. 9, and causing a large increase or peak

in strain near the outer radius (r = 67 in. ), as may be observed in Fig. 6.11.

A pressure versus strain plot (Fig. 6. 13) has been constructed for

gage 69, the same gage used as an example for a strain history during

prestressing. This plot demonstrates the continued good agreement

between data points at various pressures and the elastic line. It should

be noted that if the elastic line and prestressing line were continued until

they intersect, the resulting computed value of pressure at which this

area comes out of compression is a very high one. Actually, however,
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the curve bends over at ahbut 1100 psig and comes out of compression at

that pressure level. This agrees quite well with the pressure data of
Fig. 6. 12. If the last pressure point (1050 psig) were to be extrapolated
another 100 psig to 1150, the 1150 point would be above 0, indicating tension.
This is particularly significant since gage 69 was located near a point of

inflection of the cylinder and should not show bending effects. The model

was prestressed axially for the equivalent of 1140 psig, showing excellent

agreement with the extrapolation to 1150 psig.

6. 3. 3. Hoop Strain in the Heads as Measured Along Straight
Reinforcing Bars

A large number of reinforcing bars are located near the top head

liner and between the control rod nozzle penetrations. The bars were

restricted in placement to three directions, due to the nozzle locations,

and these directions are perpendicular to planes 21, 22, 23, 24, 25, and
26. Gages were located at planes 21, 22, and 26 to measure hoop strain.

In addition, gages were located at points where some of the bars crossed

planes 11 and 31, which are 300 from the true tangential (hoop) direction.

To resolve the values measured by these gages into true hoop strain, the

following equation (from Ref. 1) was used:

2 o
e = e/cos 30

hoop gage

This relation does not account for the Poisson effect and, therefore,

is not exact but is accurate enough for an indication of strain in the nozzle

region. For symmetry, the bars in the bottom head were similarly placed

and instrumented. The results, for both top and bottom heads, of pre-

stressing and pressure are plotted in Fig. 6. 14.

On prestressing, strains in the top head (where the perforations

have maximum effect) exceed those in the bottom head at the 9-in. radius,

but at the 21-in. radius the reverse is true. At both of these radii, the

larger values lie closer to the computed line.

On pressurization, the resulting strains are very small and no

difference between strains measured in the top and bottom heads is dis-

cernible. All values lie within about 25 sin. /in. of the computed line.

It is significant to note that the largest values of strain observed on

these bars are those measured on plane 11 in the top head. This plane
passes through one of the large 18-in. -diam penetrations, and some
deviation is expected. The actual strain values do not deviate more than

about 25 sin. /in. from the computed line. In Fig. 6. 2, however, the hoop

gages in the ligament between the control rod penetration array and the

18-in. nozzles show a higher stress concentration.
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6. 3. 4. Discus sion on Data R ebd l:.iy

6. 3. 4. 1. Prestressing. An estimate of the reliability of the strain

gage data can be obtained by examination of the data point locations and by

comparison of the data with itself and with the computed line (see Figs. 6. 2

and 6. 9 through 6. 11). Figure 6. 2 shows the hoop strain in the reinforcing

bars at the cylinder near the liner. The scatter between data points aver-

ages 67 pin. /in. and shows a general trend of following the analytical pre-

stressing line; however, the data points deviate from the computed line an

average of 63 pin. /in.

The axial strain in the concrete at different radial locations is shown

in Figs. 6. 9 through 6. 11. Generally, the average of the experimental

data follows the shape of the analytical line. The data are further into

compression than predicted, however, by roughly 50 pin. /in. , indicating

that creep had taken place while the vessel was being prestressed. The

agreement of the data points with similar points and with the analytical

line is better for the cylinder than for the heads. This effect can be caused

by the more uniform distribut:io' cf axial load into the cylinder due to the

St. Venant effect. The presence of bearing blocks, tendon tubes, and

nozzles causes a very complex three-dimensional stress distribution in

the top head, which cannot at this time be adequately analyzed by theoretical

methods. Although nozzles are not present, the bottom head is complicated

by axial, hoop, and head tendons, as well as tendon tubes and reinforcing

bars. The data point average for the hoop strain between the nozzles and

adjacent to the nozzles in the top head, as showr in Fig. 6. 14, agrees with

the computed line except for the circle data points. in the bottom head,

the solid circle data points agree closely with the computed line.

6. 3. 4. 2. Pressurization. R referring again to Figs. 6. 2 and 6. 9

through 6. 11, excellent agreement of the indiv idual data points with them-

selves and with the computed strain line is shown. Figure 6. 2, showing

hoop strain on the reinforcing bars in the concrete, indicates that the

average strain due to pressure exceeded the analytical value by 25 pin. /in.
in the cylinder section. The bottom head shows even better agreement of

the data points ,with themselves and with the computed line. The top head
shows the square symbols close to the computes line. These data points

are between the large main nozzles and should read the least value of strain,

and, as can be observed, the square symbols do read the lowest values.

The points indicated by triangles are between the data points indicated by

squares on plane 33 and the plane containing the large nozzle. As these

data points are closer to the nozzle than the points denoted by squares,

they should and do, in fact, read a slightly higher value because of their
proximity to the large nozzle. The data points denoted by circles are on

a plane bisecting the large main nozzles. The curve shape formed by
these data points parallels The computed line.
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Figures 6. 9 through 6. 11 show axial strain gage data points plotted

for the reinforcing bar at three different radial locations at the various

planes denoted by the symbols. Where data point symbols fall off-scale,

the gages have either failed or have indicated strains of unrealistic values.
Except for a few scattered points, agreement of the data points with
themselves and with the computed line is excellent.

6. 4. LINER

6. 4. 1. Prestressing Effects on the Liner

6. 4. 1. 1. Cylinder. The experimental and calculated results for

both complete prestressing and pressure (without prestressing) are shown

in Figs. 6. 15a and 6. 15b. The experimental data for the different planes

(see Fig. 6. 1 for plane designation) are denoted by the character of the

point symbols. The calculated strain profiles are also given for direct

comparison. The solid line denotes full prestressing and the dashed line

denotes strains due to 500-psig internal pressure with no prestressing.

Imposed on the plot is a phantom view of the vessel cross section to show

the position of the cylindrical portion of the liner relative to the remainder

of the vessel.

The hoop strain results of Fig. 6. 15a show that in the fully pre-
stressed condition good general agreement between the data points of the

three instrumented planes exists, but the predicted compressive strains

were from 1-1/2 to 2 times greater than those measured. This discrepancy

is not significant since strains were low--on the order of 100 gin. /in.

The axial strain results of Fig. 6. 15b show a much greater data

scatter for the fully prestressed condition; however, the mean value of the

scattered data seems to agree quite well with the computed strain profile.

Figures 6. 16 and 6. 17 are time plots of strains taken during the

period June 9 to August 30 and show the progression of strain during the
time prestressing took place. Figure 6. 16 shows strain versus time in
days for axial gage 287 located on the outside surface of the liner at vessel

midsection, plane 11.

During the time that the axial tendons were tensioned to half load,

axial strain increased to about 80 gin. /in. of compression. During hoop

tendon loading, the compressive strain remained constant. Further ten-

sioning to full load for axial tendons and then for all tendons caused strain

to increase and decrease, respectively, to 220 pin. /in. and 180 pin. /in.

The longitudinal bending stresses induced in the cylinder by the tensioning

of the hoop tendons caused the compressive axial strain to be reduced.
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Figure 6. 17 shows hoop strain vei sus time for gage 288, at the same

location. Here, during tensioning of the axial tendons to half load, the

liner actually moved into about 90 pin. /in. of tension. With all tendons

at half load, 30 pin./in. of compression resulted, a change of 120 pin. /in.

Second-stage tensioning gave about zero strain as the axial tendons went

to full load, but the final stage of hoop-tendon tensioning moved the liner

hoop compression at vessel midsection to about 130 pin. /in. The two pairs

of opposed displacement sensors showed an average vessel diameter decrease

of 0. 025 in. for the fully prestressed condition near the vessel midsection.

Circumferential strain based on this change in diameter was 250 /in. /in. ,

giving the same order of magnitude as measured by gage 288. At midsection,

the calculated hoop strain was around 175 pin. /n. , falling between these

independently obtained experimental values. Figure 6. 15a shows that most

of the other hoop gages gave hoop strain values for prestressing in this

same general range, while Fig. 6. 15b indicates wide scatter, but of approxi-

mately the same average value.

In general, the shapes of the strain-time plots during prestressing

were very similar. Of the 27 operational axial liner gages, all but two
showed similar curve shapes. Ten of these showed reduction in compressive

strain during tensioning of the hoop and head tendons. The remaining 15

showed increased compression during both axial tensioning stages, but they

did not show the large decrease in strain during tensioning of the hoop and

head tendons.

Of the hoop gages, 27 of 35 exhibited the same curve shape and-

direction. The plots showed little change during the axial tensioning and

during loading of the top and bottom heads. Three of the remaining gages

showed the same general curve shape, but the plot had an upward trend

into the tensile range. The major changes in the plots occurred, of course,

during tensioning of the cylinder hoop tendons. Four of the gages showed

individual curve shapes which were -ill different, and one gage was defective.

During prestressing, gages on the outside of the liner did not differ

appreciably from those on the inside of the liner, as can be observed from

Figs. 6. 15a and 6. 15b.

With increasing pressure level, 1.1 axial gages reversed direction

at least twice, and five changed strain direction four times. A check of
the hoop and axial gage pairs at a given location showed that a change in

either the hoop or axial gage caused a change in the other gage in nine out

of 23 gages. Four gages showed some change upon strain reversal but not
during all loading cases. Six pairs showed no noticeable interdependence,
and in four gage pairs, one of the pair was defective. A set of gages dis-

playing this interaction effect is shown in Figs. 6. 18 and 6. 19. It can be
seen in Fig. 6. 19 that the strain curve flattens at about 1200 psig and that
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the total strain experienced by the liner because of increasing pressure

from 1200 to 1250 psig is almost twice as great as the total strain in pres-

surizing from 0 to 1200 psig. The hoop gage indicated a constant strain

above 1300 psig, as indicated by the vertical line from 1300 to 1700 psig.
The axial strain started to increase at 1300 psig and continued to 1700 psig.

The axial strain increase after the plot reversal could be due to strain

hardening of the liner material, a transverse crack in the concrete, or a

change in the deformation mechanism of the vessel.

6. 4. 1. 2. Prestressing Strain Parallel to the Haunch. The axially

oriented gages in the haunch showed a plot shape similar to the cylinder

gages with the exception that two of thirteen gages showed increasing'

tension during prestressing. Both of these gages were located in the

bottom head haunch, and it is likely that the tensile strain was caused by

localbuckling. An example of this unusual behavior is given in Fig. 6. 20,

which gives the strain time plot for gage 757, located axially on the bottom

haunch at plane 22. Three remaining axial gages in the bottom head showed

low values of compression, i. e. , -110, -64, and -20 pin. /in. The top

haunch showed six axial gages with a normal stepwise prestressing plot.

However, four gages, including one located at the main nozzle at plane 13,

showed high levels of compressive strain, i. e. , -400 pin. /in. At plane 12

(the other instrumented nozzle location), the strain was no higher than

average.

6. 4. 1. 3. Top Head. The gage in the liner in the top head area near

the junction of the haunch with the flat plate shows behavior similar to that

of the other gages in the haunch area, as previously discussed; i. e., many

of the gages in this area exhibit tensile strains while the tendons are being

tightened. Generally, the strains in this area are less than strains in the

cylinder area. Shearing strains were present as the vessel was pre-

stressed. For example, on plane 31 on the flat plate near the fillet, the

hoop strain at the end of tensioning is 160 pin. /in. compression and the

radial strain at the same location is 160 pin. in. tension (gages 728 and 733),

giving a shearing strain of T = (E 1 - E 2)/2 = 160 pin. /in. Most of the gages

located at the junction of the nozzle with the liner show a wide spread in the

magnitude of the compressive strain, and a few gages show tensile strain.

6. 4. 1. 4. Bottom Head. The bottom of the liner was instrumented

across the diameter with eleven strain gages. Most of these gages showed

tensile stresses under prestressing. The readings indicated that the liner

was deflecting upward in the center, causing tensile bending stresses on

the inside surface to be larger and to cancel out any compressive membrane

stresses in the flat plate. Figure 6. 21 is the strain history of a radially

oriented gage (gage 829), showing the increase in tensile strain as the

tendons were being tightened.
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6. 4. 1. 5. Control Rod Nozzles. The control rod nozzles were not
heavily instrumented because of the inaccessability of the 37-nozzle array.

The reinforcing bars in the concrete between the nozzles were well instru-

mented, however, and these data are reported in Fig. 6. 14. The strains

shown in Fig. 6. 14 should be expected to have values comparable to the

strains experienced by the nozzles.

In the analysis of the vessel by computer code, the method developed

by W. J. O'Donnell(2 ) was used. Briefly, the presence of a uniform array

of holes was treated as a homogeneous material of reduced elastic modulus

and modified Poisson's ratio. The section then behaved as a more flexible

material. This approximation can be made on the basis of empirical studies

performed on tube sheets by O'Donnell.

Strain gages located on the outside of a control rod nozzle at the out-
side of the array showed erratic behavior during the prestressing phase.

As far as could be ascertained, this behavior was due to the fact that the

tendon tubes passed very close to the gage, causing a local strain field dis-

turbance. Also, some gages located in the area between the tendon tube

and vessel exterior showed tensile strains due to prestressing. More

scatter due to creep, drift, noise, thermal effects, etc. , was shown in the

prestressing data than in the pressure data, but no distinct experimental

effect was evident.

The calculated compressive strain level for prestressing was greater

for the bottom head, as shown in Fig. 6. 14. Lower strains in the top head

were due to the superposition of bending upon membrane strains. The top

head is more flexible because of the penetrations and, therefore, bends

more easily, producing a tensile strain and reducing the membrane com-

pressive-strain in an area at the same radius. It should be noted that the

calculated values do not show the effects of the three large nozzles due to

limits on the computer program at the time the analysis was made. Further

analytical development work may be able to account for nonaxisymnetric

effects.

6. 4. 1. 6. Main Nozzles. A plot of the strains for full prestressing

recorded by gages located on the main nozzles is shown in Figs. 6. 22 and

6. 23. The plot shows definite nonaxisyminetric strain caused by the place-

ment of the nozzle eccentric to the main vessel centerline and by variable

compressive loads due to tendon reactions and nonsymmetric reinforcing

bar locations. The discontinuous sections in the plots are points at which

the strain gages failed during the course of the test. Some of the gages

that exhibited scatter in the prestressing plot showed symmetrical, regular

behavior during the pressurization phase. An example of this is given in

the axial gages on the inside surface of the nozzle. The data show that

the portion of the 18-in. nozzle at the greatest distance from the center

of the vessel exhibited the greatest sensitivity, i. e. , 300 Ain. /in. hoop
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compression due to full prestressing (Fig. 6. 22) and 450 pin. /in. hoop

tension due to vessel pressure of 500 psig (Fig. 6. 23). This indicates that
at the 1800 point 450 to 300 pin. /in. hoop tension was recorded due to the

combined effects of prestressing and pressure. Axially oriented gages on

the nozzles showed considerably less range for the same location, i. e. ,

-50 pin. /n. to +50 pin. /in. and -5 pin. /in. to +165 in. /in. Gages at

other locations around the nozzle showed lower strain values and a smaller

total strain range. During prestressing, the axial gages located around

the nozzle went into tension or zero compressive strain. The axial gages

nearer the top head surface exhibited a greater degree of tension due to the

action of the head tendons which generated tension on their convex side.

6. 4. 2. Pressurization Effects on the Liner

6. 4. 2. 1. Cylinder. Internal pressure on the liner has produced

different results on each of the various components of the liner. Figure 6. 18

illustrates the axial strain recorded from gage 287, which is located at the

equator of the vessel, on the outside surface of the liner. The plot shows

pressure vs strain, with the strain in the liner at the end of prestressing

taken as the zero point. The plot shows uniform elastic behavior up to

500 psig. Above this pressure, the slope of the data plot changes, indi-

cating that the deformation mode has also changed. The slope of the line

gradually flattens, showing that an increasing amount of plastic action

occurs as the pressure is increased. At a pressure of 1250 psig, the

strain drops toward zero and then starts to increase again as the pressure

increases. This behavior is typical of the axial gages on the liner cylinder,

although not all gages show such a sharp decrease in strain at this pressure.

Figure 6. 19 illustrates gage 288 measurement of the hoop strain at

the vessel midplane in a location similar to that of 287. The change in slope

of the pressure vs strain line does not occur until approximately 750-psig

pressure is reached. This behavior is typical of the other circumferentially

oriented gages at the midplane and the quarter points on the liner. The

directions of the maximum and minimum principal stresses change radially

at approximately 1200 psig. At this pressure, the axial gage shows a

decrease in strain due to internal pressure. Fifty percent of the axial gages

on the cylinder show a strain decrease at 12 0 0-psig pressure. A suggested

reason for this behavior is that, at this point, the hoop strain increases at

a far greater rate than the axial strain, arid, as a result, the Poisson effect

(which at this strain level is about 0. 4 to 0. 5 rather than 0. 3) causes a

decrease in the indicated axial strain because of the lateral contraction.

The hoop gage broke at 1300 psig due to the high strain (~7000 pin. /in. ),
while the axial gage was still operating at 1700 psig, with a strain of about
750 pin. /in. It is interesting to note that the total change in strain from

0 to 1200 psig is actually less than the change from 1200 to 1275 psig.
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6. 4. 2. 2. Hoop Gages and Gages Parallel to Haunch. The strain

gages in the top and bottom liner transitions exhibited the most unusual

pressure-strain plots. As pressure was increased to a certain level,

strain would increase normally, but further increases in pressure caused

the strain to decrease. Of the 12 operable haunch gages located parallel

to the haunch, five exhibited this "strain reversal" and six exhibited more

than one strain reversal. Only one gage showed the typical pressure vs

strain curve (gage 791) with a "knee" as the vessel moved into the elastic

behavior regime. Since the strain reversal plot is the most prevalent

shape, one of this type has been selected for display in this report (see

Fig. 6. 24)--gage 757, located parallel to the bottom haunch at plane 22.

As can be observed from the figure, strain initially increases more rapidly

than expected, up to a pressure of 700 psig. At a further increase in

pressure, the gage shows a series of strain reversals (not less than 10

pin. /in. ). A general decrease in strain is evident between the pressures

of 700 and 1300 psig, and, at 1300 psig, the strain again reversed direction.

A typical plot of the single strain reversal type is shown as Fig. 6. 25

(gage 811, located on the top haunch at plane 13, adjacent to a main nozzle

penetration). The rate of strain increase is less than predicted and, at

850 psig, reversal occurs and higher pressures cause the area to compress

further. The vertical dashed line is the experimental value of compression

strain due to prestressing, and, therefore, this gage shows that the area

is in axial compression throughout the entire test.

A greater degree of curve shape repeatability was observed for the

hoop gages, with five out of nine exhibiting normal curves (i. e. , typical

pressure-strain plot shape) linear to the onset of vessel plastic behavior.

These hoop gages exhibited multiple strain reversals, as discussed pre-

viously for the gages parallel to the haunch, and one gage had only one

strain reversal. This was gage 780 (Fig. 6. 26), the hoop gage at the same

location as axial gage 811. A comparison of Figs. 6. 25 and 6. 26 shows

that the strain reversal occurs at about the same pressure level (850 psig).

The other set of hoop and axial gages at a main nozzle (gages 740 and 753

at plane 13) shows the same curve shape for both gages but with two strain

reversals.

6. 4. 2. 3. Haunch Thy ,.e-Element Rosettes Pressirization Trends.

As a further check on strain behavior, five three-element rectangular

rosettes were placed in the haunch area. All rosettes exhibited individual

behavior; however, the three elements of a particular rosette showed very

similar plot shapes, indicating a nearly uniform biaxial strain field in the
haunch area. Two rosettes on plane 33, one near the haunch to cylinder
junction and the other near the haunch to head junction, showed similar

behavior. On these rosettes, all six elements showed an increasing tensile

strain with increasing pressure. All six gages reversed their strain

direction from 850 to 1100 psig, with the average pressure being 950 psig,
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and thex showed decs'csiog tens lc strains \ith i.c reasi ~ intern i pr s ure.

Two gage elements continued to decrease up to 1700 psig, while four ele-

ments again reversed and showed an increase in the tensile direction. One

of the two remaining gages reversed five times and the others three times

before reaching 1700 psig.

Two rosettes on plane 22 showed two gages with slight reverses; one

gage element was faulty and the others showed uniformly increasing tensile

stresses with increasing internal pressure.

The rectangular rosette on plane 12 showed the effect of the large

main nozzle. The three strain elements went further into compression

immediately upon application of internal pressure. This is the same

behavior as was seen on all other gages in the nozzle haunch junction

region. At about 300 psig, the three gages reversed direction and continued

on a positive slope to 1700 psig.

6. 4. 2. 4. Top Head. The nonlinear behavior of many of the gages

on the top head liner indicates that the liner shifts and strains in many

directions as pressure is applied. Radial gage 733 at plane 31, with a

radius of 39 in. , showed compression upon initial application of 50-psig

pressure. The slope then changed to a slowly increasing positive value

up to 1400 psig. At greater pressures, this slope changed abruptly to an

almost horizontal plot, indicating a large strain increase with little increase

in pressure. At 1700 psig, however, gage 728 showed that the hoop strain

due to pressure is only +325 sin. /in. , and gage 733 showed the radial strain

to be only +600 Ain. /in. , a much lower strain level than in the cylinder.

This low strain level existed throughout the top flat head, even at the

junctions of the control rod nozzles and main nozzles where high stresses

would be expected.

The gages located at the ligament between the control rod nozzle

array and the main 18-in. nozzle showed only slightly higher strains under

pressure than similarly located gages on plane 33, which was located away

from the disturbance of the main nozzles. The hoop gages showed a uniform

increase in tensile strain upon increasing internal pressure whereas the

radial gages went further into compression upon increased pressure.

6. 4. 2. 5. Bottom He ad. The portion of the liner at the bottom head appar -

ently buckled inward and 'oil canned, ' possibly due to welding distortion or

compressive tendon loading. The strain gages on the bottom head were located

on the inside surface and indicated tensile strains under prestressing loads

(Fig. 6. 21). This strain indication suggests that the membrane strains put in

the liner by the prestressing cables were cancelled out by the bending strains

on the liner (tensile on the inside surface). Compressive strain increased

with increasing pressure between 50 and 200 psig. Above these pressures,
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the strain vs pressure trend reversed with increasing tensile strain com-

ponent as the pressure was increased. One exception was radial gage 833,
located at the center of the vessel, which continued to show increasing

compression up to vessel failure. The pressure-strain relationship indicates

that the liner began "oil canning" outward almost immediately after appli-
cation of pressure. This oil canning effect is demonstrated by displace-
ment sensor readings and oil volume measurements covered in subsequent

paragraphs of this section. Due to the shear action and anchor locations,
the bottom head liner probably buckled inward in many small individual
locations rather than in one large area.

6. 4. 2. 6. Control Rod Nozzles (3-1/2 in. ). The control rod nozzles

make up an array of thirty-seven 3-1/2-in. pipes, centrally located in the
vessel top head. Because of the tight pitch, strain gages were placed on

the control rod nozzle on planes 11 and 33. Other strain gages were placed
on reinforcing bars in the concrete between the nozzles, and the results of

these gages are shown in Fig. 6. 14, with the predicted strain profile also
shown for comparison.

In Fig. 6. 14, the pressure data agree very well, showing the calcu-
lated line passing through the bulk of the experimental data. The bottom
head shows both larger (-) compressive prestressing strains and larger
tensile pressure strains. This data may at first appear inconsistent
because larger deformations would be expected in the perforated section
rather than in the solid slab. (Both heads were reinforced in exactly the
same way. ) However, in both cases, the experimental data are from
reinforcing bars near the inside surface. Since the perforated section is

more flexible by approximately 50%, the top head has a larger bending
strain superimposed upon the membrane strain, causing an indicated lower

value in tensile strain.

6. 4. 2. 7. Main Nozzles. The plot of the experimental data on the

main nozzles (Figs. 6. 22 arid 6. 23) shows the nonsymmetry caused by the

eccentricity of the nozzles to the main vessel centerline (see Fig. 6. 1);
however, it shows symmetry at about the 1800 point, which is as expected.

During pressurization, the hoop gages on the nozzle showed that the strains

were moving toward tension; however, the axial gages near the interior of

the vessel went further into compression. Axial gages on the liner but
near the exterior of the concrete surface also moved toward tension. The

gages that did show tension are 10 in. from the flange cover. Because
there are no prestressing tendons in this area to put the head and material
surrounding the nozzle into compression, the material went directly into

tension. This tension causes no difficulty since the strains are low, and
the reinforcing bars take the load. The only tendons near the outside that
load in compression are the axial tendons in the outer cylinder, and, since

the nozzle is primarily in the head, these tendons load the nozzle by shear
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action in the concret: a' only on, t argb:.nt po.v The gages that are 24 in.

from the top of the vessel show axial compression. This indicates that the
nozzle and concrete are being compressed by the radial force component
of the internal pressure; i. e., internal pressure loads are being trans-
ferred by the nozzle to the C tendons and other load paths. The graphs of
pressure vs strain showed very uniform plots. However, the change in

slope of the gage plots indicated that nonlinear behavior was taking place
in other parts of the vessel, even though the strain level in the nozzle was

too low to indicate any plastic action in the nozzle. Therefore, the nozzle

behaved nonlinearly because of the deformation characteristics of other

parts of the vessel and not because of its own plastic action.

Figure 6. 23 shows a 0 to 360-degree plot of the 18-in. main nozzles
at 500-psig internal pressure. This figure shows that The hoop strain plots
lie above the axial strain plots. Plots at higher pressure would show some

of the gages on the plot going further in a negative direction, while the hoop
gages would go further in a positive direction.

6. 4. 2. 8. Liner-Nozzle Ju,ncion Straims During Pressurization.

Three main 18-in. nozzles were joined to the top liner head near the outer

liner diameter. This junction is s!:.own schematically in Fig. 6. 1. The
nozzle penetrates the liner transition and is fillet welded on one side of

the liner. The penetrations are symmetrical about a radial line from the
center of the vessel; however, the geometry is complex because the nozzle

penetrates a portion of the liner fillet and a narrow ligament area exists

between the central 3-1/2-in. nozzle array and the 18-in. penetrations.

Strain gages were placed on the outside of the liner adjacent to the

18-in. nozzle fillet wel3 on plane 11, and on the inside of the liner approxi-

mately 1 in. from the weld on plane 12.

In spite of the complex geome-:y the strain gages showed consistently

repeatable curve shapes, idicating that each has the same deformation

mode around the circumference of the nozzl=:. One exception was the fillet

nozzle joint region, where gages irndicazed compressive strains under internal
pressure. (See the discussion of haunch area in Sections 6. 4. 2. 2 and

6. 4. 2. 3.)

Fourteen strain gages, eight on the inside and six on the outside of
the liner, were oriented in the hoop direction around the nozzle centerline.
Of these 14 gages, one was broken, and the remaining gages showed

repeatable plot shapes during pressurization. This regularity of plot shapes
indicates that the strains generated by adjacent discontinuities did not affect

the deformation of the liner next to the nozzle. The values of strain varied
around the circumference of the nozzle, however, with the highest strains
in the hoop direction and nearest the haun:h area. The strains in the
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ligament area were not appreciably different and, in several cases, were

less than the strain in the liner at the sides of the penetration. The strains

from the hoop gages on the inside surface at 1700 psig were E max =
1658 gin. /in. near the haunch, E min = 467 g in. /in. at the ligament, and

Eav = 1025 vin. /in.

Eleven radially oriented strain gages and three 450 rosettes were

mounted on the inside of the liner around the circumference of an 18-in.

nozzle. Six similarly oriented gages were mounted on the outside liner

surface. The radially oriented gages, as in the case of the hoop gages,
showed similar curve shapes, i. e. , fairly uniform behavior around the

circumference of the nozzle. The strains in the radial direction were,

however, considerably lower than the hoop strains. A maximum strain

of 433 pin. /in. at 1350 psig was recorded at the haunch nozzle junction;

at 1700 psig, the strain reduced to 382 gin. /in. The minimum strain at

the side was -295 pin. /i. , remaining essentially constant from 700 to

1000 psig. The constant strain phenomenon occurred on seven of seventeen

gage elements on the inside surface. A meaningful, average-strain value

for the radial gages cannot be given because the gages changed from tension

to compression a number of times for each gage, depending on pressure.

The six gages on the outside of the liner were mounted close to the

weld and indicated a higher strain level and less tendency to reverse.

Although reversing trends were observed, all gages close to the nozzle
went into tension. Gages 1 in. or further away from the nozzle weld which

were not in the haunch or ligament went into compression and remained

in compression ro- the enre pressure range.

6. 5. DEFORMATION AND LOAD CELL MEASUREMENTS

The valdity of the data from the pressure vessel can be evaluated

by comparing measurements from strain gages with those from different

types of measuring devices in the same area. Also used in the experiment

to obtain displacement information were linear differential transformers,

load cells, and linear potentiometers, as well as volume change measure-

ments of the pressuizing fluid.

6. 5. 1. Linear Differential Transformer

Three axially oriented linear differential transformers (LDT's) were
placed on the inside of the liner at the midplane and three were placed on
the outside face of the concrete opposite those on the inside of the liner.
The three LDT's on the inside of the liner failed, but the three on the
outside face of the concrete were operating. For a pressure of 500 to

50 psig, the LDT's c.n pLane 21 read +0. 0937 in., those on plane 26 read
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+0. 0055 in. , and between planes 24 and 43 the reading was +0. 0029. The

gage length or attachment length is 10 in. ; therefore, to obtain the output

displacement in inches per inch one must divide the above values by 10.

The average strain in the cylinder section, which is computed by

averaging the strain from axial rebar data, is 73 pin. /in. This is the

average of the strain gage data plotted in Figs. 6. 9, 6. 10, and 6. 11.

Comparison of the LDT data with the strain gage data shows poor

agreement. The LDT on plane 21 indicates 100 pin. /in. strain, the sensors

on plane 26 indicate 30 pin. /in. , and the LDT between planes 43 and 24

indicates 1200 pin. /in. The 1200 pin. /in. reading indicates a faulty instru-

ment because this datum reading was taken at 500 psig, while the vessel

was still in compression and before higher pressures caused cracking and

other damage to the vessel.

6. 5. 2. Load Cells

The load cells for measuring tendon force were probably the most

accurate and stable sensors on the concrete pressure vessel. The load

cells were steel cylinders, instrumented with strain gages in a full

Wheatstone bridge configuration, and were individually calibrated in a

testing machine. Three load cells were on axial tendons; three were on

a continuous hoop tendon (three 1200 segments) at the cylinder midplane;

two were on hoop tendons at the top and bottom haunch; two were in the

top head; and two were in the bottom head. Typical plots of the change in
load versus pressure are shown in Figs. 6. 27 through 6. 29.

Table 6. 1 shows the load cell location, force in pounds, and the

difference in load change for the same pressure range in a cracked vs an

untracked vessel. The column entitled Plot Reading shows the amount of

load change experienced by the tendon by summing the incremental pressure

increases during the course of the test. The column entitled Difference

912 - 901 shows the load increase experienced by the model after the con-

crete was cracked and some of the reinforcing bars had yielded. A com-

parison of the two columns shows that the axial and hoop tendons absorbed

a greater amount of the pressure load after vessel damage had occurred;

the head tendons, however, took less load. This effect could be caused by

the head tendon "seating, " shown by the irregular pressure-strain

relationship from 0 to about 500 psig. Jacking operations should have

crushed any local high spots; however, the end loads caused by the jacking

force do not load the tendon in the exact manner that pressure forces do.

Of the four head tendon load cells, three exhibited the same plot shape and

the fourth was faulty.
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All plots of the axial and hoop load cells exhibited a smooth curve

shape, showing gradually increasing strain rate with increasing pressure.

The curves also showed good agreement in values of measured strain.

Table 6. 1

LOAD CELL DATA

Load Pounds

Load DPS 901, DPS 912, Difference Plot
Cell Plane 50 psig 1700 psig 912 - 901 Reading Difference

33, axial
13, axial
31, axial

24, cylinder
midplane,
hoop

22, cylinder
midplane,
hoop

13, top haunch,

hoop

26, cylinder
midplane,

hoop

31, bottom

haunch,

hoop

23-52, bottom
head,

cross-head

25-44, bottom

head,

cross-head

25-44, top head,
cross-head

23-52, top head,
cross-head

178, 230
178, 480
191, 929

140,462

123, 776

174, 902

136, 603

243,
240,
264,

529

678
725

263,,750

269, 098

210, 582

259, 164

174, 968 201, 432

190, 132 191, 708

195, 886 200, 716

213, 101 218,220

360, 193 364, 625

65, 049
62, 198
72, 796

123, 288

145, 322

35, 680

122, 561

26, 464

1, 576

4, 830

5, 119

4, 432

59, 425

57, 849
65, 264

103, 330

117, 090

31, 523

102, 560

24, 201

Out

7, 528

7, 745

5, 858

+5, 624
+4, 349
+7, 532

+19, 958

+28, 232

+4, 157

+20,000

+2, 263

Out

-2, 698

-2, 626

-1, 426

6. 5. 3. Linear Potentiometers

Inside the PCRV a rigid frame was installed on which displacement
sensors were mounted to measure liner movement during vessel loading.
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The sensor locations are listed on Fig. 6. 30. The change in diameter of

the vessel is measured at axial locations of 60. 375 and 77. 25 in. (near

the vessel equator). The change in the length of the vessel is measured at

radial locations of 1. 625 (near the vessel center) and 17. 5 in. A plot of
the displacement sensor readings vs pressure up to 1200 psig is given in
Fig. 6. 30; shown for comparison are the data given by computation for dis-

placements at the sensor locations.

The computed and experimental results in the elastic range agree

quite well for the radial displacements (within 0. 005 in. ).

The data for axial displacements, however, indicate that an oil-

canning effect is present, causing displacements to increase much more

rapidly than predicted at low pressure (0 to 300 psig). It is important to

note that above 300 psig and until the plastic range is approached (around
700 psig), the rate of increase in axial displacements matches the com-

puted prediction; i. e. , the slopes of the computed and measured lines are

equal. A continuation of the plot of this experimental data to the final

pressure of 1700 psig is given in Fig. 6. 31.

6. 5. 4. Volume Changes as Determined from the Pressurizing Oil

Each time the vessel was depressurized, the extracted oil was care-

fully weighed. When one takes oil compressibility into account, the volume

change of the vessel can be determined for each pressure level. For a
comparison with the analysis, the displacement of the inner surfaces

calculated by the SAFE code can be used to determine theoretical volume

change. The plot of the volume change vs vessel pressure is given in

Fig. 6. 32. In the figure, the effect of the oil canning of the liner is evident,

as it was with the axial displacement sensors. As the pressure increases,

the volume of oil removed increasingly exceeds the predicted volume change

until a pressure of about 300 psig is reached, at which time further increases

in pressure cause increases in volume which match the prediction; i. e. ,

the slopes of the experimental points and computed data become equal.

At pressures above 500 psig, the volume of oil removed at depressur-

ization suddenly dropped, causing a discontinuity in the experimental data.

The suggested reason for this drop is that after 500 psig had been reached
the liner stopped oil canning and assumed the maximum volume position,

even after depressurization. This causes the data to match prediction

almost exactly at pressures above 500 psig, until, of course, the elastic

behavior range of the vessel is exceeded.

When the strain vs pressure plots of individual strain gages were

examined, some exhibited elastic (linear) behavior up to very high pressures

(near 1200 psig in some cases) while other began to indicate yielding at the
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600-psig level, or less, The plot of volume changes vs pressure is, there-

fore, the best indicator of the elastic range for the entire vessel. From

Fig. 6. 32, it may be observed that the elastic range is limited to about

850 psig. Above this pressure, the volume change increases rapidly,
indicating extensive yielding throughout the structure.

6. 5. 5. Strain Gage Validity Check

6. 5. 5. 1. Vessel Diametral Change. The change in vessel circum-
ference caused by pressure can be determined directly from strain gage
data by adding up the strain-length products as measured by gages along

a hoop bar. The change in diameter, calculated from the strain-gage-
measured change in circumference, should be checked by the displacement
sensor readings which measure changes in diameter, directly. In addition,
the "integrated strain gage result" should be checked quite closely with
the computed results. This cross-check on diameter changes for these

three independent methods of determination are shown in Fig. 6. 33. Up
to a pressure of about 700 psi, the integrated strain gage results give

almost a perfect match with computation. Similarly, the measurements

taken by the displacement sensors match the other data very closely in the
elastic range. Deviation between strain gage data and displacement sensor

data, as the pressure moves into the plastic behavior region, is not sur-

prising. The strain gage result should be used as the "true" result because

it is an integrated average over the entire circumference whereas the

sensor measures diametral change at one point only.

6. 5. 5. 2. Vessel Axial Change. The change in vessel axial height
can be determined directly from strain gage data by adding up the strain-

length products of axial gages along the inner surface of the vessel. This

method gives the axial change at the inner surface, and, therefore, some

additional modification of these data is necessary to obtain axial change at

the vessel axis (at R = 0. 0). Therefore, the additional small increment of

axial deformation due to bending of the heads, as calculated by the SAFE

analysis, was added to the integrated strain gage results to obtain axial

displacements caused by pressure at R = 0. 0. An axial displacement

sensor was located near the vessel axis (at R = 1. 625) and should provide

a check on the strain gage results. Additionally, the sensor and gage data

may be compared to the SAFE analysis for total axial deformation at
R = 0. 0.

Such a comparison is given in Fig. 6. 34. Again, up to a pressure
of about 700 psig, where yielding apparently occurs, virtually perfect
matching is obtained between the integrated strain gage results and the
SAFE computation.
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For the axial displacement sensors, however, the oil canning again

causes a problem. Up to a pressure of 300 psig, the rate of displacement

is much greater than the computation or the integrated strain gage result
would indicate. Beyond 300 psig, however, as the liner "bottoms out, "
the rate of deformation changes and becomes nearly the same as the other

data; i. e., the slope of the sensor data becomes equal to the slope of the
strain gage and SAFE data. This is demonstrated in Fig. 6. 34 by drawing

a dashed line through the sensor data which is parallel to the SAFE com-
'puted elastic line. At pressures above 700 psig, both displacement sensor
,and strain gage data deviate at an increasing rate from the elastic line as

the vessel moves into the plastic behavior regime. A plot comparing this

strain gage radial data (from Z = 58. 25) and axial data (from R = 0. 0) is
given in Fig. 6. 35. The scale in this figure has been compressed from

the scale of Figs. 6. 33 and 6. 34 to show behavior at the higher pressures.

6. 6. MISCELLANEOUS EFFECTS

6. 6. 1. Effects of Pressure Cycling on the Liner and Concrete

Strain gages on the liner and in the concrete of the vessel were

selected for evaluation of damage effects caused by pressure cycling. Data

from a large number of these strain gages were plotted by the computer

printer to determine whether damage had occurred. The selected data

points were taken at various times throughout the test, at 500-psig vessel

pressure. If no damage had occurred and the measuring system was

accurate and stable, the strain in a particular location should not have

changed.

6. 6. 1. 1. Liner Gages. Six gages, on both sides of the liner, at the

equator and at the lower quarter point, showed no increase in strain due

to 16 cyclings from 50 psig to 500 psig to 50 psig. Cycling to a maximum

of 700 psig caused a shift in pressure response in four of the six gages.

After cycling from 50 to 550 psig (five cyclings), 50 to 600 psig (ten cyclings),

50 to 650 psig (six cyclings), and 50 to 700 psig (ten cyclings), the four

gages indicated a larger vessel strain at 500 psig. The average change in

strain for these four gages was an incr ease from 15 pin. /in. to 70 pin./in. One

gage showed no change and the remaining gages showed a decrease in s 3 rain.

6. 6. 1. 2. Concrete Gages. Plots of strain gages in the concrete

showed curves similar to those on the liner. The same procedure that

Was used on the liner for plotting the 500-psig points was used in evaluating

40 axial gages and 27 hoop gages. Half of the axial gages showed a decrease

in strain of about 20 to 25 pin./in. Eleven of the gages showed an increase

in strain and eleven showed a decrease in strain after pressurization and

cycling to 700 psig. No geometric location could be determined where gages

298



would consistently increase or decrease. Pressurization to 1000 psig

caused 21 gages to indicate a strain reduction, and only two gages indicated

a strain increase. After the 1000-psig run, six gages indicated no change

in behavior and 11 of the 40 gages were faulty. A determination of the

shift in gage strain at 500 psig after failure could not be made because when

the pressure was dropped from 1700 psig to 0 psig, a DPS was not taken

at 500 psig. Data from twenty-seven hoop gages located in the cylinder

areas were plotted at 500-psig vessel pressure for strain vs time. Eighteen

of the gages showed a drop of about 25 pin. /in. after pressurization and

cycling to 500 psig. Pressurization and cycling to 700 psig caused 12 gages

to show an increase in strain; six gages showed a downward strain change;

four gages indicated no change; and five gages were faulty. Pressurization

to 1000 psig caused 14 gages to show a strain increase (an increase at two

gage locations), six gages showed a decrease, and seven were faulty.

It can be concluded from these results that pressurization to values

above design conditions causes a redistribution of the load, and, conse-

quently, there are changes in strain values at particular locations.

Increasing the pressure further causes permanent damage and, consequently,

locked-in strains. Although the scatter of the data is of the order of the

values being measured, the trends or shapes of the plots can still be

observed and compared.

6. 6. 2. Creep and Shrinkage in the Concrete

Creep and shrinkage strains occur throughout the life of the pressure

vessel. Shrinkage effects become minimal after the concrete has cured;

creep effects, however, continue and are dependent on the entire load

history of the concrete. Because creep is a function of load and time, the

values of creep strain occurring throughout the life of the vessel are

difficult, if not impossible, to obtain. This difficulty exists because all

tendons cannot be tensioned simultaneously, and loading causes a redis-

tribution of existing strain. Also, pressurization causes a change in load

by reducing the effect of the prestressing load. The point of application of

the pressure load is different from that of the tendon loads, i. e. , inside vs

outside and distributed pressure load vs point load. In addition, the value

of pressure and the length of time it is applied cause creep to change.

Possible damage to the vessel during overpressurization eliminates the

possibility of obtaining any accurate creep data during this time.

In spite of the above difficulties, some short-time creep data can be

obtained during the ten days between the end of prestressing and the begin-

ning of pressurization. The change in the strain values that occurred during
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this ten-day period was obtained by subtracting DPS 393 from DPS 441,
using the standard computer data processing routine shown in Appendix 6-A.

The values of the strain gages in the concrete were averaged for both hoop

and axial directions. For the ten-day period, the hoop gages averaged a

9-sin. /in. decrease in compressive strain, and the axial gages averaged

a 24-Ain. /in. decrease in compressive strain. The smaller value of hoop

strain occurs because a large number of hoop gages (in fact, the majority

of gages between the equator and lower quarter point at R = 53 in. ) showed

negative values for or increases in compressive strain. The gages from

the equator to the upper quarter region showed about the same positive

strain values.

6. 6. 3. Effects of Gas Leakage Testing

Helium gas was injected at three different locations between the

vessel liner and the inner face of the concrete. The location of the injec-

tion points are the cylinder wall on plane 32, 12-1/2 in. from the top head,

the outside wall of the 18-in. nozzle on plane 13, and the cylinder on

plane 21, 6 in. from the bottom. Strain gages were selected for data

plotting, and constant pressure was maintained during the gas leakage

testing. Gages surrounding the injection points were compared with gages

at remote points to see if any change in gage strain took place during the

gas leakage runs. After the gas leakage testing was completed, however,

there was no apparent correlation with the location of the gas nozzles.

During gas leakage testing, all of the gages on the liner showed a

decrease in tensile strain or a decrease in compressive strain, averaging

approximately 25 sin. /in. The change in strain indicates that the helium

injection between the liner and concrete resulted in an external pressure

on the liner, and this pressure effectively reduced the pressure differential

across the liner.

6. 6. 4. Trends and Cracking

The normal geometric pressure to strain ratio for a cylindrical

section is 2 to 1; that is, the stress in the circumferential direction is

twice that of the axial direction. Model 1 was built, however, with

approximately twice as much force in the axial direction as in the hoop

direction. The result is that, at pressure, the vessel can sustain greater

circumferential deformation than axial deformation. The cylindrical wall

deflects outward, causing a bending strain through the wall. Because of

the longitudinal bending strain, a circumferential crack develops on the
outside surface at the equator. The crack will not progress through the

entire thickness of the cylinder wall until the internal pressure causes the

sum of the axial-tendon force and the compressive bending strain to shift

into the tensile range. Any cracking of the concrete or breaking of
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reinforcing bars would cause a shift in the neutral axis, with a subsequent

reduction in the bending strain. This redistribution of load and load pattern
could cause the strain reversal pattern seen on a large number of both hoop

and axial gages located in the cylinder section.

The strains that were predicted analytically at the junction of the

cylinder and heads cannot be completely confirmed by experimental results.

The highest peak strains at the fillet occur on the inside surface of the

concrete. Strain gages which were located on the reinforcing bar in this

region did not show the predicted high strains. The exact location of the

strain gage must be known because of the rapidly changing strain gradient

in this area. The strain gages on the liner at the fillet cannot be used for

values of strain in the concrete because the liner does not necessarily follow

the movement of the concrete. The high bending strains across the liner

are not known; therefore, the true membrane strain is not known. An indi-

cation of the extent of the cracking in the fillet region can be estimated by

comparing strain levels in the cylinder at the equator with the strain levels

at the haunch. In this case, bending strain will give an indication of cir-

cumferential cracking. Longitudinal cracking will never be as severe near

the junction of the heads and cylinder as it is in the cylinder near the

equator because the heads will limit the radial deformation which is
necessary to cause a crack. Therefore, cracking in the fillet will be due

primarily to bending. Figure 6. 10 shows that the mid-wall axial strain in

the haunch area is about the same as the strain in the cylinder at vessel

midplane. If the rebar at R = 60 in. is at the neutral axis, the difference

between the strain shown on the axial rebar at R = 52. 5 in. (Fig. 6. 9) and

the strain on the rebar at R = 67 in. (Fig. 6. 11) will indicate the amount

of bending strain across the cylinder wall. The strain values at the haunches

(Fig. 6. 9) average about 110 pJn. /in. The comparable strain value in

Fig. 6. 11 is 20 pin. /in., giving a net difference of 90 pin. /in. bending
strain. At the vessel midplane, however, Fig. 6. 9 shows an average

strain of 20 pin. /in. Figure 6. 11 indicates a calculated strain of about

145 pin. /in. (experimental points are lacking) and a net bending strain of

125 pin. /in. These data indicate that there were higher bending strains

in the cylinder at vessel midplane and that there were somewhat lower

bending strains at the haunches than predicted by analysis.

6. 6. 5. Strains at Failure

One of the characteristics of the prestressed concrete pressure

vessel is the intrinsic property of constantly changing behavior. The
vessel behaves in a linear and elastic manner with increasing pressure up
to the minimum precompressed pressure. Above this pressure, the vessel
changes structural action, as shown in Fig. 1. 4. As various portions of

the vessel yield, crack, and strain-harden, the vessel behavior continues
to change. This is shown by comparing Figs. 6. 18 and 6. 19. It is noted
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that the reversal in the strain direction shown in Fig. 6. 19 occurs at the

time that the strain rate rapidly increases, as shown in Fig. 6. 18. This
phenomenon is caused by the Poisson effEct (Poisson's ratio is 0. 5 in the

plastic strain range) and the overriding of the axial strain which is increas-
ing at a much slower rate. Note that the strain (Fig. 6. 18) is almost

twice as large from 1200 to 1250 psig as it is from 0 to 1200 psig.

Figure 6. 8 shows elastic vessel response up to roughly 800 psig, at which

point the behavior of the vessel changes abruptly. Since the slope of the
pressure-strain plot changes, the behavior of the vessel changes. The

case in point, Fig. 6. 8, shows that for pressure above 800 psig, the load-
carrying capability is reduced. This means that above 800 psig some other

portion of the vessel must carry the load 'given up'" by the vessel area

represented in the figure.

Above the elastic range, cracking first occurred in the middle of the

cylinder. A crack was first detected on the outside surface of the vessel

at about 950 psig, and it opened to about 3/8 in. at 1700 psig. The top
and bottom heads kept the cylinder ends from moving radially; however,

the center section was not restrained radially, and it deflected freely.

The resulting behavior was a high bending strain in the cylinder wall,

causing tensile strain on the inside surface of the haunch area and com-

pressive strain at the inside surface of the equator. Up to the maximum pres-

sure of 1700 psig, the top head showed no evidence of cracking. This lack

of cracking of the top head is indicated in Figs. 6. 6 and 6. 7, showing only

660 sin. /in. and 300 pin./in. , respectively. The strain gages at the out-

side surface failed; therefore, no direct comparison can be made with the

gages shown in Figs. 6. 6 and 6. 7. However, the data plotted in Fig. 6. 14
indicate that no large difference in the strain between top and bottom heads

would be expected.

6. 7. EVALUATION OF STRAIN GAGE RELIABILITY

Three methods were used to determine the reliability and accuracy

of a specific gage. During the construction and through the completion of

the test, a record of each strain gage was kept, showing gage location,

gage type, gage repair record, gage resistance to ground, gage factor,

gage resistance, and associated gage thermocouple number. While the
test was being performed, daily examination and cross-comparisons of

the strain data were made. Strain values were graphically printed on IBM

output sheets so that gages in similar geometric positions could be com-

pared. Additional operating tests were made, including a switch contact

resistance check and a wet gage or polarization check. A third method of

examination was to plot, by computer printer, the entire history of an

individual gage. This X-Y plot displayed either strain (microinches) vs

time (days) or strain vs internal pressure (psig). Comparison of gages in
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similar locations quickly -ndicated if the curve shape and strain values

were similar and if a single gage showed repeated behavior under the same
test conditions. If the majority of gages showed about the same behavior,

the data from the gages were selected as typical for plotting.

The procedure for reducing the data consisted of sequentially listing

all the strain gages on the model by gage number. On the same listing,

the radial (R) and axial (Z) plane numbers and the gage orientation were

recorded. Gages with any known faults were not used in the data reduction.

The data acquisition system had 1498 channels, and, of these, 370

were spares or test gages, and 117 were gages that could not be adequately

reduced. Of the remaining 1011 gages, 129 showed a resistance to ground

of less than one megohm, 89 were open, 25 were erratic, and 68 showed

behavior (such as very high output) that made them questionable. This
left a maximum of 768 usable gages, and, of this number, 536 were used

for the data displays shown in this report. The remaining gages were not

used because they either showed no significant results or they were gages

mounted on the outside surface of the concrete and became unbonded.

The 536 gages were grouped according to location. The individual

areas that were covered were the bottom head, the top head, the fillet or

haunch, the cylinder, the main nozzles, the control rod nozzles, and the

liner. The form sheet listed the gage number, the radius, the axial height,

and the plane number. Additional columns containing data point sample

(DPS) numbers 1, 441, 443, 523, 902, and 912 indicated 0 psig (before

prestressing), 0 psig (before pressurization), 50, 500, 1200, and 1700

psig, respectively. Four additional columns listed DPS numbers (441-1),

(523 + 443), (902 + 443), and (912 443). At 50 psig, DPS No. 443 was

added to the higher pressure values to obtain the true strain from 0 psig

to the pressure indicated. Buckling of the bottom head of the liner caused
oil canning; consequently, to prevent the liner from working and from

possible fatigue, 50 psig was used as a zero point. After all gages in a

particular area on he form sheet were listed, the known faulty gages were

deleted from the list. The remaining gages and data were examined in

detail to detect any appreciable deviation from the bulk data. Usually,

faulty gages showed up prominently as all values read zero, with little or

no change in value when test conditions changed.

Additional methods for detec ;ing faulty gages during the course of
the test were provided by the computer data processing routine. Checks
on the operation of the system which were programmed into the computer
included a code symbol printed in place of the symbol for the output of the
instrument when established limits were exceeded. The code symbols and

explanation, shown in the data display example in the appendix, are given

here for convenience.
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9999 - Faulty power supply for this gage.

9998 - Gage is not within a valid voltage range.

9997 - Faulty record on magnetic tape for this gage.

9995 - Zero scan for this gage.

Observation of the behavior of the pressure vessel during the test

was made by means of an automatic X-Y plotter. Ten gages, selectd in

areas representative of the vessel behavior, were dialed into the data

acquisition system and plotted automatically on an 11-in. by 17-in. graph.

As the switch system stepped through the 1498 channels, an interlock

system momentarily stopped the crossbar switch until the point was plotted,
and the typical strain level at any of the ten areas, as well as differences

from previous plot points, could quickly be seen. Deviations from previous
data points could indicate a shift in vessel behavior, i. e., yielding, cracking,
and plastic deformation.

Two types of data comparisons can be made (i. e. , comparison of the

strain gages in similar locations for equal values of strain, or comparison

of the data in similar locations for the same shape deformation curve). In

previous comparison of deformation curves, the prestressing data agree

quite well, but a comparison of the data given in Figs. 6. 2, 6. 9, 6. 10, and

6. 11 indicates that the agreement between individual data points is not

particularly good. Presumably, this lack of agreement is due to creep
and shrinkage in the concrete and possibly drift in the instrumentation

system during prestressing operations. Excellent agreement between
individual data points is obtained during pressurization.

6.8. DATA REDUCTION AND DISPLAY

6. 8. 1. Test Data Reduction and Evaluation

The data acquisition, reduction, and evaluation were accomplished

in three phases. In the first phase, voltages, from roughly 1100 strain

gages and two hundred other sensors, were connected sequentially by an
automatic swtich to a digital voltmeter (DVM) during the test. The data

in binary form from the DVM was recorded on IBM magnetic tape by the
data acquisition system (DAS). The tapes containing the test data were

processed by the IBM 7044 computer and were reviewed on a daily basis.

The computer converted voltage values to strain values, temperature
values, and load values, and printed the results. Voltages and strains
for each gage are printed out in a series of display sheets, each showing

a development of a specific region of the vessel, with strain values printed
at the respective location from which they are measured. Typical display
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sheets are shown in Appendix 6-A. A description of the program is given

in Sections 6. 8. 3 through 6. 8. 8.

The second phase consisted of reviewing the strain gage data in the

form of graphs. Two separate sets of graphs were developed and plotted

automatically by the IBM 7044 computer and printer. One set of plots

showed strain vs days and displayed the strain history of the vessel during

the prestressing phase. The second set of plots showed internal pressure

vs strain. The raw pressurization data included creep effects and tem-

perature effects. The methods for eliminating creep and temperature

effects and for plotting elastic and plastic strain data vs pressure data are

given in Section 6. 8. 2. The results for strain gages are plotted in

Figs. 6. 16 through 6. 21 and Figs. 6.24 through 6. 26, and the results for
load cells are plotted in Figs. 6. 27 through 6. 29.

The third phase required the review of all data and the subsequent

condensation and summary of strain results of prestressing and pressure.

Plots obtained have, ins general, shown excellent results. A typical

elastic region is followed by plastic yielding in the 800- to 1250-psi region,
with large strains out to the 1700-psi pressure, The elastic portions

compare favorably with the SAFE code computer analysis, and the com-

puted elastic line is shown on the gage plots.

6. 8. 2. Method of Obtaining True Strains Due to Pressure

To plot true pressure effects, without the effects of creep, hysteresis,

and damage at higher pressures, the following method was used.

The procedure is best illustrated by diagrams. In Fig. 6. 36, a

"complete" history of a strain gage is given. An explanation of the plotted

points is as follows:

1 to 2 to 3. Pressur:zation to 100 psig and depressurization with

negligible zero shift or permanent set.

3 to 4. A tim- lapse during which creep takes place, or a tem-

perature change that causes zero shift.

4 to 5 to 6. Pressurization to 200 psig and depressurization again with

negligible permanent set. Up to this point no yielding has occurred.

6 to 7. A time lapse showing creep or zero shift. For clarity, these
zero shifts are shown to be positive in value. In reality, they may be

positive or negative, but for this demonstration, they are assumed to

be positive to keep the g: aph uncluttered and readable. The demon-

strated principle is the same.
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7 to 8 to 9. Pressurization to 300 psig and return. Yielding is

assumed, causing the top portion of the curve to exhibit a change in

slope. Note that on depressurization to point 9, a definite zero shift

has occurred.

9 to 10. Another time lag.

10 to 11 to 12 to 13 to 14 to 15. Pressurization to 400 psig and return,

with strain readings taken at the intervening pressure levels. From

points 13 to 14, additional deformation takes place and is represented

by the zero shift from points 10 to 15.

If it is assumed that the foregoing list represents an actual history,

the problem at hand is how best to replot the graph to show a true pressure-

strain relationship for the gage represented. Figure 6. 36b is a plot of

points 2, 5, 8, and 14; it uses point 1 as a "zero scan. This approxi-

mation results in incorrect strain values because the creep or zero shift

that occurred between points 3 and 4 is shown as added strain caused by

pressurizing from 100 to 200 psig (points 2 to 5). As a result, a change

in slope is observed from points 2 to 5, indicating permanent deformation

and permanent set which did not actually occur. Similarly, the creep

included in the next pressurization indicates more deformation than

actually occurs during that cycle.

A plot of the type shown in Fig. 6. 36c has been used to avoid obtaining

a disjointed line (avoiding the creep difficulty). In this plot, strain values

for each pressure level are taken from a single pressurization run, with

the zero scan being the last 0-pressure reading taken before pressuri-

zation occurred. This procedure is incorrect because it does not include

the effects of deformation which first appeared at the lower pressures;

i. e. , on Fig. 6. 36c, deformation does not appear to take place until

300 psi is reached, but for this example it was assumed that deformation

took place above 200 psig.

To exclude the effect of creep (and other time-dependent effects,

such as temperature) and to include the effect of previous permanent

deformations, a plot of the type shown in Fig. 6. 36d was used. The value

plotted is referenced to the immediately preceding zero scan, i. e, , points

5-4 and points 8-7, but the actual zero point used is adjusted to be equal

to the permanent deformation accumulated over prior pressurizations,

i.e., (3-1) + (6-4) + (9-7) for the 400-psig plot point. Thus, previous

deformations are included, but creep is virtually eliminated because all

subtracted quantities were within 2 hours of each other by actual data

check. Careful study of Fig. 6. 36d will confirm this hypothesis. Note

that yielding (change in slope of the elastic line) occurs beyond the 200-psig

level, as assumed for this example.
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Since yielding, if present, is seen only on the first and subsequent

times a given pressure is reached, the first data sample at a given pres-

sure must be used if effects of yielding are to be accurately shown. Non-

linearities due to local readjustments are usually worked out in previous

pressurizations; i. e., prior to pressurizing to 550 psig for the first time,

the vessel was cycled at 500 psig for a number of times.

6. 8. 3. General Description of Program

The GAGE computer program, which processes data obtained from
the model, is written in FORTRAN IV for the IBM 7044, with several

special purpose routines included in MAP.

The data tape from the model data acquisition system is written as

a low density BCD tape, with 20 words per record by the recorder unit

format. The first record consists of the data point sample number, certain

manual data, the time of the scan, and the data for the first two channels.

Subsequent records consist of the channel number and the voltage reading

for all channels. The data tape serves as input to the data reduction

program. The GAGE program is a two-link chain job, the first link being

the data reduction part and the second link being the display output part.

In the first link a special tape reading routine is used to enable the

reading of records of less than 20 words. This routine also tests for

possible bad records and an end-of-file on data tape.

Data are checked for defective gages, out-of-range voltage, faulty
power supply, and defective records. Flags are set to indicate the type

of error detected. Voltages are then printed out by channel.

Contained in the program is a table of gage factors, resistance,

temperature compensation, thermocouple number, and the channel number

associated with each gage.

The GAGE program uses the RELOAD feature of the JB MONITOR.
The chain program is stored on tape, thus reducing load time at execution

and making the running of data more convenient. This tape is mounted on

unit B8, with the write-ring out. The master data tape is mounted on unit

C5, with the write-ring in. The first data tape to be processed is mounted

in unit B5, and each additional tape may be mounted in any free unit. This

free unit is specified in an option 8 card. A note must be made in the tape

assignment card that these tapes are of low density. If a scan is to be

read from the voltage master tape, this tape is mounted in unit C8.

Execution time runs from 4 to 6 millihours per scan. Table 6. 2 lists the
input to the GAGE program.
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Table 6. 2

INPUT TO GAGE PROGRAM

Card

Type 1

Symbol

End 1
PUSUP
IZSNO

Type 2 IVS
IABT
IZS

IDP
I cycle

PSI
IPSI

R
P

Q

Format

I1
E12. 8
I 12

I1

IS
112

I 12
I 12
F6. 0
I6

I1

Il
I1

I1

S I1
IDPSX I 3

Columns Description

One type 1 card is needed for each run, and a type 2 card is needed

for each scan to be processed.

a OPTIONS

IVS = 0 Valid scan, if 0 or blank leave IABT blank.

1 About through channel IABT.

= 2, 3 Not used.

= 4 Omit on master voltage tape in C8.

5 Read scan frorn master voltage tape in C8.

= 6 Previous scan was the last scan on tape (this is always

last card of the input data).

= 7 Following cards contain a message in columns 1-72 of

each card and must be followed by a blank card (this

message is printed out as part of the output).

8 Reads next input tape unit from IABT.
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1 Number of channels

13-24 Power supply nominal voltage, usually 45

25-36 Number of zero scan, if already reduced,

otherwise blank

1 Optionsa
8-12 Optionsa

13 Equal 1, if new zero scan is to be used

Equal 2, if this is first scan to be saved

on type C5
34-36 DPS number of zero scan only used if IZS=1

47-48 Cycle number, if any
49-54 Pressure of previous scan

55-60 Pressure of this scan

68 Equal to 1, no manual data on data tape,

first word is clock

69 Equal 1, read scan from C5 master

70 Equal 1, do not make temperature

correction

71 Equal 1, do not record this scan on

master tape

72 Equal 1, do not print layouts

73-75 DPS number of this scan



The strain data of a reference scan are subtracted from the processed

data and the differences are printed out for each gage. This reference

scan may be one from the current set of scans or one that was previously

processed. The unsubtracted data, along with the instrumentation data,

are written on magnetic tape for permanent storage for the GAGE program

and other programs.

The second link contains the coding for printing out layouts of the

model, and the strain differences are printed out for each gage location.

(See Appendix 6-A, "Gages on the Outside Surface of the Liner" through

"Strain Gages - Development of External Surface", for further details. )

As a backup, the voltages are also stored on magnetic tape in large, highly

packed records. The GAGE program has the option of reading this tape

instead of the data tape. The master data tape is searched for the specified

zero scan. Any scan may be reprocessed, using any other scan as a

reference scan. The master data tape is also used as input to the programs

to prepare plots of strain vs days and strain vs pressure.
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GAGE 194 HOOP STRAIN AT R = 25.0 IN., Z = 144.5 IN., PLANE 11
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GAGE 251 HOOP STRAIN AT R = 51 IN. , Z = 70.25 IN. ,PLANE 21
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GAGE 196 HOOP STRAIN AT R = 25.0 IN., Z 144.5 IN., PLANE 31
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GAGE 251 HOOP STRAIN AT R = 51 IN.. Z = 70.25 IN.. PLANE 21
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GAGE 69 AXIAL STRAIN AT R = 52.5 IN., Z 58.25 IN., PLANE 31
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6 .5501- - - --- - -- -- - --

NW 1.0545 021 __

d.6144 011
6.68 7 Oil
4.7530 011
2.8223 01i
8.9154 001

* -1.0392 OIIM
-4.9699 O1I*
-4.9006 Ol * - - - - ~ 

- -- - - ---- -- --

-6.8313 011 -74 **
01-8.7621 Oi 82 * ****
- -1.0693 021 ** * *

, -1.2624 021 ****** * ***
W -1.4554 021 ** * *

-1.6485 021 *6. - -156-- - -149* ---

o- -1.8416 021 * *
C) -2.0346 021 **** - ------------- - -

-2.2277 021 ** * * *
-2.4208 021 - * ** - -- -- ---- -- ---- -

-2.6139 021 * **** *

-2.80-9 0-- --- ---

-3.0000 021 **

* * * * * * * * * * *

1.0000 O1 1.0000 01 3.0000 01 4.0006 01 5.0000 01 6.060001 -10000 0-1 .06-00-0_1 70066-O 1---00 62

S- - - - "- - - DAYS FROM JUNE 9, BEGINNING OF PRESTRESSING-------------- ------- -

Fig. 6. 16--IBM plot of axial gage on the liner



GAGE 288 CHANNEL 704 STRAIN-MICROINCHES VS TIME-DAYS START JUNE 9 DPS 2
2.0000 021 *
1.9000 021

1.8000 021
1.7000 021

1.6000 021 - -

1.5000 021
1.4000 021
1.3000 02.1 _______________________

1.2000 021_
1.1000 021 -I II_ ---- ---- __ _____________ _______
1.000C 021 -
9.0000 011 **

8.0000 011 * *
7.0000 011 * * **

6.0000 01.1 - ---
5.0000 O1l * ** ** *

4.0000 011 ** *

2.0000 011 +16 *

-2.0000 011 * * * - *
_-3.0000 011 ** * * _ *_t ** t #

-4.0000 011 ** ## s

-6.0000 011 ** ---

-7.0000 -- - - -77 -------- ---- - --
-8.0000 011

-- 9.0000 011 ___ __________ _ -93- _____
-1.0000 021 *
-1.1000 021
-1.2000 021 -- -- --- - - - - -

-1.3000 021 * *

-1.4000 021 HOOP STRAIN ON THE OUTSIDE OF THE LINER AT *
-1.5000 021 -- VESSEL MIDSECTION R = 49.5, Z = 74.25, PLANE I_ _
-1.6000 021 i
-1.7000 021 I AXIAL TENDONS TO HALF LOAD
-1.8000 021 

- --1.9000 021 I ALL TENDONS TO HALF LOAD -186
-2.0000 021 III AXIAL TENDONS TO FULL LOAD
-2.1000 021
-2.2000 02 .II ALL TENDONS TO FULL LOAD -- -- ---- -

-2.3000 021
- -2.4000 021 - - - -- -- ---- - --

-2.5000 021 *
-2.6000 02I -
-2.7000 021

-2.9000 021
- ----------------- ------- - -3.0000 021* - -- -- -__ -_____ _______ ----___

* * * * * * * * --- *
1.0000 01 2.0000 01 3.0000 01 4.0000 01 5.0003 01 6.0000 31 7.0000 01 8.0000 01 9.0000 01 1.0000 02

DAYS FROM JUNE 9, BEGINNING OF PRESTRESSING

Fig. 6. 17--IBM plot of hoop gage on the liner
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GAGE 287 CHANNEL 706 PSI VS STRAIN -
2.5.00_031 _
2.4500 031
2.4000 03L __

2.3000 031 AXIAL STRAIN ON OUTSIDE OF LINER AT VESSEL MIDSE
2.2500 031 R = 49.5, Z = 74.25, PLANE 11
2.2500 0312.2000a1 L________ ____ __________
2.1500 031
21000__03L
2.0500 031

---- 2.0000_031- ----
1.9500 031

J_ 9oo0L31
1.8500 031
1.8000
1.7500 031

1.7000 031_ *
1.6500 031 *

- - 000 031- - -- - - - -- *--- ----* _-- -
1.5500 031 *
1.5000 031
1.4500 031 *
1.4000 031 *
1.3500 03 130 

*31.3000 031 _

1.2000 031 * -

- A.000 031 *1.1500 03!
1.1000 031 **

1.0500 031 * *

9.5000 021 *
9.0000 021 **

8.5000 021
8.0000 021 Q
7.5000 021 **
7.0000 021 **
6.5000 021
6.0000 021
5.5000 021AT
5.0000 021 *
4.5000 021
4.0000 021 *
3.5000 021 .2

3.0000 021 * ELASTIC LINE BY COMPUTATION HAS
2..5000 021 * NEGATIVE SCOPE AT VESSEL MIDSECT
2.5000 021 (SEE FIG. 6,15b- STRAIN PROFILE

J 

---0000 021 * _NEGATIVE AT THIS LOCATION) 5.0000 011*
0. 10

2.5000 02 5.0000 02 7.5000 02 1.0000 03 1.2500

Fig. 6. 18--Pressure vs axial strain on

- MICROINCHES
*

ION~~ --- - - -- -
ION
IS - ----- -- - --

* * * * *
03 1.5000 03 1.7500 03 2.0000 03 2.2500 03 2.5000 03

the outside of liner at vessel midsection

-

-

- ---- -

-

- -



GAGE 288 CHANNEL 704 PSI VS STRAIN - MICROINCHES
2.5000 031
2.4500 031

2.4000 031
2.3500 031
2.3000 031
2.2500 031 HOOP STRAIN ON OUTSIDE .OF LINER AT
2.2000 031 VESSEL MIDSECTION R = 49.5, Z = 74.25, PLANE 11
2.1500 031 -
2.1000 031
2.0500 03I
2.0000 031
1.9500 031
1.9000 031
1.8500 031_

-- 1.8000 0 31 - - - - -- -- -- --- --- --- -

1.7500 031
1.7000 031 -- - - - - -------- _-- +_____________1.7000 031 - _- -

1.6500 031 *
1.6000 031 -

.__ 1.5500_031 
*1.5000 031 -- - - -

1.4500_031 +
1.4000 031 ____ ___- - --_ _ - -- -

1.3500 031 +
1.2000 031 - -

1.1500 031 *
1.1000 031 ** - - -

1.0500 031 **

1.0000 031 * -- - --

9.5000 021 Q
9.0000 021 **

8.5000 021 Q
8.0000 021 * * -
7.5000 021 **

7.0000 021 ** - - --

6.5000 021 +*

6.0000 021 * - - -- -- ---- -

5.5000 021 *
5.0000 021 *

4.5000 021 LASTIC LINE
4.0000 021 * BY COMPUTATION
3.5000 021 *
3.0000 021 *
2.5000 021 *
2.0000 02I ----

1.5000 021

1.0000 021 * - -~- - -_

5.0000 011
0. I- -- --- -

-

---------------------- ----- ---- - - ----------------------------------------

-1 -- - -- --- i -- --- - --- --- - F----------- - --

_ 4.4514 02 1.1903 03 1.9354 03 2.6806 03 3.4257 03 4.1708 03 4.9160 03 5.6611 03 6.4063 03 7.1514 03

Fig. 6. 19--Pressure vs hocp strain on the outside of liner at vessel midsection



GAGE 757 CHANNEL 400
5.7436 021
5.5687 021
5.3939 021
5.2190 021
5.0441 021

STRAIN-41CROVCHES VS TIME-JAYS

4.8692 021 STRAIN PARALLEL TO BOTTOM HAUNCH. INSIDE OF LINER
4.6944 021 R = 49.375, Z - 41, PLANE 22
4.5195 021
4.3446 021
4.1697 021 I AXIAL TENDONS TO HALF LOAD3.9949__021 _-
3.8200 021 I ALL TENDONS TO HALF LOAD

3.40 021 I AXIAL TENDONS TO FULL LOAD
3.2954 021 _

3.1205 021
2.9456 021 _
2.7708 021 -- __

2.5959 02!

ALL TENDONS TO FULL LOAD

2.4210 021
2.2462 021
2.0713 021
1.8964 021
1.7215 02!

1.3718 021
1.1909 011-
1.0221 02! 1 2 - -
8.471 011
6.7231 oll J-
4.9744 01! 1 __ __ _____
3.2257 011
1.47o9 011

-2.7179 001**
-2.0205 011* *
-3.7692 011 !

* ** * *

* *** * ****

##

** *

** * -

-5.5179 011 ** * *

-7. 667 0-1 -68 a

-9.0154 011
-1.0764 0.4f 

- 1-1.2513 021
-1.4262 021
-1.6010 021
-1.7759 02f'
-1.9508 02}
-2.1256 021
-2. 305 ob_
-2.4754 021
-2.6503 021

DI

V
** *

*- *

#

**

* ***

* **

0 -185

-233

-2.8251 021
-3.0000 02! __

-300 2 ---------------- -------------------- r------------------------------------

* * * * * ,.* * * * *

1.0000 01 2.0000 01 3.0000 01 4.0000 01 5.0000 01 6.0000 01 .0000 018.0000 0 9.0000 01 1.0000 02

Fig. 6. 20--Axial strain vs time during prestressing parallel to the bottom haunch

START JUNE 9 DPS 2
* 1050
S950;850,750

S.65o
W
(N -

* 550

*.450

_* 350_ __

* 250

*150

--- -* 50 -
--- ------ - -- ----- ---
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GAGE 629 CHANNEL 209
2.0000 021
1.9000 021
1.8000 021
1.7000 021
1.6000 021 RAD

1.5000 021_ R =

1.4000 021
1.3000 021
1.2000 0?I I

1.10c0 0?1 II
1.0000 0?1
9.0000 01T
8.0000 0i I
7.oooo oil
6.0000 011
5.0000 01.I
4.0000 01 JI
4.0000 011
3.0000 (011
2.0000 011
1.0000 011 +1
0. 1#s

-1.0000 011* T

-2.0000 OIT

-4.0000 011
-5.00co 011
-6.0000 011
-7.0000 ol.
-8.0000 011
-9.0000 01- _
-1.0000 0?1
-1.1000 02l
-1.2000 01!
-1.30co c21
-1.14000 0?!

-1.503)0?11
-1.6000 021
-1.7000 021
-1.8000 0?1
-1.9000 02I
-2.0000 21
-2.1000 0?!

-2.2000

-2.300'0
-2.4000
-2.5C00
-2.6oco
-2. 7000

-2.8000
-2.9000

-3.0000

STRAIN-MICROINCHES VS TIME-DAYS

IAL STRAIN ON BOTTOM HEAD LINER AT VESSEL CENTER
0.0, Z = 37.0

AXIAL TENDONS TO HALF LOAD
ALL TENDONS TO HALF LOAD

AXIAL TENDONS TO FULL LOAD
ALL TENDONS TO FULL LOAD

II LII
* I

-* p* *** ***t *

- - as * -I--

START JUNE 9 OPS 2

*

*~e

a

a* -

-79

^21
<'?1 ---- -- ---- -- - - --- -- --- - - - -- - -- 

021021 -
o i
0'! -. . - .. -- --.- ----- -.-- --.-

0'1 -

----------------------------------------------------------------------------------------------------------------------------

1.0000 Mi 2.0000 01 3.0000 01 4.0000 01 _.0000 01 5.0000 01 7.0000 01 8.0000 01 9.000o 0! 1.0000 02

Fig. 6.21--Radial strain vs time during prestressing on the bottom head liner
at vessel center

N
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- - - --
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-
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400

O HOOP INSIDE

o AXIAL INSIDE 24 IN.
300 O HOOP OUTSIDE FROM TOP

A AXIAL OUTSIDE

HOOP OUTSIDE 10 IN.
200 V AXIAL OUTSIDE FROM TOP

100 -
v ---

-1000-

-300 - 0

-400

0 90 180 270 360

DEGREES

ANGLE ABOUT THE CENTERLINE OF THE 18-IN. NOZZLE

(0 AND 3600 POINTS ARE CLOSEST TO THE VESSEL CENTERLINE)

Fig. 6. 22--Strain in the 18-in. main nozzles (fully prestressed)
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600

O HOOP INSIDE
24 IN.

O AXIAL INSIDE FROM TOP
500 O HOOP OUTSIDE

A AXIAL OUTSIDE

HOOP OUTSIDE 10 IN.

400 -
AXIAL OUTSIDE FROM TOP

300

200 --- O".

O

-100
0 90 1 80 270 3 60

DEGREES

Fig. 6. 23--Hoop and axial strains on the main nozzles (500 psig)
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GAGE 757 CHANNEL 423 PSI VS STRAIN - MICROINCHLS
2.5000 031 -
2.4500 031
2.4000 031 - - - ~- -- -

2.3500 031
2.3000 031 1
2.2500 Cii STRAIN PARALLEL TO BOTTOM HAUNCH ON INSIDE OF LINER
2.2000 031 R = 49.375, Z = 41, PLANE 22
2.1500 031
2.1000 C31 --

2.0500 031
2.0000 031 -
1.9500 031
1.9000 031

1.8500 031 _
1.8000 031 -- -

_1.7500 031 ELASTIC LINE BY COMPUTATION
-.0001---- - *- - - --- - #---- - ---- --

1.6500 C31 *
1.6000 031 - - -
1.5500 C31 COMPUTED VALUE OF STRAIN *
1.5000 031 DUE TO PRESTRESSING - __----_ -- -----~-

1.4500 031 *

1.400C, C31 MEASURED STRAIN DUE
1.3500 031 TO PRESTRESSING
1.3000 C31 * --- -
1.2500 C0I **

1.2060 031
1.1n00 C31 *

I.00 -3 ** - -- - -- - --------- -1.1000 031* _ __

1.0500 031 **
1.000C 031
9.5G00 021 * *
9.0000 021 -** ...-- - - --- ---- - - - -----

8.5000 021 *
8.0000 021 - -- - ----
7.5000 021 **
7.0000 021
6.5000 021 *
6.0000 021 -- -- ~ __-- -- --- - - -

5.5000 021 _ ----_ _ _- -------- k

5.0000 021 _ -

4.5000 021 *
4.0000 021 - - -- - - - -
3.5000 021 *
3.0000 021 - -___

2.5000 G21
2.0000 021 * --- --- -- ----
1.5000 C21
1.0000 021 * _ - ----- --

5.0000 011 *
0. 1- -- -- -k

- .--- - - .-- -2 . 4 .. . .-. 2 2.------------------------------------------- 

* * * --- -0 --- U-~ - -- --- ~ - -- - -*---------*--- ----- .-- -

1.0000 02 2.0000 02 3.0000 02 4.0000. 02 5.0000 02 6.0000 02 7.0000 02 8.0000 02 9.0000 02 1.0000 03

Fig. 6. 24--Pressure vs strain parallel to the bottom haunch on inside of liner
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GAGE 811 CHANNEL 403
2.5000 031__ __

2.4500 031
2.4000 031
2.3500 031
2.3000 031 STRAIN PARALLEL TO HAUNCH AT A
2.2500 031 R = 48.3, Z = 107, PLANE 13
2.2000 03I-
2.1500 031
2.1000 031
2.0500 031
2.0000 031
1.9500 031
1.9000 031
1.8500 031
1.8000 031
1.7500 031
1.7000 031*
1.6500 031 *
1.6000 031 *
1.5500 031 *
1.5000 03I *
1.4500 031
1.4000 031
1.3500 031
1.3000 031
1.2500 031
1.2000 031
1.1500 031
1.1000 031
1.0500 031
1.0000 031
9.5000 021
9.0000 021
8.5000 021
8.0000 021
7.5000 021
7.0000 021
6.5000 021
6.0000 021
5.5000 021
5.0000 021
4.5000 021
4.0000 021
3.5000 021
3.0000 021
2.5000 021
2.0000 021
1.5000 021
1.0000 021
5.0000 011
0. 1

PSI VS STRAIN - MICROINCHES

MAIN NOZZLE PENETRATION

*

* *

S. *

**

**

*Q

**

Q

*

*

*

*

COMPUTED ELASTIC LINE *

- ---- - :- -- - L
* |

* * * * * * * * * * *
-2.5140 03-2.2003 03-1.8866 03-1.5129 03-1.2592 03-9.4549 02-6.3180 02-3.1810 02-4.4098 00 3.0928 02

Fig. 6. 25--Strain parallel to haunch at a main nozzle penetration

COMPUTED STRAIN DUE
TO PRESTRESSING

MEASURED STRAIN DUE
DUE TO PRESTRESSING



GAGE 780 CHANNEL 466 PSI
2.5000 031
2.4500 031
2.4000 03I
2.3500 031

* -0HOOP STRAIN ON TOP HAUNCH AT A MAIN N
2 .00 03 R = 48.3, Z = 107, PLANE 13
2.1500 031
2.1000 031
2.0500 031
2.0000 031
1.9500 031
1.9000_031 _______ __ __
1.8500 031
1.8000 031 
1.7500 031
1.7000 031*
1.6500 031 *
1.6000 031 --- *
1.5500 031
1.5000 031 _

1.4500 031
1.4000 031
1.3500 031

VS STRAIN - MICROINCHES

OZZLE PENETRATION-

*

s -

* --- - - -- -- ---
s -

*

*-
**

**

*0
s

COMPUTED ELASTIC 
LINE Q

1' COMPUTED STRAIN DUE
TO PRESTRESSING

* I MEASURED STRAIN DUE* - TO PRESTRESSING

-- --I

- - - - - - - - - - - - - - ----------------------------------------------T -------

* * * * *

-8.1522 02-7.0242 02-5.8962 02-4.7682 02-3.6401 02-2.5121 02-1.3841 02-2.5605 01 8.7197 01 2.0000 02

Fig. 6. 26--Pressure vs hoop strain inhaunchnear a main nozzle penetration

1.2500 031
1.2500 031
1.2000 031
1.1500 031
1.1000 031
1.0500 031
9.0000 031
9.5000 021
9.0000 021
8.5000 021

7.000 021
7.0000 021
6.5000
6.0000
5.5000
5.0000
4.5000
4.0000
3.5000-
3.0000
2.5000
2.0000
1.5000
1. 0000
5. 0000
0.

021
021
021
021
021
021
021
021
021
021
021
021

I

*

-



LJAU CELL 5CHANNELI46
2.5000 031*

4.4500 03-
2.4000 031
2.3500 031

x.3000 031

2.2500 031
-__ 2.2000 031 __-

2.1500 031
2.1000 031
2.0500 031
2.0000 031
1.9500 031
1.9000 031

1.8500 0;1
i.8000 031
1.7500 031
1.7000 031 _

1.6500 031

1.6000 031 _____

1.5500 031

1.5000 031
1.4500 031
1.4000 031
1.3500 031
1.3000 031 *
1.2500 031 * *

1.2000 031 **
1.1500 031 *
1.1000 0sl **
1.0500 031 * *
1.0000 031 __ **

9.5000 021 **

9.0000 0?1 Q
8.5000 011 **

8.0000 041 **
7.5000 041 0
7.0000 021 0
- .5000 01 *
6.0000 021 *
5.5000.021 *
5.0000 021 *
4.5000 021
4.0000 021 *
3.5000 0 1 *
3.0000 021 *
2.5000 021* *
2.0000 021 *
1.5000 021
1.0000 021*
5.0000 011*
0. 10

VSI VS LOAD-LS
HOOP TENDON LOAD -CELL

*
*

*

- - *- - - - - - - - - - - - - - - -

1.17.09 04 2.3418 04 3.5127 04 4.b836 04 5.8546 04 7.0255 04 8.1964 04 9.367304~ 1.0538 05 1.1769 05

Fig. 6. 27--Pressure vs load change for load cell 5 (channel 146)
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2.5000
2.4500
2.4000
2.3500
2.3000
2.250U

___ 2.2000

2.1500
2.1000

2.0500
2.0000
1.9500
1.9000

1.*85uo
1.*8000

1.7500
1.7000
1.6500
1.6000
1.5500
1.5000
1.4500
1.4000
1.3500
1.3000
1.2500
1.2000
1.1500
1.1000
1.05U o
10,00 
9.5000
9.0000
8.5000
8.0000
7.5000
7.0000

6.5000
6.0000

5.5000
5.0000
4.5000
4.0000

3.5000
3.0000
2.5000
2.0000
1.5000
1.0000
5.0000

0.

LUAU CELL iCHA
031*
031

031
031
031
031 -~1 ------

031
031
031
031

031
031
031
031
031
031
031
031
031
031
031
031
031
031

031
031 **
031 *
011 **

021 **
021 Q
021 Q
021 Q
021 **

021 0 Q -

021 *
021 *
021 *
021 a
021
021 *
021 *
021 *
021 *

021*
021
02I*
011*

10

PSI VS LUAJ-L BS
AXIAL TENDON LOAD CELL

*
S

*~

*

*

* **

5.9425 03 1.1305 04 1.7828 04 2.3770 04 2.9713 04 3.5o55 04 4.1593-J4 4.7540 04 5.3483 04 5.9425 -64

Fig. 6. 28--Pressure vs load change for load cell 1 (channel 142)
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2.5000

2.4500
2.4000
2.3500
2.3000
2.2500
2.2000
2.1500

_ .1000

2.0500
2.0000
1.9500

_ 1.9000

1.8500
1.8000
1.7500
1.7000
1.6500

1.600,0
1.5500
1.5000
1.4500
1.4000
1.350u
1.3000
1.2500
1.2000
1.1500
1.1000

1.0500
1.0000

9.5000
9.0000
8.5000
6.0000
7.5000
7.0000
6.5000
6.0000
5.5000
5.0000
4.5000

4.0000
3.5000
3.0000
2.5000
2.0000
1.5000
1.0000
5.0000
0.

LOAD CELL 10CHANNEL151
031*
031
031
031
031
031
031
031
031
031
031
031
031
031
031
031
0-1

031
031
031
031
031
031
031
031
031
031
031
031
031
031

021
021
0?1
021
021
021

021
021
021
021
021
021
021
021
021
021
021
021 *
011 *

IQ

PSI VS LUAU-Lb.

DOME TENDON LOAD CELL

*

66

*

*6

6

P

*

** ,

**

6 *
6 *

*t«

*

*

* 6
7.5277 02 1.5055 03 2.2563 03 3.0111 03 3.7636 03 4.5166 33 5.2694 03 6.0221 03 6.7749 03 7.5277 a3

Fig. 6. 29--Pressure vs load change for load cell 10 (channel 151)



EXTENSOMETER
OPPOSED PAIRS

RADIAL VESSEL HEIGHT PLOT
DISPLACEMENT (IN.) SYMBOL

168 AND 163 60.375 0

172 AND 176 77.25 O

174 AND 178 94.125 NOT PLOTTED

0.12 173 AND 177 103.125 NOT PLOTTED

AXIAL VESSEL RADIUS
DISPLACEMENT (IN.)

169 AND 175 16.375 NOT PLOTTED

165 AND 171 1.625 0
W 0.10 164 AND 167 17.0

166 AND 170 17.5 NOT PLOTTED

(----) COMPUTED DISPLACEMENTS

0

o 0.08 REGION OF LINER

OIL - CANNING

-J

-J

0

0.06

-J

Q 0.0

a0.02
R = 1 .625

0.02 -R = 7.5 -Z = 77. 25

=60.375

0
0 200 400 600 800 1000 1200

VESSEL PRESSURE (PSIG)

Fig. 6. 30--Liner displacement vs pressure from

displacement sensor data
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0.40

o RADIAL DISPLACEMENT AT Z 77.25 IN.

0.36 A RADIAL DISPLACEMENT AT Z 60.375 IN.
O AXIAL DISPLACEMENT AT R 17.5 IN.

O AXIAL DISPLACEMENT AT R 1.625 IN.

0.32

z
0.28

a 0.24
-J

, 0.20
z

S0.16

-J

0.08-

0.04

0

00 200 400 600 800 1000 1200 1400 1600

VESSEL PRESSURE (PSIG)

Fig. 6. 31--Liner displacement vs pressure from displacement
sensor data to 1700 psig
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500

400 F-

200 r-

00 _

NOTE: VOLUME INCREASE (VOLUME AT
INDICATED PRESSURE - VOLUME
AT 50 PSI)

RE
01

GION OF LINER
L - CANNING

-0

0 
0

f O EXTRA VOLUME MEASU
DUE TO OIL CANNING
THE LINER

i

--- 0-- TEST MODE

COMPUTED

L

DATA

RED
OF

200 400 600 800 1000 1200

VESSEL PRESSURE (PSIG)

Fig. 6. 32--Volume increase vs pressure from change in weight

measurements of pressurization fluid
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A LINER RADIAL DISPLACEMENT AT Z = 60.375 IN.
BY DISPLACEMENT SENSOR MEASUREMENT

O LINER RADIAL DISPLACEMENT AT Z = 58.25
BY INTEGRATING STRAIN GAGE RESULTS

IN.

COMPUTED BY SAFE CODE
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g

0

200 400 600 800 1000 1200
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Fig. 6. 33--Radial displacement vs pressure from sensors,

gages, and computed data

344

0.08

0.06 f-

-z

w-

w

-J

-J

0

a:

0.04f-

O

0

A

0
0



A LINER AXIAL DISPLACEMENT AT R = 1.625 O
0.10 BY DISPLACEMENT SENSOR MEASUREMENT

O LINER AXIAL DISPLACEMENT AT R = 0.0
BY INTEGRATING STRAIN GAGE RESULTS

COMPUTED BY SAFE [ODE

-- - - LINE DRAWN PARALLEL TO
COMPUTATION THRU DATA
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Fig. 6. 34--Axial displacement vs pressure from sensors,

gages, and compuited data
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Fig. 6. 35--Liner displacement vs pressure from integrated

strain gage results
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effects from the data
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Appendix 6-A

DATA SCAN FOR DPS 720
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OPS NO. 72ut PCRS MANUAL DATA ENTRY ANU CLOCK DATA

PSI- 500
DATA kUN INFO COD~t8
THERE IS NO CYCLE NO. FUR THIS RUN.
THt ItRU SCAN SUBTRACTED FROM THIS RUN HAS OPS NO.712

THERE ARE NO CLOUDS
VISIBILITY 9 MILES OR MORE
REASON FUR VISIBILITY LIMITATION - PERFECTLY CLEAR
WING SPEtU 10 MPH OR LESS
MANUAL INPUT DATA CUL. 1, WINO DIAECTIUN INVALID "U

CLOCK TIME H= 15
T= 21

CUOL FOR INVALID GAGE READINGS

9999. BAU POWkt SUPPLY FOR THIS GAGE.
9998= GAGE IS NUI WITHIN A VALID VOLTAGE RANGE.
9997= BAu RECORD ON UYMEC TAPE FOR THIS GAGE.
9995= BAU LERU SCAN FUR THIS GAGE.

u-



VOLTAGES F(W OPS NO. 720

LHNL 1 2 3 4 5 6 7 8 9 10
0.00000 42549.00000 0.00000 0.00000 U.J0000 0.00000 0.00000 0.00000 3.00000 3.00000

1 1.A86- 3.00040 3.00060 3.00070 3.00080 3.CoG80 3.0008C 3.00090 0.13360 0.02269
2 Co.75910 0.71370 1.38100 0.75450 3.21400 3.23400 3.23200 3.23400 3.24100 3.23400
3 3.2380 3.23400 3.23400 3.23500 3.2?400 3.23400 3.2340C 3.23400 3.23300 3.23300
4 6.'080C 1.18820 1.53900 1.94230 1.46440 1.33760 1.21750 1.75290 9997.00000 9991.00000
5 9997.UUU00 9997.0000C 9997.0000 9997.00000 9997.(00.)! 9997.00000 9997.00000 9997.0000 5.49600 1.3210
6 1.1d744 2.70670 8.18100 2.50630 8.36700 3.8750Q 2.1378C 0.6849L 1.76100 0.32680
7 u.57541) U.29870 U.990uu 2.03210 24.4''100 5.04100 1.5848L 2.30220 2.58640 1.99100
8 C.uu0td 0.00544 0.00088 0.00088 0.04092 0.00u85 0.v0J75 G.u:076 0.00075 0.00075
9 0..0u76 .00079 0.00079 0.00081 0.0(080 0.00078 .)00U76 0.00079 0.00G76 C.12110

10 0.Uu73 u.00074 0.00077 0.17246 0.00076 0.00'77 0.00074 0.i0070 0.00080 0.00072
11 0.00071 0.00074 0.00073 0.00073 0.30078 0.00081 0.2u079 -0.02319 -3.013C5 -0.02035
12 -0.00895 0.uJ115 J.CO112 0.00073 0.00072 -0.07389 0.u0073 0.00371 0.00079 -0.C7396
13 L.o0074 -0.10169 0.00079 -0.00001 0.00074 0.00077 0.'0074 -0.07509 0.00C85 0.00C71
14 6. !'1G -0.L0542 -0.00553 -0.00549 -0.00495 -0.00711 -C.:062 -0.u06C7 -0.v0607 -

0
.v

3
42

6

15 -L.Cu74d -0.oo377 -0.C3521 3.Ou20 3.0010) 3.OOluC 3.jOIL 3.-713G 3.CO1CG 3.00100
16 5.9990u .. 04j 00 0.08980 -0.000G4 1.49190 0.74750 0.)8500 6.0)042 0.87980 0.75370
17 1.28114C u.o4750 0.0u041 0.54290 0.86640 C.87830 0.94160 0.9600G 0.69240 1.C3790
18 0.Abo1. 0.41590 -0.01838 -0.04657 0.0349 -0.00484 0.00088 0.03779 0.00051 0.00117
19 3..02u 3.00200 3.CU2uu 3.00

2 0u 3.Ju100 3.Uu1'0 3.c0200 J.0)2C0 C.37510 44.98000
2; L..0744 j.01360 0.u0546 0.-0895 -0.0(632 0.Cu430 0.)2561 0.03389 0.L1232 0.01662
21 i.'o -94 0.o1104 -0.01403 0.00320 0.0(749 0.00054 -0.00423 -0.00402 -0.C0203 -C.C0710

S22 _ U.01u64 u.00454 0.(0357 -0.00332 -0.21602 -0.00905 -0.o0376 -J. ;,5o5 -0.01135 x.0847

1n 23 L.'845 0.0C199 -0.00614 0.00601 0.0(651 0.0J51b -2.9961 -0.,;0226 0.01673 0.00973
- 24 U.001u8 -0.01514 C.UJ98u 0.00059 -0.00360 0.00206 -0.u1471 -3.J05U0 -3.Cu5LU -0.00915

iS C.0Jo84 0.00137 0.01298 0.01488 -0.0(177 -0.01068 -.J04C2 -0.J0345 0.:2568 J.00057
20 -0.01254 U.0007b 0.02293 0.0072 -0.0)(406 -0.00)20 -3. 0500 0.0)371 0.'0535 0.21123
27 0.00729 0.01259 -C.00068 0.00074 0.00645 -3.00500 0.00096 0.0)334 -0.00179 -0.00063
2 _ C..4834 ,.ui312 0.00132 0.00760 0.1)0265 0.12243 C.01133 .. L 12C5 0.00294 0.00205
29 L.u1[51 0.00868 0.00684 0.0U79 0.411401 0.00304 G.,1894 -0.00357 -u.,0401 0.0.417
30 0.05348 C.u0582 0.0093t 0.01556 0.0(448 0.00262 -C.,03C9 -0.uJ673 -0.01398 -3.01419
A1 -C.61742 0.u0G05 -. 01763 -0.01352 -0.00300 0.00850 -3.00500 -3.0%30o k.0357 -0.C0051
32 C.u1447 0.u0u01 -0.00483 -0.00241 C.uC196 -0.01213 (.00239 -0.00908 -0.00299 -0.00u59
33 -(.u8o7 -0.00765 -0.00099 *3.0U500 -0.01113 -0.00297 0. 0118 -'J.CC570 0.00239 0.02223
34 -.G156 C.)3541 C.U1985 0.01353 -C.')383 0.00j17 -0.u1200 J.02307 -0..4490 -0.00344
3> L.0o329 (.00109 -0.01257 -0.359J0 -0.00285 0.00039 -0.06G 000431 0.01C39 0.00383
36 0.41627 0.00721 0.0u636 0.00805 -0.0!69 G.21535 -c.,0987 0.01954 -3.1050C 0.00178
37 0.'0914 -0.00458 -0.00533 -0.0992 -0.A493 -0.01008 6.-0822 -U.2)549 C...0662 ).0 734
38 j.02808 -0.01501 -0.00067 -0.00791 -0.0(6

3
0 0.00924 -C.-0)86 -0.02137 -0.00475 -0.01607

31 -C..1486 -J.G0770 -0.03345 0.00324 -0.00541 -0.00918 0.-0505 ,0.01057 -0..0126 25.90300
40 0../u15 0.u1504 0.00236 3.00547 0.0 063 0.CG841 0.3081: -0.i3357 -0.21114 44.97000
41 C.JC979 0.u0254 0.00488 -2.10650 0.00650 0.01550 0.U0524 0.01027 1.52950 -2.99650
41 0.cij764 0.0u483 0.C053u 0.0)535 -0.0(o73 0.01311 0.w1008 C.03500 0.01401 3.00538
43 -3. u5uu U.u1C46 0.00910 0.01521 U.J.'395 0.01226 0.v0709 0.01261 0.01344 0.C0943
44 -2.96000 0.00329 0.C0978 0.00322 0.02825 -2.04230 -0.30113 u.00368 0.01484 0.C1262
45 0.u2681 0.01328 0.00523 0.01207 0.00601 0.00519 0.00308 0.J1659 0.C1399 0.00776
46 C.C1202 0.01125 -0.Go592 -3.o0503 0.00697 0.00331 C.01372 0.0603 0.01082 -0.00107
47 0.01922 -0.01556 0.00328 0.02623 -0.0(051 0.00726 0.00932 -0.00042 0.10658 -3.00500
48 C.01763 -0.01299 0.00195 -0.00133 0.01330 0.00644 0.)0642 0.03494 0.01250 -0.00418
49 C.00675 0.01332 G.00051 0..00842 0.0048 0.00533 0.01136 0.0J223 C.01413 0.C0918



VOLT AGIS FOR OPS NO. 720

CHNL 1
50 -0.00507
51 0.00443
52 0.02214
53 -0.10465
54 - -3.0j500
55 0.0077
56 0.00363
57 C.00911
58 0.00419
59 0.00843
60 0.C5304
61 L.0344
62 0."092.
63 -0.C.243
64 0. 238L
65 -1.uL362

_ 66 _-L.00191
67 C.Z137u
68 -3.o,.5L0
69 -0.UJ22u
70 t.V2 34
71 -3.,,J50u

72 -0.C693e)
73 C..1035
74 -3.ou50u
75 0.0u89b
16 0.o2161
77 -0.063
78 L.oO275
79 -0.0.;93
80 0.02532
81 0.C145
81 C(.'3UI68
83 -3.'1500

84 0.01932
e5 -0.;1062
86 4.u1844
b7 -0.00d20
88 -0.16651
89 -3.JOSOG
9G _ C.u1663
91 -0.0u64

9

92 U.0u168
93 43.81000
94 -3.00500
95 -3.00400
96 -0.U0299
97 -3.)uSGU
98 0.01018
99 0.01111

tN

2 3
-V.00356 -0.08455

0.02618 0.01340
-0.03406 -0.02267

0.01501 0.01003
C.00894 -0.03952
0.01865 0.02034
0.01102 0.C1508
0.00171 0.10636

-0.00070 -0.00905

-0.00400 0.02499
-0.00070 _ 0.02298

0.01023 -O.0c474
-3.0O500 0.01118
-0.00032 -0.01279
-o.0u148 -0.u0607

0.0108? -0.C1129
0.J0b04 0.00835
0.00225 -0.01128

-3.00100 0.01688
-3.00500 0.UZ351

0.3 1404 -0.C,596
-0.00659 -0.00952

0.00351 -3.00500
-3.LJ50U 1.64431
-3.00500 -3.03500
-0.00935 U.01406
-6.10298 0.0C685
-0.0u042 -0.C1229
-:.00167 0.01727
-0.L0135 0.0.285
u.01915 U.60528
0.00304 0.0u346

-C..0769 0.0u612
0.00845 0.U1183
0.u0884 -3.00400

-0.01285 C.L1571
0.U0C84 0.00232

-0.00479 0.00207
0.oU732 w.u1325
0.00182 0.LJ498
0.00368 0.U0289
0.00216 0.0188
-0.00418 -0.:00619
0.0143 -3.Cu5Cu

-0.00835 -O.00227
-0.01104 -0.01113
-C.00387 -3.C6816
0.02296 0.0O429

-0.01395 -0.00232
-0.00069 -0.C0096

4
-0.02322
0.01314
0.00478
0.01465
=0.01031
-0.00533
0.00279
-0.00135
-0.01191
-3.00500
-0.01414
0.00375
0.01248
-0.00169
-0.00u25
0.00720
0.00345

-0.00935
-0.02597
-3.00 50U

0.00986
0.o0451

-0.00196
-3.0G500
0.00 873
0.01159
-0.Co 108
-0.01489
0.00980

-0.00476
0.0u615
-0.00382
-0.(,2&2
-3.uu400
-0.00283
0.01775
-0.u0518
0.00301
0.00375
0.00747

-0.00722
0.00136
0.01266
-0.00159
0.01756

-0.00094
-0.00487
-0U.0165
0.U0457

-0.00029

5
0.00468
0.00080

-0.00334
-0.00178
-0,00117
-0.00218
-0.00053

0.01274
0.u0559

-3.005U0
0.01167
-0.00738
-0.00042
-0.00455
-0. 00315
-0.01101
-0.04616
-0.01001
-0.00898
-3. ;,06C0
-0.00375
-0.00154

-3.00500
0.00416

-0.01.266
-0.00199
-0.00544

C.00808
0.110159

-2.9990G
0.01369
0.00793
0.01377
0.J0358
0.01076

-0.00429
0.54280

-3.30 500
0.00510
0.00042
0.00121
0.00027

-0.00716
0.00470

-3.00500
-C.00082
-3. 004uC
0.00113

-0.00371
-0.00217

6
-0.08628
0.01853
0.00617
-0.00205
0.00808
-0.00965
-0.00287
0.00778

-0.01156
-0.00296
-0.00521
-0.00424
-0.00394
.C.00554

-G.00286

0.01191
-0.01460

0.01079
-C.00994
-3.00500

0.00979
-0.00413
-3.00500
0.03594

-0.00777
0.00150

-0.00067
0.03150

-0.00078
-3.00100
-0.00o

9 7
0.00350
C.02541)

-0.00027
-1.967u0
-C.00366
-0.00440

-0.00709
-0.00994

-0.00920
-0.00307
C.00372
0.01182
0.00868
0.00450

-0.00145
0.00389
0.00581

-0.39660
0.00850

7
0.02363
0.01828
0.01503
0.00920
0.00419
0.30973
0.01816
0.00048
0.30736

-0.36227
-0.00079

0.01311
0.00478
0.00517

-0.30122
0.01184

-0.00490
-0. 0753
0.01985

-3.30510
-C.0354
0.00489

-3. 0500
L. 1u53

-0.00461
-0.J,027
0.10215
0..0728

-(.J0107
-0.1)0515
-0.305d9
-U.0552
0.' 1671

-3. )04CG
-0.,0217
0.30201
0.30371

-0.00854
0.30214
0.01602

-0.30254
-0.J0027
0.U0315
0.01222

-0.302CC
0."0861
-3.00510
-0.00918

0.00988
-0.01172

8
-0.00190

0.00191
0.01212
0.01656

-0.0854
0.00195
0.01566
0.00111
0.00713
0.00065

.. 0.01154
0.01758
0.01496

-0.00565
0.01635

-0.01439

0.00338
0.03064

-3.00400
-3.00500

0.00530
. -0.01015
-0.UG659
3.01444
0.30629
0.03075
0.01280
0.0GU51
0.0C482

-3.00124

-0.01461
0.01343
0.01621
0.01454

-0.00854
-0.0553

0.C1238
0.00767

-0.00403
-0.C0639

0.00356
-0.00407

0.00355
0.01013
0.00276

-0.00824
-3.00500

0.01683
-0.03822

0.00037

9
0.01191
0.01335

-0.01067
0..02269
0.00781

-0.00312
0.00758

-0.00237
C.01120
-0.00074

_ 0.00433
-0.00118
0.00067
0.30385

-0.00742
0.00145

... 0.01607
-0.00518
-3.00500
-3.C0500
0.31055

-0.00692
0.01321
0.00846

-0.00329
-0.00202
0.00260

-0.00898
-0.01423
-0.00320
2.32010
C.0232?
0.00204

-0.00650
-3. 00500
-0.00753
-3.,0500
-0.3,082
0.00852

-0.00042
0.00128
0.00426
0.00564
0.10746

-0.03051
-0.02277
-3.00500
-0.01087
-0.00133
0.00150

10
0.00907

-3.00500
0.00550
0.00152
0.00360
0.00301
0.00161
0.00176
0.00755
0.00769

-0.00062
- 0,00629
0.01586
0.01326

-0.00923
-3.00500
-3.00500

-0.04393
.C0073

-3.005-0
C.00672
-0.01276
0.01328
0.00583

-0.00285
0.61499
0.00257
0.00039

-0.00310
-0.00;,95

0.00599
3.01925
0.C0384

-0.C0047
-0.00517
-0.00419
-0.00161
0.01216
0.01064
0.C0605
C.00439
-0.00132
0.01103

-3.00500

-0.00326
0.00288

-0.01558
-0.(0033

0.00127
0.00412



VOLTAGES FOA OPS NO. 720

CikL 1 2 3 4 5 6 7 8 9 10
100 -0.00140 0.00064 -3.CU500 -3.00500 -0.01080 -3.00500 0.f10853 -3.00500 -3.00500 -3.00500
101 -3.00500 -0.00417 -0.00539 -0.00815 -3.00500 -0.00567 0.00673 -0.00451 -0.00385 0.01334
102 0.04215 0.00603 -3.00500 -0.01069 -3.00500 -3.00500 0.01915 -0.01057 0.00772 -3.00500
103 0.u0696 -0.00560 -0.C0370 0.00508 -0.00179 0.00657 0.00212 0.01121 -0.00147 -0.00897
104 C. .0302 0.01662 -0.0)048 -0.00365 0.00296 -3.00500 -0,02631 0.01257 0.00751 0.02255
105 0.00335 0.00322 -0.00045 0.00109 -0.02153 0.00727 -0.02490 -0.01265 -2.97700 0.01689
106 0.000U3 C.01483 0.00671 0.00600 0.00285 -0.000888 0.00457 -0.00338 U.C0523 0.01774
107 0.,,0482 0.00862 C.0o922 0.00365 0.00362 0.006C6 -0.00779 0.G0900 -0.00151 0.00837
108 0.;1761 -3.00400 -3.00500 -3.00500 -3.00500 -0.Q6346 0.00409 0.01578 0.00248 -0.00012
109 -0.02519 -0.C1139 0.C0978 0.01009 -0.00417 0.00662 0.00603 -0.00398 -3.00500 0.01136
110 C00448_ -3.CU4u . -0.00167 0.00203 -3.00500 -3.00500 0.30914 -3.00500 -0.00017 0.00918
111 -3.00U50C -3.05J -3.0s500 0.C0231 -3.00500 -3.00400 -3.00500 -3.00500 C.00562 -3.00500
112 L.03850 -3.C0500 0.012C6 0.00517 =3.005CQ 0.01993 0.,3643 0.01465 0.60264 -0.01854
113 -J.305L* -3.,0500 -3.03500 0.00755 -3.00500 -0.00986 -3.00300 0.00615 0.01032 0.01059
114 -3.0SJr u.L0370 -3. w4UJ -0.00234 -3.00500 0.00669 0.0160d 0.C1669 -0.16833 0.C1020
115 0.01455 -0.00604 0.00234' -3.00400 0.01499 0.00725 -3.0050C -3.00500 0.00474 0.00573
116 1,.01235 U.00461 -0.J3594 C.01298 -0.00244 -3.005(0 0.02144 C.G0903 -3.00500 -3.00500
117 C.0065 -0.01238 -3.00500 -0.01310 -3.0051,0 0.01307 0.02254 -3.00400 0.00584 -3.k0506
118 -3.0%SUC -3.00400 -0.01783 0.00257 -0.00969 0.00267 0.33452 0.t0747 .0.C1081 0.00781
119 L.Uo074 L.0JU82 -0.00812 -0.00508 -0.00401 0.01257 -0.01738 0.C2372 -0.C0106 -0.04668
12'j -L.00586 0.00269 -U.u1017 -0.01610 0.001C8 0.00160 0.O0506 -C.(0280 0.C1968 0.C0505
121 (.0l5%6 -3.uG5JC J.CJ262 0.u1241 0.00786 0.01327 0.00245 O.r.197 0.01346 -0.00435
122 0.04217 -0.0054 _ 0.60470 ,0.02395 -0.00504 -0.00719 0.01486 0.C1336 0.01179 0.o3534
123 0.00328 0.Co021 U.C36C4 0.00944 0.00519 0.01122 -0.u0342 0.01213 -0.01460 -0.03137
124 (.u616o .01174 0.C0193 -U.00160 2.14980 0.01175 -0.0981 -0.00816 -. C0099 C.0C098
125 -u.0 0Z 0.u0330 -0.01125 0.00900 0.00147 0.01258 -0.00244 -0.00048 -3.00500 0.00225
126 0.0 414 :.0C456 0.0098 -0.00232 U. 0024 -0.10648 u.00485 -0.C0743 -0.00811 -0.00265
127 -0.01197 0.01926 0.0175 0.02227 -0.0103 -0.00567 0.00514 -0.00032 -0.00370 0.01666
128 -. 3101. -0.01178 -0.03503 -0.u0131 -0.00163 -0.00547 0.00493 0.00955 0.00561 0.00583
129 -0.3J79d -0.0u954 -0.01763 -0.01177 -0.31186 -0.C0293 0.01187 C.00647 -0.00344 -0.01067
130 -t.o "05 L.33371 -0.u0454 0.00268 -0.J0079 -3.30967 0.30253 C.L0019 0.o1737 G.CC637
131 -0. -u71 L.-0622 0.0)125 0.01227 -0.00057 0.00447 -0.00007 -C..0321 0.L0271 -0.00842
132 -3.c3500 0.U0389 0.L0224 44.89000 0.10496 -0.C05C9 0.u0331 0.(1468 0.01343 C.L1175
133 -'.uc5uj1 0.u0649 0.01563 0.00321 -0.01591 0.00220 0.00112 -0.C1197 0.00337 -0.01265
134 -.i.0u286 C.01916 -0.0626 -0.01388 -0.00299 0.00104 -0.03051 0.C1042 -0.00975 0.00822
135 -3.L/.4 0.01972 -0.00C71 -0.30826 0.00559 -0.01028 0.00233 0.C0305 0.01270 0.0C991
136 0.j1571 U.31249 G.00312 0.u1704 0.02733 -0.03273 -2.98706u -C.07928' -0.17354 -0.00045
131 U.00.02 0.00848 0.00037 0.00779 -3.03500 2.40360 3.65500 44.980CC -2.99100 -3.0500
138 -3.3)50 -3.,0500 -3.00500 -3.00560 -3.00500 -3.03500 -3.10500 1.94800 1.61770 2.87610
139 2.35600 -2.99060 0.03050 -3.00500 -3.00500 -3.00500 -3.00500 0.00945 0.C1C95 -3.00500
140 -3.o0500 -3.00500 -3.00500 -3.00500 -3.00500 -3.00500 -3.70500 -0.00376 0.00172 0.C0192
141 C.'.u270 0.00174 -0.00077 -0.00251 0.30077 0.00488 0.00798 0.00178 -3.00500 -3.C0500
142 0.01634 -0.01452 -0.11316 -C.00972 0.00131 -0.01105 -0.01638 -0.C0732 0.01363 -0.00969
143 -0.02488 -0.00932 -0.01323 -0.01161 -0.31842 -0.0727 -0.00181 -0.LC911 -0.70445 -0.11241
144 -0.00325 -- C.0C284 -0.01016 0.01010 -0.00323 -0.C0572 -3.00610 -3.LC400 -3.00400 -3.00500
145 -3.00540 -3.00500 -3.00300 -3.00500 -3.03500 -3.00500 0.00391 -0.00060 1.46350 2.99040
146 _ 0.12246 0.01408 -3.00500 -3.00500 -3.J)500 -3.00500 -3.00500 -3.00500 -3.OOS0u -3.00500
141 -3.1,0500 -3.03500 -3.00500 -3.00500 -3.0)500 -3.OU50U -3.00500 -3.LO5OO -3.00500 -3.00500
148 -3.Uu50G -3.U0500 -3.00503 -3.Uu5uU -3.0)500 -3.00500 -3.005w0 -3.:050o -3.00503 -3.o:500
149 -3.3i500 -3.00500 -3.00533 0.05302 0.31999 -3.00500 0.02548 C.C2043



OPST720 ZERO SCAN DPS (IF ANY)i712

" MOISTURE MONITORS * NO.
42
43
44
45
46

47
48
49
50
51
52 -
53
54
55
56

* LOAD CELLS * NO.
142
143
144
145
146
147
148
149
150
151
152
153

U,

* EXTENSOMETERS * NO. INLNS
183 -0.0006
184 -0.0316
185 0.0013
186 -0.(005
187 u. 00
188 0.0017

VOLTAGE
1.1d82
1.5 39C
1.9423
1.4644
1.3376
1.2175
1.7>29

9997.0 ,C
9997.0;00
9997.0 10C
9947.0 J00.
9997.0J00
9997.OJOC
9997.0 )0C
9997.0,00

POWER SUPPLY
6.0080
6.0080
6.0080
6.0080
6.0080 .
6.0080

6.0080
6.0080
6.0080
6.U080
6.C08D.
6. 0 80
6.0080
6.(O 8D
6.0080

LOAD Ld.
180691. x760
179940.,'512
193002. '750
153334. '.3t8
140977.',288
175306.)0d8
15037x.).656
173370.1488
1904 31. 528
196336.26j8
215493.4448
260396.o240

CYCLE NO.(II ANYI-0 PSI= 500OT~tR INSTUMENTATION



* DISPLACEMENT SENSES 9 No.
163 .
164
465
166

168
1*9

- 170
171
172

________________________ 173 .
174
175
176
177
178

-79 .
180
181

182

D S"120

* CRACA DETECTORS . ND. CONDITION
58 . BADRCO

- 59 - G000
60 G000
61 G000

- 62 000 -
63 G000

_____ _ _ __ _ 64 " GO(OD _--_ _ '.-69 . - GOOD
65 GOOD
66 G000
67 6000
68 GOOD
69 GOOD

________ _______7u _ GOOD ___

71 GOOD
72 GOOD

73 GOOD
74 G000
75 CkACK
76 GOOD

T77 GOOD
78 GOOD
79 GUMD
80 G000

PSI- 500

LI'
U,

OTMER INSTUMENTATLON ZERO SCAN FS LIF ANYI712 CYCLE NO.LIF ANYI-0

INCHES
0.0832

-0.0043
0, 1 377

0.0699

-00039
0.0823
0.0710
0.1022
0.0600

-Q.0040_
0.0511
0.0819
0.082 2
0.0859
0.0899
0.*0633
0.0967 -
0.0794
0.0374



DPSu720 ZERO SCAN 01S (IF ANY-A712

THERMOCOUPLES

NO. TEMPERATURE NO. TEMPERATURE
68.000 O
72.0000
74.J000
66.0000
66.0000
67.%C.00
68.0000
68. .10 -
67. L000
66. OuOO
65. -00
67.0000
o6.C00

-4b.0 u0
68.C000
64, GC .0
65.0CL0
67.&000
68.J000

81
-- 3

85
87
89
91
93

- 95-
97
99
101
103
105
107
109
111
113
115
117
119 9998.0000
121 9998.4000
123 83.0(00
125 65.:)' 0
127 65.0-00
129 68..CL0
131 66.0000

133 68.%(,00
135 66.WuU0
137 66.ULU
139 70.GOUO

82
84-
86
88
90
92
94
.96
98
100
102
104
106

. ..108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140

PRESSURE TRANSOULLRS READING " 497.6 PSI

U-)
.'

OTHER INS7UMENTATION ' CYCLE NO.(JF ANY1 -0 PSI- 500

9998.0)00
72.0300 . .

71.0JcO
67.03C0
66.0')00
68.0300
69.0)09
6d.JC ----.
68.0003

9998.0000
66.CJ03

9998.0LJ0
67.0JO0
64.0 000
65.0JC0
66.GiJC0 3 ,
65.0304
69.0J00

9998.020
9998.0000

84.0JC0
65.0)00

9998.09(3
a4.GJC0

9998.00C0
9998.'JOO

32.0 00
67. (3T

9998.OJC0
65.0.J0

482.6 PSI



OTHtR INSTUMENTATION DPS-720

POWER SUPPLY
Na.

3
41

141
161

VOLTAGE
9998.0000

6.0080
-. Q0 _ _
6.0010
5.9990

ZERU SCAN Of'S (IF ANVR-712 CYCLE NO.(IF ANYIm-0

FLOWMETER OUT- -248.0
FLOWMETER IN * 448.6

-J

PSI. 500



STRAIN GAGE STRAINS FUR-DPS-720, ZERO SLAN OPS 1IF ANY)- 12 CYCLE NO.IF ANY--0

GAGE 1
0 12
1 41
2 95
3 58
4 14
5 26
6 65
7 41
8 6
9 -2

11 15
12 63
13 lu-
14 14
15 47

17 112
18 0
19 37
2c 159
21 141
22 _ 58
23 135
24 15L.
25 185
26 149
27 117
28 25b
29 696
30 134
31 231
32 9998
33 99v8b
34 74
35 -l6
36 76
37 54
38 62
39 13
4u -22
41 -29
42 -25
43 5
44 -1
45 -24
46 34
47 11
48 -50
49 88

2
47

104
39
15

.156
91
43

4
-202

21
28

123
104
101

14
23

9998
82

9998
19

159
46

104
166
144
187
118
160
404
203

91
272
118
221
189

74
81

130
22
39

9998
-0
-2
29
-0
45

5
30

117
78

3
94
59

9998
54

224
41

7
6

41
25

108
138

21
102

90
9998

29

33
43
32
61

106
79

139
214
253
-49
107
456
629

48876
317

78
9998

127
-53

58
25

U
-7

-146
-13
-16

-6
-9
-5

9998
4

80
-91

4
52
18
30

117
9998

6
3

39
114

74
143.
110

9998
71,
84

9498
57. _
57
42

188
64
46
28 _

L65
9998

222
178

9998
211
181
366
111
181
103
254
142
21

1
16

-27
-1 _

-5
8
2

-13
42
-5

3
83

9998

5
22

9998
141
44

9998
11
63
92
55

9998
71
24

121
104
11l

9996
9998
9993

34
90
-0

52
103
148
194
16,
173
104
399

9998
282
384
101
-5

535
33

0

-.l
-23

-5I
-11

-!1
99911

-0
9998

21
-0
-9

6.
74

162
54

-167
6

51
116

53
24

9998
17

9998
64
-1
69
51

151
117

6
67

9998
103

-116
154
189
164
187

99
520
489

9998
271
144

28
299
109

4
21
14

-11
-15
-21

-9
-45

-7
40

2
29

116
-23

7
129

48
87

9998
42

115
139

22
62

9998
1

-3
65
14
14

9998
89
85
23

282
136

75
55

142
9998

154
173
-0

305
231
501
114
118

11
209

9998
23
54

4
-1
-1

9998
9998

-9
-5

9998
-9
81
65
-8

e
47

5
-23

47
105
46
22
55
93
-2
-0

9998
26
89
78
85
21

9998
-9

9998
38
69
83

188
193
165
104

96
523
142
192
168
159
223
149
26
35
90
2J

-23
-86
-14
-24
-14
-14

14
-0
43

9998
10

PS!- 500

9

8
6

48
113

51
23
50

9998
39

9998
-13

-0
58
83
92

125
52
-2
51
27
46
40

234
153
205
149
111
185
3L3
436
156

76
127

33
-42

31
90
79
12
-5
-8

-141
0

-10
-24

63
-1
19
73
-6

10
-84

40
244
172

22
55

120
9998

3
-0

-16
136.
144

-7
92

117
101

9998
57
32

9998
68

169
185
202
183
124
134
399
535
-81
177
217
218
135

72
85
83
51

-14
19

-96
-9

-15
-11

2
33

263
92
-3

W

U,

00



STRAIN GAGE STRAINS FOR OPS-720. ZERO SCAN OPS (IF ANY)I-t2 CYCLE NO.(lF ANYI"-0

GAGE - -__

50 4-
51 9
52 -7
53 88 -1
54 - 9
55 -12
56 22
57 42
58 l0i
59 56
60 46 9
61 9998
62 14
63 9998
64 93
65 25
66 114 _
67 9998
68 40
69 52
70 33
71 -18
72 99 -
73 62
74 161 99
75 -391
76 250 99
77 433
78 74

79 2
80 225
81 184
82 114
83 25
84 578
85 229
d6 111
87 48
88 18
89 -19
90 -23
91 10
92 32
93 59
94 6~
95 147
96 0lu
97 73 9
98 108
99 125 9

13
20 4
13
07
52
16
15
37
-0
l46
998
23
19
19
19
64
t38 -
22

5
12C
71
37

185
-17
98

.16
98

8
79
32
63
14
46
49
47
141
27
29
196
19
-1
11
32

109
31
48
46

998
12
998

3
-49

7
-0
98
-119

0
28
32
55

9998
76
2C
19
26

-183
52
54
-8
15

999
-568
-222

177
-181
9998

137
95

108
723
153

9998
166

9998
-671
-258

123
47.
37
11

-17
196

-1
26
89
68

124
135
lot;

59
27

10 4
-4 1
-0 1

-54 -5!
-78 -8t

0 1
9998 18

27 34
9798 63

9 45
-0 54 _
23 34

9x98 9998
-0 -Q
20 -0

9998 -56
86 _ 12?
21 -3

8 -0
-9 -4
70 -38

9998 -179
-148 221

82 -
45 144

. 172 223
120 273

9998 71
135 241
195 231
150 12U'
135 64
64 -512

240 751
70 294
34 13A
37 36

103 11
9)98 9998

62 -14
47 130
21 103

100 -82
108 104

22 241
104 98

71 101.
-2 -0
12 -0

9998 16

L-IUn

6
-4
-8
5

-57
.973

9998
26
-0
33

3292

23
39
-6
-0
-7
-0

147
-6

133
143

54
-4

-270
9998

30
138
135

9
150
748
94

9998
63

9998
2

31
73
82
84
86

9998
114

31
129

31
74
62

0
15

9998

-0
-3
9

-89
-88

9998
9998

36
9998

58
9998

63
-61

9998
85

372
81
-8

-28
-37
-83
111

-195
-7

181
416
143
110
111

40
111

-9
-208
-637

137
207

75
1

9998
-13

20
77
71

- 94
110
1J3
255

79
183

9998

4
3

9998
-9
-93
-56
27
42
-0
-0

9998
20.

9
-224

26
9998

-0
10

-189
121

-0
-359
-297

101 -
371

83
68

196
-20
139

-292
254

88
96

131
31
28

9998
19
27

109
18
-0

9998
28
29
33

-10
9

9998

9
-4

9998
-0

9
-26
27
62

9998
9998

89
9998
9998
9998
9998
9998
9998
9998

-8
24

182
-410

-10
-153

206
9998
-274
9998

19
-281

476
-212

28
807

71
111

9998
48
93

-15
-21
235

9998
184

81
175
78

248
45

118
33

10

-1
9998

-3
32
-46
16
47
81
40
54
25 _
10

-230'
22

9998
127.

24
3

490
110

83
-226

-3
111
236

-364
44
75
49

153
119
122

72
36
25

218
-5
72
30
65
19

172
33
47
48
31
42
11

186
9998

PSI. 500



STRAIN GAGE STRAINS FOR OPS-720. ZERO SCAN UPS (IF ANY)-*12

GAGE
100
101
102
103

__04
105
106
107
108
109

-110
111
112
113
114
115

1
.103 .

34
152

9998
16--2
84
-9

118
206
146

- - 27J - --
125

75
-2
71

-46

_-116 153
117 193
118
119
120
121

22
90

153
-0

9998
9998

52
61
-5"
45

217
82
77

9998
..- 244.

26
9998
9998

-0
67

4
3

597
9

96
-0

_122 __ -0 -0
123 -C - 0
124 -0 -0
125 -0 -0
126 -0 -0
127 -0 -0
128 -0 -0
129 -0 - U
130 -0 -0
131 -4 -0
132 -0 -0
133 -0 -0
134 -0 -0
135 - -O
136 -0 -0
137 -0 -0
138 -0 -0
139 -c -0

3
25
8C

112
75

-1.53

90
-11

24
12
39
47-

118
101

54
98

-137
169._

9998
121
23

9998
-c-0-o
-0
-C
-G
-0
-0
-0
-C
-0
-0
-0-o
-0
-0
-0
-0-0

4
9998,
9'J98

52
64

. 53-
55

-30
8

44
9998
91398
9 498
9998

3
-0

-43
26
-7
70

-11
53
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-u
-0
-0
-0
-0

6J)
999

6
254
-16
-4
126

42..
221
130

9994
-14J
271
254

9998
9994,

130
-0
-0
-0
-0
-d
-0
-0
-d
-0
-0
-0
-0

-0
-0
-0
-0-0
-o

CYCLE NO.(IF ANYII-0

6
9998

-o
62
54
45
46
10

204
34

9998
9998
9998
9998
9998

44
53
65
-0

116
56
86
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0

7
24

181
137
150

57
-15
-13

2
34

102
.25
123

81
286
-0

151
98
-0
81
64
12
-0

6
9998

-0
55.

9998
57

146
9998

34
32
75

9998
9998
9998
9998

49
71
84
83

253
58

-14
-u

.PSI 500

9
23

147
-0

139
84

-19
3

67
274

9998
16
15
114
441

-236
152

9998
9998

96
9998

-0
-C

-0 -0 -u
-0 -0 -0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0

-3

-3
-0
-0
-- J
-0
-0
-0
-0
-0
-0
-3
-0
-0
-U

C

10
9998
9998
9998

77
81
12
53
13
38

-355
9998
9998
9998

-0
9998

142
102

14
-90

58
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-o
-0

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-o



GAGE S ON OUTS I 0 E SURFACE OF L I NER OPS 0D. 720

.3 3

. s

.0 149

26

-I
L,-

a.

156
-81

* *.
. " .501

192

231
272

317
111

S.

535 .
299

..

282
9998

11

384
271

I2 EER -IN S 1 0 E V IEW

I

I

I
I

II

I

I

I

--- - ---- - --- -- - --- -- -- -- -- - - - -- -

- _ ~~ ~ ~ ._ - - - - - - _ - - -- - . . . f 0 . . 0 - - L

I

I

I

PRINT 1.1



GAGE S ON 0UTSI DE SURFACE OF L I NER' DPS NO. 720

2 4 3 2 2 3 1 2. 2 2 3 1 2 1 1 1 2 6 3 3 2 5 13 1

----- -- -- - - - -. ..- - -e - -- - - -- -- - - -- - - - -- e ----- e

. . . . . .. . . . . . . . . . .r. - - - - - - - - - - - - - - - - - - - - - "r,

* 256
404

* 629 * 456
181 211

* 9998 * 399

489 520

* 231 * 305

142 523

* 436
535

* 303
399

* 134
91

*48876

S 666

- S-----e - -- -e- - - S e- - -

* 696

203
S-------*- - e--- - -- --

e- - - -e- - - -- - - e- -S

DEVELOPMENT OF INS IDE OF LINER

PRINT 1.2

- - '- - - .. - '- - .. - - '- - - .. -. '-



6 A6 E S ON 0 U T S I 0 E U R F A C E 0.F LI 4 E R OPS N0. 720

-I1

S -

* 217 159

-- - ---- - - - - --- -

*

103 __ 76 _9946 __ 76 _
144 161 116 177

"

114 __-

166

.5

0 S 0

S

S
S

1

-1

S

S

* 127 74 33 _ 11 -S 9996 9996
' 254 1B9 218 223 303 221

1 1 1

T 1 NENT OF M02Zi

- .TYP ICAS S I E L

- SN10 VS

- 1I

--I

4

.-1

PRINT 1.3

(-'
ON



OUATES I DE SURFACE OF L I N E R UPS NO. 720

-- ------ -e
0

* -26 '
a 74. e
* S

I I

* S

* S

* .

* 109 *
* 0

* .0

* I

-42 '
135 .

S

0

. e

-53 e

142 '

-53 S I

'- - - - -'- - - - -'

T I P I C A L DEVELOPMENT

OF 31/2 SCH 40 PI PE

I N S.I E V I_EN_

~l

PRINT 1.4'

G A 6ES N

1e

e e



INASI OE SURFACE OF L I N E R OPS NO. 720

13
S

REF NORTH.

2 4 . .! . . 2 -5

* -38
70

* -80
54

3Z. 9996
110** 93
33 20

. -568
* 71

-143 -222
-244* 83

-0 441
-1790

.237

12.

-- - -" " -41.0 . _ .

* -18
-359 -8t

-3 * -7
-17

26

I~~~

-10
t -4

9998** -2
286 77

71 99
98 * -297

-153
* 62
-270

. -355*
223* * 177

-185 -226
* -195

. -148

22.

T P OF L I M

* -258
63

* -181
101

* 9998
30

31
E R - I NSIOE VIEW

2 3 -.
W

.21

--1

PRINT -2.11

G AG ES N

.1

I



I N S 1 0 E SURFACE OF

2 2 3 1 2 1

36 ' 9998 - ---- "---
46 * 250
57 95 * 83
11 * 45 . .433 .
7 273 - - - -.-

143 * 236
z3 108

* 116
71

GAGES

2 3

161* 9998
9998

144*
181 - - -

371

SN

1

*

*

* 71

WQN\
Or

- S S S

* 172,
110

* 40 * 150
111

* 138
19

68
* 74

* 416
* 578 * -364

* -274 723

SL0PMENT OF INSIDE

* 196
22

OF LINER 0 U T S

* 476

IDE SURFACE

PRINT 2.2

2 4
e

32

206
*

82-

L I N E R UPS NO. 720

11 26 33

- .- - - - '- - - - 153- -
..... 258* 169

* 9998 153* 44

. 247. . /* 271
-- - - -i- - - /-* 151

196 / * 152
130/ /
235 237

* 120
111

' * 135 '
-281

2 5 13

8 75
225* 1844

79
- -- - 166*

* 9998
120

9998* * 9
111

-20* 1351
-212 64

2

-2

t-

-11

2'

* 9998

* -391

0 E V

1394
28,

49
1140-a

0 l
-32+
9998

- - ---



GAGE S N .1 NS ID E SI6AFACE QF L I N ElR OPS NO. T20

- - - - - - - - - - --- - - -1- " - - - - - - - - - - - - - - -

S

* * * .
. 182 -37 -6 999

-0 143 -9 120

/

52
490

"
24

121
-28
133

1

5-

1- - - - - - - - - - - - - - - - - -1- - - - - -.- - - - - - - - - - - -1.

11

T V P-I C AL u i V EL P M E 0T OF NOZ 2 L E

INSIDE VIEW

ON

1

-

-----

PRINT 2.31

1

-1-

1

1

1

1
/



INS I E SURF ACE

- 3 1

22. .

1 2.

O F L I N E R OPS ND. 720

-512
195

,1 1

Wp

23..

3 2. .

24.
REF NORTH

-208
748

25

*

-- 807* *-61

757
-292

*
-637

. 153

26

.23

25

13

8 0 T T O 0 F L I NER

GAGES ON

PRINT 2.4I

-.-.. 2- .-

I

1

t

-- i



GAUGES

11

+70 -'

+60 -'

+50 -

+40 -'

+30

*20 -'

+10

M410 -'-

PLANE

-1J -'

-2C -'

-3U -'

-40 -'

-5u -'

-60 -'

-70 -'

URIENTEO IN

56

12 '

47

* 6 "
94 104

* *

52 -1

*

14

22 *
9998

P C R S TEST MOUEL GAUGE LOCATION ON 1-THETA PLANE

1 DIRECTION

2 1 4 6 3 1 4 1 2 2 5 1

* S

-23 '3 1

*

48

* *

244 -7

* "
58 14

S

14

15 "
21

* a *
74 -0 54 9998

* S *

129 136 117

* S

47 * 44

*

*

121

63

* 6

LIb

a

139

2/

119

*

69

14
-

*2
26

5 3 58

*

12

41

*

144

R 53 INCHES

LEFT HAND

12 52 23 42
-'- -'- -'- -11-

-84 '

41

104

59

18

' 9998

* S I

-

* 6 6

* S S

162

48 '

"*

-1678 '

PRINT 3.1

HALF)I

32'

-a

I

--a

r

3i

1

OPS NO. 720

1

r



P C R

GAUGES CIIENTEO IN 1 DIRECTION

32 43 24 53

* 6 ' 9998 '

_ a
39 47

92 113

_______53 _____ 172 __

S-------- a---- -- --

22 14

" t
' 55 ' 156 '

t "
9998 224

- -

- -'-9998 ' 4998 -

-- - ----- *
9998

S TEST

13

6

MODEL GAUGE LOCATION ON i-THETA

54 25 44

* r 3

* I 4 0

PLANE R-53

33
-r-

INCHES

45
-e-

*
-202

DPS

26

11

0 -

*
40

95

39

9998

*3

30

42

105

*

* * 26 r

a
141

a
54

*8

91

e 41

*0 S

"

41 51

114 115

* a
55 46

24 23

* *

62

a
93

a

39

55

65

43

a
3

NO. 720

(RIGHT HANO HALF

55 11

S- +70

' '- +60

- *- +50

* *- +40

* r *- +30

* 5- 0

- - -B.r- - -- +1D

PLANE

* -..

r r- -20

*- -40

* - -5O0

r r- -60

* *- -T0

r

_PRINT 3.2;

e



P C R S TEST MODEL GAUGE LOCATION ON Z-THETA PLANE R-53 INCHES

GAUGES ORIENTED IN THETA DIRECTION

OPS NO. 720

(LEFT HAND HALF

11 56 21 46
e- -e -e -*.

+60 -1 '

+40 -1 1 S

* . * . 4

+30 103 75 * 69 40

+20 * * * * '
169 135 166 139 16

214 9998 194 189
MID -'----- - ----- ----

PLANE
* * *

-10 205 202 ' 185 187'

- * * * *
-20 164 154 ' 165 149'

* 4 * 4

-30 124 117' 160 107'

-40 -

-60 -t t *

31 41

3 S

* S

* S

68 58

65 148

9998 193

"

253

"

183

4

9998

*
222'

4
149'

4
104'

22 51
- -5-

12 52

-S -S-

23
-1-

1 1 0 1 S

1 S 6 1 S

"

104'

* S

154

* I

142

*

* **5

4

118

9 - 1 * S ~99

1 1 1 1 t

r-- -- - - 1 1*~

-49

S

42 32

1 1

1 1e

I.

t 1

1
/ St

1B-

9 ' 178.

*
-0

e-

PfIN

e

T I
NT 3"3j

1



P C R S TEST MODEL GAUGE LOCATION ON Z-THETA PLANE R-5j INCHES

GAUGES ORIENTED IN THETA DIRECTION

32 43 24 53 13 54 25 44 33 45
-'- -'- -'- -'- -'- -'- -'- -'- -'- -'-

DPS NO. 720

26 55
-0- -a-

(RIGHT HAND HALF

11
-I-

4

104

a-

a-

a-

6-

79 '

a. a____ 188 _____

* a

-

178 '

-

* " *

28 * 103' ' -116 '

* - ** - . -
153 185 _ __150

55'

4 -
144

4

83

234 _

a 0 0 a

*
175

4

96

a a a

*
187

4

185

1 13

134

a a

167

*
111

S S

+70

+60

*50

+40

'- +30

- 20

- +10

- - -'- MID
PLANE

'- -10

'- -20

'- -30

'- -40

'- -50

'- -60

*- -70

PRINT 3.4

II

*

*

a



i-THETA PLOT OF RE-STEEL NEAR FACE OF CONCRETE

GAUGES ORIENTED IN 2 DIRECTION

11 56 21 46

+70 -. 6 6

* 4 4 4

+60 -2 -9 _ 9998 -0

* 4 4 4

+50 -16 -14 ' -24 -9

- +40 -r r

* 4 4 *

+30 8 -10 * 0 -13

+2 -.

MID - - - ' - - ' - - '
-PLANE - -

-20 - *

-3C 0

* 4 4 *

-40 39 -1 -1 -0

-50 -0

* 4 4 4

-6G -7 -86 -23 -13
4 4 *

-70 -27 -8 -5 -5

69.0 71.4 76.3 71.4

(LEFT HAND HALF)

31 41 22 51 12 52 23 42 32
S- - - . - - - - - -

* 6 0 6

*

29.

4

-o

4

-5

-14

-24

r 6 r 9 r I r U r

* 0 0 r 6 r r 6 0

-rrrr

t

9998

4

-146
a

-1

69.0

4

9998 '

-14
"

-141

71.4 (RADIUS INCHES)

PRINT 4.1

DPS NW. 720

*

i .



L-THETA PL

GAUGES ORIENTED IN THETA DIRECTION

11 56 21 46 31

.10 -** 6

2*

12
*50*- * *

51 3

-- 430 - 6

+20 -*

MID _ - - - - - -_

PLANE

-10 66

-2L -, S U

-30 -6

-40 -

* f

-50 -' ' 4 * 14

" *

16 '7

-10 - ' 1 8

69.0 71.4 76.3 71.4 69.0

OT Of RE-STEEL NEAR FACE OF CONCRETE_ - OPS NO. 720

(LEFT HAND HALF)

41 22 51 12 52 23 42 32

20

5 6

6 6 S S

-
6 e --------e e --------.e

* 5 5 66 6

* 6 6 5 6 5 6 6

* 6 6 6 I 6 6 9

71.4 (RADIUS INCHES)

PRINT 4.2,

W'

0

*



PROJECTION OF STRAIN (,AUGES IN CONCRETE AT

32

2 4.

."

13.

U,25

* 33(49)
* 57(49)

". * 9998(42)
* 117(37)

* 85(23)
33.

UPPER TANK CHAMFER OPS NO. 720
DIMENSIONSS FROM MID PLANE)

.2 3

-I* 89(231

* 151(37)

* 9998(42)

* 57(49)

* 29(49)

. 2 2 '

* 90(45)
* 9998(57)

* 21(49) * 84(39)
(49) 52* * 76(52)

(57) * 9998 * 101(42)
(37) 112** -0443)

* 9(57) * 82(231
* 89(411 * 58 (33)

(52) * 89 * 83(37). . 3 1

. . 45* * 102 * 54(43) .
(52) (44)

* 71437.
* 3292(43) * 46(33) .

* 58(33)

26.

e.. -* * 3 . -* * .*.s . * -2 . * * * -

.21

PINT 5.L

2 5. I
e.



PROJECTIUM OF STRAIN GAUGES IN CONCRETE AT LOWER TANK CHAMFER OPS NU. 720
(DIMENSIONS FROM MIO PLANE)

3 2

2 4. .2 3

* 9998(23)

* 9998(37)

* 9998(42)

* 51(49)
* 9998(49)

.2225.

. * 9998(49)
* 16(49)

* 117(42)
* 125(37)

. * 85(23)

33.

26.

* 101(41)
(57) 9998* * 23(49) * 103(37)

* 47(49)
(52) 146' * 92(42)

* 9998(57) * 92(37)
(57)* 63 (43) 56* * 78(23)

* 65(44)" 40(12)
* -0(52) . 3 1

* 64(37)
* 9998(52)

* 9998(43)
* 104(41)

* 33(32)

(37) 63* * 55(43)

* -0(42)

. 2 1

- 11

-1

PRINT 5.21

..-



STRAIN GAUGES - TOP SURFACE PCHS MOOEL OPS NO. 720

13

25.

-'

26.

9998"
-15

1 1.

294
9998 137

18 111* * 9998
* 11 207

229

123
133

* 37
17 *
1

* 101
47-

* 3
5

(RADIAL)

.24

36 " 9998
9998

=8
* -3

-8
-8

21.
2 1 .1

.22

PRINT 6.1

3 3. .3 2

.23

.12
a



STRAIN GAUGES - TOP SURFACE PCRS MODE. OPS NO. 720

123

2 5.

3 3.
9 0e

214

26.
36*
47-
70

- IRcUNFERENTIAL)

.24 r

---

.3 2

135* 9998
* 88

* 122
ISO
94

254

.23

96
72

49 .
* 46

64
63 * 10

24
22_

* 21
-6

-189

L

.12

---1

.22

31P RINT4 .2~

2*
31
25

* 240
99989

131

11.
40*

15
-O

21.

S2 4

"---

I

i

I

6

i

i

i

PRINT 6.2i



STRAIN GAUGLS - OEVELOPNENT OF EXTERNAL SURFACE DPS NO. 720

13 54 25 44 33
-'- -,.' - - -'- -a-

196
INTER -'- - - -

FACt
20 130- - - -

-1 20

37
73- 123

lOl
130

82
82

(LEFT HAND HALF

45 26 55 11 56 21 46 31
-e- e- - - - - -e -e--*--S

184 - 59
s

9998
204

103
78
70

*

47
9998

18

- - -*- - -- - -

108

59
32

MI -E- - - -

1'LANE
103

77 2
9991 -812

*

-5
29
103

241
110 135
175 101
- "e- - 255

19 *
32-'---- -'-----'-----'-----'---
6

111
9998

71
"

19
72

196 89 81
104 60
94 68

84
27

62
86

147

19
11
21

125
124 118

98 221
" *

109 44 -30
65 34 10
-1 32

-0
183

*

100
248 -0 31
73 79 9998

100 - - 45
"

114
-0
172

118
81

114
"

33
34
13

30 - - - -'- - - - - - - - - - - - - - -- - - - -------
INTER-'- - - - -'- - - - -'- - - - -'- - - ---- - - -'-

FACE

-- - --.- -- - .- -.. - ------. PRINT 6.3'

125
27
16

109
108
129

-'-



STRAIN GAUGES - DEVELOPMENT OF EXTERNAL SURFACE UPS NO. 720

RIGHT HAND HALF

31 41 22 51 12 52 2S 42 32 43 24 53 13
'- -'- -'- -'- -'- -'- -'- -'- -'- "'- -'- -'- -'-

-19

-17
-19

141
34
31

9998
33

103

28
47
31

-13
-21
-23

*

28
218

27
- - - - - -'- INTER

FACE r
67
57
84

*

-0
42

9998

25
75

24.

Idl
147
152

*

60 31
* 29

48

104
74

112 33
*t *

80 _ 9998 9998
* 137 75

48 -0 -0
38

150------'----- '-----'---- ------'- MID
* PLANE
31

-15
-19
-9

46
71
62

t

139
162
153

-11
-16
-13

*
11
12
12

84
90
254

-2
0

-10
- - - - --- - - - --- - - - --- INTER

FACE

15
9

186

-'- -'- PRINT 6.41

00
OD

23 75
15 34

*

22
8

e- - - - ... - - - -:- - - - -e- - - - -a- - - - -e- - - - -e- - - - -e- - - - -e- - - - -e- - - - -e- - -

e- - - - -s- - - - -e- - - - -e- - - - -e- - -

e- -e- -e- -e- --e- -*- -e- -*- -e- -*-



STRAIN GAUGLS - BUTTON SURFAC: PCRS MULEL DPS
31

1 .

3
118
24

- * -

52 -4 55
52 2 * 9998
62 67 61

9
9998
277

NU. 720

.22

.1 2

5 47 42 2U6
1(2 * 25 12

45 * * 16 126
57 146 *
BL* * 12 64

4 * 217 54
55 9998
46

77
5

53
*

34
274
146

ERROR CONDITION At

25.

13

037502 FORTRAN ERWR 42 IGNURED. RETURN TU EXECUTION

2

ll.

2 b.
00

33.

23

.32

.24

PRINT 6.5








