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Abstract. |
1

;

This study is on the - behavior and strength of the 1/6. scale reinforced
,

concrete contairunent model tested at Sandia National 1.aboratories. The !

containment model was pressurized to more than three times its design
pressure until a tear in the liner terminated the test. Deformation data
from the model test was used to interpret behavior and to estimate the

,

internal forces at the vall basemat connection. Analyttesi models were i

developed for radial expansion response and for the wall and basemat
,

1 interattion. A possibic mode of structural failure of containments subjected !

to high pressures is by radial shear failure at the wall basemat connection.
.

Although the contaitunent model showed no sign that such a fallure was i
imminent when the test was stopped, if it had been possible to increase the !
internal pressure an abrupt shear failure was possible, A method based on !

; . the cornpressive force due to flexure at the wall base was developed to i
evaluate the radial shear strength of the 1/6 scale containment model. Using
t.be developed methodology, an est! mate is made of the pressure that would ;

initiate a shear failure at the wall basemat junction of the model. This
estimate is based on a projection of the observed strength of similar 1/12

,

scale wall basemat connections, which have failed in shear.
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EIECUTIVE SUMMARY

In this report the behavior of a 1/6-scale reinforced concrete containment
model. subjected to overpressurization is described and an evaluation of the
radial shear strength at the wall-basemat connection is presented,

Containment buildings are important for the safe operation of nuclear power
reactors because they are the last engineered barrier to prevent the release
of radioactive material that might be released to the environment. In the
unlikely event of a severe accident, containment butidings may be subjected
to temperature and pressure loadings far exceeding the loads for which they
were designed.

The U, S. Nuclear Regulatory Commission has sponsored a series of programs to
develop test-validated ethods for predicting the response of light water
reactor containment buildings to loadings beyond the design basis. At Sandia
National Laboratories, experiments on scale models of containment buildings
subjected to internal pressures have generated data that could be used to
evalucte analytical methods for predicting the performance of these
structures. At present, four 1/32-scale sieel containments, one 1/8 scale
steel containment, and one 1/6 scale reinforced concrete containment have
been tested, The test of the reinforced concrete containment is the subject
of this repott.

Containment Model and Tests

The. reinforced concrete conoinment model was configured as a domed
cylindrical shell fixed to a circular base. The redel was developed to
resemble the general features of U.S. PWR containments and was designed and
built according to the same code standards as full-size prototypes. Overall
dimensions were 25 ft wide by 37 ft tall, The cylindrical shell he.d an
inside radius of 11 ft with a 9.75-in, wall thickness. A steel liner was
attached by headed studs to the inside surface of the structure to previde a
leak tight barcier to internal pressure. The liner attached to the wall and

basemat was 1/16 in. thick and the liner attached to the dome was 1/12-in.
thick. The shell wall wr.s provided with eight layers of 1/2-in. diameter
reinforcing bars: reinforcement ratios were 2.2% in the horizontal (hoop)
direction and 1.2% in the vertical direction. The containment design
pressure was 46 psig. More than 1200 channels of instrumentation, including
strain gages, displacement transducers, and other sensors, monitored the
containment model response.

A series of internal pressurization tests were conducted in July 1987.
During the first test, a structural integrity test, pressure uas slowly
increased in steps to 53 psig (1.15 times design pressure) and then released.
Later, a high pressure test was conducted in which pressure was slowly

; increated to 145 psig when failure of the liner occurred and the
l pressurization system could no lon e sustain pressure. Post-test

examination revealed a 21 in.- vertica; tear in the liner near one of the
penetrations. This was the maj or source of leakage; there were numerous
other small tears.
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Numerous reports and papers have been written on the construction and
instrumentation of the model, on material properties, on the experimental
results, and on pretest and posttest analyses. Several nuclear power
research and regulatory organizations, including Sandia, participated in
"round-robin" pretest analyses to predict the model response and mode of
failure. After the test these organizations made revisions / refinements to

their analyses to compare test data to results of posttest calculations.
Alt hough the containment model f ailed by liner tearing, eight of the ten

) pretest analyses identified radiai shear failure at the junction of the wall
and basemat as the likely mode of failure.

Summary of Behavior*

As internal pressure in the containment was increased, the data indicated
that the cylindrical wall cracked and yielded in both hoop and vertical

overall yieldingdirections. By the end of the pressure tests there was
(more that 11 strain) in the hoop direction but not in the vertical
direction. The containment design pressure was 46 psig, Cracking of the
wall occurred at 20 psig, initial yielding in the hoop direction occurred at
110 psig, and overall hoop direction yielding began at 130 psig. Initial

yielding in *he vertical direction began at 125 psig. The test was stopped'

at 145 psig as pressure could not be sustained due to tears in the liner.'

Deformation of the 40-in. thick by 25-ft dia, basemat was negligible at
pressures less than 75 psig. The basemat cracked at 75 psig and began to
uplift, reaching a maximum upward displacement at the edge of 3/8 in, at the
end of the test. The response of the basemat was found to in'luence the
history of radial shear and meric'ional bending moment at the base of the
wall.

Evaluation of Radial Shear Strengt.h

Strain data were used to estimate the internal forces at the wall-basemat
junction. At the maxicum test pressure (145 psig), the unit - forces ,
expressed as average stress on the gross wall section, were estimated to
have been 920 psi (11.7 (f|) axial tension and 450 psi (5.7 (f|) radial shear.
Concurrently, the base of the wall had yielded in flexure This combination
of vertical tension, moment, and radial shear is beyond the range of stresses
at failure of other wall-basemat connections that have been tested.

,

The strength of reinforced concrete subjected to radial shear, bending, and
tensile stresses (as found at the wall-basemat connection) is not well known.
Estimates of +he shear strength of reinforced concrete sections must be based
strictly on the results of experiments. A literature survey to identify
experiments of reinforced concrete members subjected to stress conditions at
failure similar to those in the containment model found no test data that
could be used directly to guide an estimate of the shear strength of the 1/6-
scale containment. The Central Institute of the Electric Power Industry,
Japan, conducted tests on 1/12-scale, 45' sectors, of a wall and basemat

2
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f connection. Data from these tests were found to provide the only rough means
-by_which a strength estimate of the Sandia containment model could be made.-

To provide'ar intelligible connection between the data froin the containment
test and data frorn simulated wall basemat connections, a procedure for>

,

estimating-the radial shear capacity from the compression force in flexure-
,

was defined, This procedure was applied to the 1/6 scale containment and to
,

the 1/12 scale _ wall-basemat connection experiment > Through the calculation
procedure, stress conditions at failure in simulated 1/12 scale connections'

are compared with stresses postulated to exist in the 1/6 scale model. At an
internal pressure of 185 psig the stress conditions in the Sandia model would
be similar to the stress conditions at' failure of one of the 1/12-scale
connections. -Because the Sandia containme6e had not failed in radial shear

,

at 145 psig, the maximum test pressure achieved, there is a 40 psig
uncertainty in the implied 185 psig failure pressure. There is no other
experimental data = that could be used to support this rough estimate of radial
shear capacity.

Conclusion.=
i -

. .

An interpretation of the containment model structural behavior from the test

data is presented. This will aid in future assessunts of analytical reethods
to predict the response of the 1/6 scale model. The most effective way to-
compare results of calculations with results of experiments is by identifying
quali :ative and quantitative similarities in predicted and measured response.

This research highlights the lack of experimental data necessary to estimate
i. the shear strength at the wall base of a typical reinforced concrete '

containment structure._'The evaluation of behavior and strength of the 1/6-
scale containment model has shown that the results of this test could be used
to guide lower-bound estimates of radial shear strength.

The wall-basemat connection resisted large vertical tension ar,1 radial shear
stresses 'at. a section which had yielded in flexure. Prior to this test,
given-:this_(presumed) severe internal stress. state and- the limited
experimental data on which to- base a - judgment on the integrity of this
connection,-- the estimate of the potential for a f ailure at 145 psig internal.
pressure _would be quite high. Although the strength _-of _ the wall basemat

,

connection is_ presently unknown, the analysis of the test data presented
-herein has shown that the connection capacity is greater that what one would
_ have estimated before the test., ,

,
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1. INTRODUCTION

In this report the behavior of a 1/6. scale reinforced concrete containment.
structure subjected to internal pressure is described and an evaluation of
the racial shear sttength at the wall-basemat connection is presented. The
U. S, - Nuclear = Regulatory Commission has initiated a set of programs to
develop test validated methods for predicting the performance of Light-Water .

Reactor (LWR) containment buildings subjected to pressure loadings beyond the
design basis. Experiments at Sandia National laboratories (SNL) on scale
models of containment buildings have generated data that can be used to
evaluate analytical n.ethods for predicting the cesponse and mode of failure
of these structures. These experiments are a part of the Containment ,

Integrity Programs (Ref.1,1] . To date, four 1/32 scale steel containments, ,

one - 1/8-scale steel containment, and one 1/6-scale reinforced concrete
containment have been tested by internal pressurization. Data from the test
of the 1/6 scale reinforced concrete containment (Fig 1.1), subjected to a
series of pressurization tests in July 1987, provides the basis for this
work.

Containment buildings are important for the safe operation of nuclear
reactors because they are the last engineered barrier to contain radioactive
material that might be released to the environment. The pressurization test

of _ the 1/6 scale reinforced concrete containment was discontinued when a
large tear and several smaller tears developed in the liner allowing leakage.

-

At the - time the test was stopped, there were no indications of gross
structural failure. If the liner had not torn greater pressures would have
been sustained and another sode of failure might have been activated.

The resultc of a series of pretest analyses [Ref. 1.2] on the containment
model- indicated that one possible mode of structural failure was by radial.
shear failure near the wall-basemat connection. Radial-shear failure results
from failure of the concrete at the wall-base due to the combination of
meridional | bending, vertical tension, and radial shear. Radial ' shear ,

stresses _ are ' transverse to the cylindrical wall and are oriented along a ;

-radius defining the wall surface, During internal pressurization radial
shear stresses are greatest at the wall-basemat connection because of the
difference in the radial exoansion stiffness of the wall and basemat.
Although the containment showed no sign that a - radial-shear failure was
imminent, an abrupt shear failure might have occurred at a higher pressure
level._ For this reason, the radial shear strength at the wall-basemat
connection is of concern and is evaluated herein;

J

1.1 Description of Work

Little is known about the strength of reinforced concrete structures
subjected .to the combined effects of shear, bending, and tension across a
critical section. A survey of experimental research identified three series-

- of tests of wall-basemat connections of contains ant structures. Only one set
of these tests had loading conditions resembling the stress state at the
wall-base of a whole containment structure.

Strain and displacement data gathered during the 1/6-scale containment model
werpressurization test was analyzed to evaluate the behavior of the

4
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Fig. 1.1 1/6-Scale Reinforced Concrete Contain9ent Model Tested at
Sandia National Laboratories
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structure. It was determined that the combindtion of radial shear, moment,
and vertical tension at the wall.oase at. the maximum test pressure was beyond

'the range of stresses at failure of other wall-basemat connections that have.
been tested. Estimates of'the strength of-reinforced concrete _ sections in

. shear c must - be based utrictly on the results of the . limited number of
experiments. This research hi hlights the inadequacy of . the database of6

iexperience to guide confident estimates of the shear strength of wall-basemat
connectn,ns. - An estimate of the shear strength at the wall base of a typical
reinforced concrete containment structure could be made at present with a low
degree of confidence.

1.2 Outline of Renort

Chapter 2 provides a description of the configuration and material properties
of the 1/6-scale reinforced concrete containment tested at Sandia. An
. outline of the pressurization tests and a description of the instrumentation
is presented in Chapter =3. The data obtained from Sandia required alignment.
as described in~ Chapter ' 3, in order that plots of test pressure versus
response from both the structural integrity and high pressure tests might

L represent what.would have been measured by one continuous loading.

A discussion of measured response is presented in Chapter 4. plots of

representative data a're shown and interpretations of behavior indicated by
the plots are offered. An analytical model to assess the credibility of.the
measurements is described-in Chapter 5. A study of the effects of cracking

:on measured response data is. discussed. With the aid of analysis, it is
-

shown that the basemat participated in the overall response and affected the
internal-force history at the wall-basemat junction.

Techniques for- estimating the meridional bending moment and radial shear
force at- the base of the wall from strain gage data are described in Chapter
6. Present methods for evaluating shear strength and a literature survey of,

comparable experimental research are described in Chapter 7. A procedure for
evaluating shear strength- of wall basemat connections, based on the
compressive force- in flexure, is then developed. The amount of uncertainty.
.in estimates of shear strength is indicated at the'end of Chapter 7.

6
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2. DESCRIPTION OF TEST STRUCTURE
<

'

The 1/6 scale reinforced concrete containment model (Fig. 2.1) was designed i

- and built to the American Society of Hechanical Engineers (ASME) code [Ref.
2.4) by United Engineers and Constructors, Inc. The containment was modeled

;

to -resemble a _ typical Light Water Reactor (1.VR) reinforced concrete !containment- building. Construction began _in December 1985, with the
placement of the basemat, and was completed in June 1986,

,

, In this chapter the containment model design and configuration is described
1 and the data on material _ properties 'obtained from tests of reinforcement,

liner, and concrete samples is presented. In the latter part of this chapter
a detailed description of _ the concrete _ cylinder sample data _is included.
Strength of the sample cylinders increased with curing time to six months and-

later decreased. A literature survey was performed to establish a precedence
for this decrease with age in measured - concrete strength. Additional
information on the model design and construction and on the reinforcement and
liner materials is available in references 2.1 to 2.3.

2.1 Contaittment Model Desien

2.1.1 Configuration

The containment model was configured as a domed cylindrical shell fixed to a
circular base, Figure 2.1. Overall dimensions were 25 ft _ wide by 37 ft tall.
The cylindrical shell had an inside radius of 11 f t with a 9.75 in, vall
t" ckne s s . The dome thickness was 7 in, and the basemat thickness was 40 in.
A . teel liner was attached. to the inside surface of the reinforced concrete
shell to provide a - leak tight barrier to internal pressure. Operable
equipment hatches and personnel airlocks were provided at 90 degree intervals,

at mid-height on.the cylinder wall. The model' rested atop a steel-reinforced
-"mudmat" measuring 41 ft in diameter and 6 in. thick,

the shell wall was reinforced by eight layers of No. 4 diameter reinforcing
bars (Fig. 2.2) Two layers of reinforcement were oriented vertically, four:

layers were oriented around the -circumference, and two layers 'of seismic"
reinforcement were oriented 45 degrees to horizontal and were orthogonal-to
each-other. The liner was secured to the wall by 1/2-in. and:3/4 in.-long

. steel studs welded to' the outside of the liner plate and embedded ' in-

concrete. The eight layers of No. 4 bars continued into the-dome and were
anchored in'the basemat. Reinforcement ratios (excluding the liner) in the
wall, dome, and basemat are indicated in Figure 2.3. Details on the basemat
reinforcement and additional reinforcement at the wall-basemat connection are
described in Section 3.3.

2.1 2_ Design Basis
.

I The design of the containment model conforms to the provisions of the ASMF
Boiler and Pressure Vessel Code, Division III, for nuclear power plants ano
components [Ref. 2.4] - The design accident pressure was 46 psig internal,

| pressure. The fundamental design function of containment structures is to
prevent _or delay the release of radioactivity to the environment after an

=7
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Fig. 2.2 Cylinder Wall Elevarien with Typical Reinforcement Distribution

accident in which radioactive materials are released to the containment. The
steel liner is, in essence, the containing element and the reinforced
concrete shell provides support. A failure of the containment, therefore, is
any event that would lead to the inability of the liner to perform its
function. The focus of this report is on the strength of the reinforced
concrete structure and its ability to provide support and to maintain the

; integrity of the liner.
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2.2 Material Properties

2.2.1 Reinforcing Steel

The reinforcing steel used for construction of the containment model
consisted of deformed bar sizes No. 3, No. 4, No. 5, No. 6, and some imported

6 mm (0.24 in.) diameter bars. Tensile strength tests were performed on
samples of all bar sizes except for the No. 6 bars. Four samples of each bar

j size of the 6 mm, No. 3, and No. S bars were tested and twenty samples of the

| - No . 4 bar were tested. The No. 4 bars represent a maj ority of the

(- . reinforcing steel provided for the' containment model. The mean yield
| strength and fracture strength for these bars were 64 ksi and 102 ksi,

respectively. Strength statistics for all bars tested are summarized. in
Table 2.1. A representative stress strain curve for a No. 4 bar is shown in
Figure 2.4. Further details on the results of tests on reinforcing steel
were reported in reference 2.3. i
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Table 2.1 Reinforcing Bar Tensile Strength

Bar No. Mean Yield Mean Maximum Yield Ultimate
Size Samples Load Load Strength Strength

Ib lb r, s i nsi

6mm 4 3340 (60)* 4330 (70) 76,200 98,800
No, 3 4 7160 (130) 11020 (190) 65,100 100,200
No. 4 20 12730 (280) 20440 (380) 63,600 102,200
No. 5 4 21240 (310) 32850 (300) 68,500 106,000-

* Numbers in parenthesis indicate the standard deviation in Ibs.
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Fig. 2.4 Typical Stress-Strain Curve for No. 4 Reinforcing Bar [Raf. 2.3 }

2,2,2-Liner = Steel

The' containment model was provided with a steel liner attached to the inside
surface of the concrete shell. The nominal liner thicknesses of the liner
plate attached to the cylinder wall and to the basemat was 1/16 in, and the
liner plate attached to the. dome was 1/12 in. Actual liner thicknesses for
the wall and dome material were 0.068 in and 0.090 in., t sctively. Four

samples of each liner thickness were tested for uniaxir~ alle strength.

-Half of the. samples were tested in their rolling diret -nd half were

. tested - transverse - to - thei rolling direction. Mean yiet strength and
-fracture strength for the liner placed on' the cylinder wall ar -. basemat were
2250 ksi and 70 ksi, respectively. The rolling direction and ori . otation did
not significantly influence the tests. A summary of strength statistics for
the liner material is presented in ~ Table 2.2. A representative stress strain
curve for the liner is shown in Figure 2.5. Further details on the results-
of additional chemical, metallurgical, and mechanical tests on liner material
were reported in reference 2.3.
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Table 2.2- Liner Material Tensile Strength

Thickness No. Samples Mean Yield Strength Mean Ultimate Strength |
'

ksi ksi
O.068 in. RD* 2 50.2 69.7
0.068 in. TD 2 49.4 70.6
0.090 1n RD 2 50.7 69.81

0.090 in. TD 2 52.4 69.6

* RD: Tested in liner rolling direction.
TD: Tested transverse to rolling direction.
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Fig.'2.5 Typical Stress Strain Curve for 0.068-in. Liner [Ref. 2.3)

2.-2.3 Concrete

The concrete. supplied for the containment model was composed of normal weight
aggregates having a nominal naximum size of 3/8 in. The net water / cement
ratio was 0.53. The slump of concrete placed in the wall was approximately
eight inches. The slump of concrete placed in the base and dome was slightly
less. . All concrete was placed in a sequence of eleven lifts. The first
lift, forming the basemat, was placed December 13, 1985. The second through
final lifts, forming the wall and dome, were placed March 13 through May.15,
1986 [Ref.=2.1).

Approximately nine to eleven standard size (6 by 12 in.) cylinder samples,
'

were cast with 'each lift and later -tested for uniaxial compressive strength,
for split cylinder tensile strength, and for direct tensile strength. At.
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Fig. 2.6 Uniaxial Compressive Strength of Concrete Cylinder Samples

least 30 of the total 109*' concrete samples cast were initially c'.tred ir. a
water tank for the first two to four months. Curing conditions for tha other
samples is not known.

Cylinders were tested at ,ges of one, four, and six months, and at the
containment pressurization. At this time the samples from the wall and dome
lifts had aged 15-17 months and tho'se from the basemat had aged 20 months.
Data for the uniaxial compression, split cylinder tension, and direct tension
tests a e shown in Figures 2.6 through 2.8, respectively. Each point in the
figures represents the test of one cylin<*er per lif t. Straight lines connect
data from the same lift and track the strength development over time. Figure
2.6 indicates that the compressive strength of the cylinder samples increased
with age up to six months but decreased at sixteen nonths. The variation of

strength with time follows the same pattern for the tensile strength tests
| (Fig. 2.7, 2.8).

* An independent testing lab cast and tested approximately 443 additional.

| cylinders for compressive and split-cylinder tensile strengtn. These tests
conformed to ASTM specifications and were the basis for quality contrcl and

i acceptance of each batch of concrete. These tests were made on cylinders
| which had aged primarily 28 days or less. Further information on these tests

is available from the staff at SNL. The data from the concrete tests
reported herein are from tests conducted at Sandia by their technicians.
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Fig. 2.7 Split-Cylinder Tensile Strength of Concrete Cylinder Samples

The technician responsible for the cylinder sample tests made comments
regarding the validity of the strength data obtained from each cylinder
sample test.* His comments suggest that of the 42 samples tested in
compression one sample may be discarded because it did not fail prior to
reaching the testing machine capacity. All of the 38 samples in the split
cylinder tensC e test appear valid based on the test procedure. ~0f the 29
direct tensioc cests only eleven may be considered to represent an estimate
of direct tensile strength. Most of the other " dog-bone" shaped specimens
failed due to pull out of the anche, rage prior to cracking within the necked-
down region.

Mean values for compressive and split cflinder tensila strength are
eniculated at curing sges of one, four, six, and sixteen mc.nthu (Table 2.3) .
These values are shown <>n the strength development curves (Fig. 2.6, 2,7).
Mean values for direc; teasile strength are not calculated Lecause of the
paucity of good datn. An indication of the concrete quality is the
coefficient of variation (c.o.v.) associate 1 with the mean sample strength.
This cannot be estimated from the data because only one cylinder from each
lif t was tested at a partit.ular are.

* M. McNamee, "l/6-Se Cortainment Model Concrete Cylinder Strength Iest
Reports," Sandia National Labs, Albuqutrque, March 1986 /.ugu; ; if81.
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Table 2.3 Compressive and Split-Cylinder Strength of Concrete Samples

Curing Age Compressive Strength Split-Cylinder Tensile Strennth
sample number psi sample number psi

28 days 6 5260 6 385
4 months 10 6520 10 479
6 months 11 6980 11 498

at test date 11 6180 11 449
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Fig. 2.8 Direct Tensile Strength-of Concrete Cylinder Samples

It should be noted that the strength indicated by the concrete sample tests
is not necessarily the same as that in the test structure. Casting and
curing conditions were different. However, it is convenient to have an index
value for concrete strength for proj ections to be made about the shear
strength of the cylinder walls. The estimate of the compressive strength of
cylinder samples at the time of the containment model pressurization is 6200
psi. The corresponding estimate for sp11t cylinder tensile strength is 450
psi. Unless otherwise specified, throughout this document the value used for

|. the compressive strength of concrete, indicated by f,', is 6200 psi.

i.
!

'
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2.2.4 Change.in Concrete Strength with Age

Measured strength for concrete cylinder samples from the containment model
increased-for the first six months and then decreased. It is customarily
assumed that, barring unusual curing conditions _and/or mix, concrete
compressive strength is likely to increase with time or to remain at'the same
level. The trend in measured compressive strength rais.es doubt about the
strength of the cylinder samples at the time of the containment model test.
It is uncertain whether the mean cylinder strength at the time of testing
ought to be - represented by the maximum strength (7000 psi). measured in
cylinders aged six months, _ or by the decreased strength (6200 psi) measured
in cylinders aged approximately sixteen months. A literature search was
performed to determine if_ there was precedence for this decrease in strength
with age.

2.2.4.1 Previous Research on Curing

Results of research on the influence of curing on concrete strength indicate
that certain curing conditions have a marked effect. K11eger [Ref. 2.5)
investigated the effect _ of various mixing and curing temperatures on
compressive and flexural (unteinforced beat) strength. Price- [Ref. 2.6]
summarized numerous conditions (including materials and mix proportions,
curing, accelerators, rate of load, and deterioration) influencing concrete
strength. His research was aimed at understanding to what extent a value
assigned to the _ 28-day strength of 6 by 12 in. control cylinders is
representative of the compressive strength of the in place structure.
Neither Price nor K11eger address specifically the variation of strength with
time and its likely causes. This topic is of pa .icular importance because
in a construction atmosphere where a limited number of control cylinders are
cast and tested at intervals, a false confidence in concrete strength cen
arise as a result of early tests if that concrete is later subjected to
curing conditions that may cause strength to decline.

60009
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7 _ _ _
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Fig. 2.9 Effect of Air-Drying After Initial Moist Curing on Concrete
Strength Gain with Age [ Data from Ref. 2.6]
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d

Data from Price (Fig. 2.9) indicate that the strength of cylinders cured
moist at 70*F over a six month interval continues to increase. Cylinders
from the same batch that were initially moist cured for 7,14, or 28 days and
then exposed to laboratory air showed first an increase in strength after
exposure, followed by a decrease in strength for the remainder of the six
months. K11eger provides data from six inch modified cubes which exhibited
a similar rise and decline in strength when cured initially moist and then
dried. In Figure 2.10a data is shown from five groups of cubes cured at 100%-

relative humidity (RH) over a year at temperatures ranging from 40*F to 105'F
the first 28 days and thereaf ter at 73*F. In Figure 2.10b data are shown for
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five groups of cubes cured under the same conditions the first 28 days but
thereafter at 50% RH and 7 3* F. These concrete samples cured moist for 28
days and then dried had a greater strength at three months than companion
samples kept continuously moist. However, the strength of conctete that was
dried was less at twelve months than at three months.

2.2.4.2 Other Relevant Strength Data

The variation of concrete strength with time has been measured in other
construction and research projects where the influence of curing condition
was not an issue. A comparison is shown in Figure 2.11 of the mean
compressive strength of the 1/6-scale containment model cylinder samples to
cylinders cast during the construction of a reinforced concrete tall building
[Ref. 2.8] and te cylinders cast during a University of Illinois research
proj ec t on column strength [Ref. 2.7]. It is interesting to note how the

mean cylinder strengths at one, four, six and sixteen months for the
containment model compare (Fig. 2.11) . Russell and Corley [Ref, 2.8) report
strength variation over time for five different design strength mixes used to
conttruct Water Tower Place, Chicago, Each plotted point (Fig. 2.11)
represents the mean of eight cylinders from the same batch. All cylinders

were cured moist for seven days af ter which some were cured, "within a sheath
of copper foil to simulate meisture conditions in large columns," while the
others were stored at 50% R11 and 73* F. Richart and Brown [Ref. 2.7], in the

third series of their comprehensive column strength study, examined, among
other variables , the influence of moist and laboratory air storage on the
strength of 153 short columns. All cylinder samples from the test columns
were cured moist at room temperature for the first two months. For the
subsequent twelve months half were exposed to laboratory air while the others
were kept moist. Each plotted point (Fig. 2.11) for the 3500 and 5000 psi
deFIgn mixOS represents the mean of approximately 50 sample cylinders.
Straight lines are drawn in the figure to connect the two and fourteen month
mean values to track similar batches and curing conditions. They are not

meant to imply that strength development with time was linear.

2.2.4.3 Conclusion on Concrete Strength

- The conventional wisdom that concrete strength increases with time or remains
the same applies strictly to concrete cured continuously moist. The
influence of moisture availability has not been emphasized in the technical
literature [Ref. 2.5, 2.8] and this may explain the popular concept that
concrete strength increases steadily during the early life of the structure.

The data presented in Figures 2.9 to 2,11 represent concrete mixes of normal
proportions and typical design strengths. There were differences in curing,
identified above, between concretes that have been cured moist and those that
have been dried after moist curing. Despite these differences, except for
long-term moist curing, none of the curing regimes can be classified as
nont.ypical. Moist curing of concrete samples for up to a year, as was done
by K11eger [Ref. 2.5], is highly unusual since it is seldom done for a civil
engineering structure. Comparing the strength of the containment model
sample cylinder. with the evidence presented, it is concluded that the
compressive strength of the concrete samples tested at the time of test, 6200
psi, is appropriate. There is no evidence to suggest that the result at 16
months was due to sampling procedure or improper materials.
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3. TESTS AND INSTRUMENTATION

A primary purpose for the construction and testing of the containment model
was to generate data that could be used to validate numerical methods for
predicting the performance of iNR reinforced concrete containment structures
during severe accidents, The containment model was subjected to a series of
internal pressurization tests in July 1987. During these tests approximately
1100 strain gages and displacement transducers were used to monitor the
response.

In this chapter a general description is presented of the pressurization
tests and instrumentation of the containment model. Details are provided on
the instrumentation at the wall-basemat connection. Strain and displacement
values measured during each pressure test were recorded independently.
Because the gage readings were re-zeroed before each test, a procedure was -

developed to align the data so that a continuous record of structural
response could be identified with each gage, The alignment includes the
effects of the Structural Integrity Test (SIT) loading with the structural
response measured during the liigh Pressure Test (llPI ) , This alignment
procedure is described at the end of this chapter and is illustrated with
example plots of . representative date. Further details on the tests and
instrumentation are available in references 2,2 and 3.1,

3.1 Pressurization Tests

The containment model was subjected to a series of pressure loadings during
July 1987 (Table 3.1). The model response' was recorded by strain and
displacement gages during the first test, the SIT, and during the final test,
the llPT, The SIT required two attempts as described in Section 3.1.1. The
intervening loadings were conducted to perform leak rate tests on the
containment model and on one of the equipment hatches, Strain and
displacement data were not collected during these leakage tests.

.

3,1,1 Structural Integrity Test

The SIT was conducted during July 6-10, 1987 according to procedures in
article CC-6000 of the ASME code (Ref. 2,4) . The containment was pressurized
by dry air in 4 5 psig pressure steps to 53 psig, or 115% of design pressure.
Crack mapping was- performed at six locations about the exterior of the
structure just before the test, at the completion of the test, and at six
pressure steps during the test. The SIT pressurization rchedule, including
crack mapping'and data scan intervals, is summarized in Table 3.2.

At the first SIT attempt (July 6), pressure was increased to 12 psig and
several of the gage readings appeared inconsistent with the load level. The
test was scopped and pressure was released so that a bad connector on one of
the . data acquisition units could be replaced. The SIT was subsequently
restarted on the morning of July 8 and all transducer readings -were
rerecorded. On the second attempt the SIT proceeded without interruptions
until the final unloading on July 9. _Five additional data scans were taken
the following day after the structure was unloaded. The total elapsed time
with the structure under pressure was approximately 36 hours.

20
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Table 3'1 Complete Pressurization Schedule *.

Date Test ' Strains and Pressure Test
(all 1987) Name - Displacements Range Description

Recorded
July 6-10 Structural yes 0 - 53 - O psig slowly

Integrity increasing and
Test (SIT) decreasing over

36 hours

' July 11 13 ' Integrated no 46 psig held at constant
Leak Rate pressure
Test (ILRT) 50 hours

July 13 ILRT with no 56.4 - 53.6 psig slow leak
0.137'in, allowed over
orifice 4 hours

July 14 Equipment no 33 psig held at constant
Hatch B pressure
Unseating half day

July 15-16. 31RT with no 57.1 - 51.4 psig slow leak
L.070-in. allowed over
orifice 22 hours

~ July 28-29 High yes 0 - 145 psig slowly
Pressure increasing over
Test-(HPT) 32 hours until

termination due
to excessive
leakage

* Data summarized from:
D._S. Horschel, " Quick Look Report on the Low Pressure Testing of a
1/6-Scale Reinforced Concrete Containment Building," Sandia National
Laboratories, Albuquerque, New Mexico, ' July 1987.

D. S. Horschel, "High Pressure Test Briefing," Sandia National
Laboratories, Albuquerque, New Mexico, August, 1987.

3.1.2 Leakage Tests

Four separate leakage tests were t mducted after the SIT. For each test the
containment model- was held at e about a constant pressure level while
leakage out of the containment was measured. Three of these tests' were
conducted as Integrated Leak Rate Tests (ILRTs) while the - fourth was an
equipment hatch unseating test. The first ILRT was conducted over a 50-hour
period with the internal containment pressure-maintained at 46 psig. Two
other ILRTs were conducted over a 4 - or 22 hour period with small diameter -
orifices installed so that pressurized air within the containment was allowed
to pass through them. During these tests the air within the containment was
pressurized to approximately 57 psia and was then allowed to escape (Ambient
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Table 3.2 Structural integrity Test Pressurization Levels

Date Data Scan Pressure Level Crack Mapping Number
July 6, 1987 1

July 8, 1987 1 0.05 psig
2 5.33
3 12.31 2

4 16.44
5 20.51
6 20.46- 3

7 20.47
8 27.05
9 34.69

10 34.53 4

11 34.53 -

12 39.70
13 45.90
14 45.65 5

15 45.62
16 50.10
17 53.47
18 53.29 6

19 53.21
July 8 20 50.49
July 9 21 46.14

92a 46.13 7

22b 44.97
23 38.98
24 33.99
25 33.96
26 26.83
27 21.88
28 21.90
29 16,69 -

30 11.74
31 11.77
32 5.05

July 9 33 0.02
July 10 34 -t.04

35 -0.02
36 -0.02
37 0.02
38 0.02 8
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-Table 3.3 lii h Pressure Test Pres,surization Levels j6

Date Data Scan Pressure Level TrackDisplacemeN'tScan
'

' July 28, 1987 1 9.89 psig
2 19.55
3 29.57 !

4 39.42
5 49.16 2
6 54.50
7 59.57 3
8 64.20
9 69.32 4

10 74.16
11 80.16 5 j
12 85.61
13 90.58 6
14 95.69 7

July 29 15 100.92 8
16 103.25
17 106.11

-18 108,31 9
19 111.08
20 113.24 10
21 117.83 1.1

.22 120.92 12
23 123.28
24 122.97
25 125.82 13
26- 125.60
27 127.84
28 130.19 14
:29 132.53
50 135.33 15
31 134.42

-32 -138.35.

33. 140.16 16-
34 142.63

-35 ~ 145.78 17
36 142.52
-37 0.22 18
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pressure was approximately 12 psia). . The pressure-unseating seals for
equipment hatch B were tested over a half day with the internal containment
pressure at 53 psig and the pressure within hatch B at 70 psig. A complete
list of the pressurication tests is included in Table 3.1. Between each of
the four leakage tests the pressure within the containment was maintained at
approximately 46 psig.

3.1.3 High Pressure Test

The HPT was conducted on July 28-29, 1987. Nitrogen gas was introduced into
the containment model Initially in 10 psig steps up to 50 psig, and then in
5 psig steps up to the first sign of nonlinear structure response, which
occurred at about 100 psig. Pressure was increased in 2-3 psig steps above
100 paig until the excessive gas leakage out of the containment terminated
the test. .he first indication of a leak occurred at approximately 125 psi',

[Ref. 31), when, based on acoustic measurements,' it appeared that there was
leakage in the vicinity of Equipment Hatch B. Pressurization continued and
additional leakage was noticed at 138 psig in the vicinity of Equipment Hatch
A. The maximum pressure sustained was 145 psig. At this pressure the rate
of leakage exceeded the rate at which gas could be delivered to the
containment. The HPT pressurization schedule and data scan intervals are
included in Table 3.3. The time elapsed with the structure under pressure
was approximately 32 hours.

3.2 Instrumentation

More than 1200 data channels an gage instruments recorded the model
response during the SIT and HP" [Ref. 2.2). Data was recorded at discrete
pressure steps for a total of 76 data scans during the two load cycles.
Discrete and track mounted displacement transducers and inclinometers , or
slope sensors, recorded the overall response. Many more sensors recorded
local response. These included strain gages atteched to the reinforcement,
to the liner, or embedded within the concrete, and thermocouples attached to
the linor or embedded within the concrete. A summary of the types and number
of gages is included in Table 3.4.

Five pressure gages, which measured either gage pressure or absolute
pressure, were provided at various locations within the model, Gage pressure
data from gage P3, channel number 2, is used throughout this study as the
reference pressure. The sections that follow give details for those sensors
that provided the data on which the remaining chapters of this report are
based: the reinforcement strain gages, the displacement transducers, and the
track measurement system.

3.2.1 Reinforcement Strain Cages

A total of 297 strain gages were attached to reinforcement bars at various
locations throughout the containment model and were oriented along the bar

* Acoustic sensors were placed near the equipment hatches and around the wall-
basemat junction. These sensors cculd detect both steady-state noise, due to
leakage, and impulse noises caused by concrete cracking.
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Table'3,4 Instrumentation' Summary

Cage type No. Channels. No, Channels No. Channels
SIT data HPT data SIT and HPT data

'Borded rebar :- 29 29 29
Displacement 98 199 98
Embedment 17 17 17
Pressure 5 5 5
Rosette gage- 483 483 483-
Single gage 33 41 36
Strip gage 71 91 71
Track Mounted Displacement 0 18 0
T-Rosette-. -0 8 0
Thermocouple 72 73 72

' Welded rebar . 294.. 294 294
Total 1107 1168 1105

axis. Of these, 29 gas,ne were bonded to reinforcement and 258 gages were |
welded directly to reinforcement. The only other weldable gages were 36'
gages attached to the liner at.the wall-basemat junction. The veldable gages
were capable _ of measuring 6 to 7 percent strain according to tests conducted
at.Sandia (Ref, 2,2]. This is much greater than the strain that any of the
bars in the containment experienced in the tests,

3.2.2- Displacement Transducers

:A total of .109 - displacement' transducers recorded radial . and vertical
displacements - of- the wall- and dome, basemat uplif t, concrete crack opening,
displacements of the equipment hatches ; and of a personnel airlock, and
movement of the steel access structure inside'the containment model. Radial

~

-displacements were-measured 26-transducers attached to'the interior wall,

and connected by a thin wire to a ten inch diameter vertical steel pipe at
the center cf the model, This central column was ~ anchored to the contaitunent 6

floor:and continued to elevation 19 ft 7 in. . In this report it is assumed to
provide a -stationary point' of reference. Twelve vertical displacement gagea

: vere attached ' to the inside wall surface at various elevations . and were
connected by thin vertical wires to:the containment floor. Because these
gages were. attached to the floor and because it was observed during testing
that the basemat- lif ted off -its foundation, these gages were an indicator
only of average vertical wall strain,. The locations of f the radial and
vertical. displacement gages attached to the wall are presented in Figure 3.1.
Three displacement gages were provided about the exterior.;of the basemat
(Fig. 3.6) at. the 12 f t 6 in. radius, where the edge of the basemat meets the

s

mudmat foundation. These gages indicateo . the uplift of the basemat. A=

fourth uplift gage was attached to the end of-an. arm cantilevered'from the
central - column -and recorded the . vertical floor displacement at--an 11 f t<

radius. .. Ten L gages recorded the displacement of the dome normal to its
surface. . Eight gages added prior'to the HPT monitored concrete crack opening
across cracks ' incurred by the. previous loadings. Five - gages recorded
relative displacements of the central- column and the steel accass structure.
The remaining 44 - gages recoraed displacements of various parts of the
equipment hatches and of one of the two personnel airlocks,
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Fig. 3.2 Location of Track Mounted Displacement Gages

3.2.3 Track Meu urement System

Displacement transducers were mounted on horizontal or vertical fixed tracks
and were able to move along the tracks to record a displacement profile (Fig.
3.2). The track measurement system recorded the response at 17 data scans
during the HPT (Table 3.3). Eight of these tracks wcze oriented vertically
allowing transducers to measure the radial displacement of the wall. Four
tracks were located on the interior of the wall, four were located on the
exterior, and the tracks were spaced at ninety degree intervals around the
circumference. A ninth track was oriented horizontally along the containment
floor. The track projected radially from the central column and measured the
basemat uplift. Each track was provided with two displacement gages. One

gage was oriented perpendicular to the track and mounted on a sliding truck.
This gage measured the displacement from the truck to a roller that followed
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the contour of the wall or floor. A second bage measured the distance along
the track to the 1.ocation of the sliding truck. The truck was powered by a j
systern .f cables and a irotor fixed at the track end, t

3.3 ' sages at Critical Locations

Gages located within the basemat and at the junction of the wall and basemat
are of a special- interest because they provide the evidence needed i > raske an
iraerpretation of the containmsat model behavior at this location.
Reinforcement bars at these locations were heavily ins'.rumented with strain
gages.

3.3.1 Wall Basemat connection Detail
|The eight principal layers of No. 4 reinforeciment bats in the containtnent

,

wall (Fig. 2.2) _ are supplemented at the wall basemat junct!on by
reinforcement provided to increase the radial shear at.d meridional bending2

cal.acity at this-location (Fig. 3.3 3.5). An additional layer of verr.ical
No. 6 bars (layer 10) is provided near the inside wall surfact at 4.5.in.

_

spacing to increase the incridional moment capacity. These bars are anchored
by a 90 degree bend within the basemat and continue t) elevation 6 ft 6 in.
(Fig. 3.6). A layer of inclined No. 4 bars (layer 11) oriented at 45 degrees

i

to a horizontal radium it provided at 4.5 in, spacing for added radial shear :

capacity. This layer extends diagonally to the bottom of the basemat and
continues up the wall to elevation 3 ft 8 in. (Fig. 3.6). No. 3 diameter r

stirrups are also provided at the junction for added shear capacity. Of the
eight principal layers of wall reinforcement, the tA layers of vertical bars !

(layers 2 and 5) are anchored in the basemat by a 90 degree bend and the two
-1 tyers of seistnic bars (layers 7 and 8) continue into the basemat but are not
L oked. The four layers of hoop reinforcement (layers 1, 3, 4, and 6)
terminate within the wall at the top of the basemat.

Strain _ gages were installed on the vertical, scistnic, - hoop, _ inclined, and
stirrup reinforcemenc in the wall basemat junction region, mainly at three
locations about the roodel: at 90, 210,L and 330 degree azimuthc. Figures 3.3,
3.4, and 3.5 illustrate the locations of strain gages at each of the three :

slices. Because the number of gages at the 90 degree azirauth slice (Fig. |
3.3) are more numeraus than at other locations, they provide the primary4

source of data used in subsequent chapters for behavioral interpretations.
A total of 37 strain gages were installed on reinforcement ac the 90 degree
azimuth, 13 gages at the 210 degree azimuth, and 21 gages at the 330 degree i

azimuth.

3.3.2 Basemat Gages
'

;The? 40 in.- thick basemat -was provided with two _ _ sets _ of layers of
reinforcement, at-the top and at the bottom of the slab, connected by No. 3
ties. The bottot 4'orcement consisted of No, 6 bars placed in two layers '

of orthogonal bars. .he top reinforcement consisted of No. 5 bars placed in
one layer of radially oriented bars atop a layer of concentric circular bars. ,

The top radial bars at the center of the basemat are replaced by two
orthogonal layers of parallel tars to alleviate congestion of reinforcement.
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-Five strain gages were installed on a radially oriented top bar and five |
analogous gages on a straight bottom bar, located directly below it, at the |
90 degree ' azimuth (Fig. 3.6). Although the bottom basemat bar is placed

,

within an orthogonal grid, the particular bar on which the five strain gages
vere installed passes through the basemat center. Two strain ga6es were i

installed on two circumferential bars at the top of the basemat (Fig 3.6).

!3.4 Data Adiustment
.

'

Adjustments were made to the strain and displacement data (excluding track.
mounted displacement data) obtained from Sandia. These adjustments were made
to correct the apparent zero point of each gage and so that the effects of
previous loadings would be included in data measured during the llPT. The

|
adjustments to correct the apparent zero point for both SIT and llPT data
effectively shift the origin of each sage slightly so that the trend in data
for t ie first three data scans in each test appears to emanate from zero.

-

Becaese the gage readings were re. zeroed before each test a shift in the
merdured }{pT data is required to account for Irreversible displacements '

ircurred during prior loadirigs. The unloading history of SIT data is the
ba sis for the permanent displacement set that occurred during that loading.
Although the containment model was subjected to pressurizations (Table 3.1)
aft 3r the SIT and before the llPT, these loaded the model to approximately the ,

mue or lower internal pressure than the maximum SIT pressure. The effect of .

,

these loadings on additional irreversible ' displacements is assumed- to be ;
negligible.- '

Three adjustments were made to measured data to determine the origin, the SIT ;
end point, and the FPT initial point for each gago. The best method to '

determine the necessary adjustments is to produce plots of as measured data '

and judge for each gage the relevant shifts required to make the data reflect '

the sequence of loadings. Due to the large number of data involved an
automated procedure was developed and- is described in the following

. paragraphs - _ Approximately 5 percent of the gage data were, however, adjusted
individually because the curve fitting operations employed did not represent
well the measured values.

3,4.1 Adjustment of Initial Gage Readings

The data values for most strain and displacement gages were not based on an ;

absolute zero point before the SIT. All SIT data obtained from SNL were
shifted so that the initial _ loading curve begins at a zero gage reading,

The initial point of the SIT and of the llPT was determined through a linear
'least-squares regression of response quantity with respect to test pressure.
In the accompanying figures of pressure versus response (Fig. 3. 7 3.9) ,
pressure values were plotted as ordinates and displacements-or strain values
as abscissae. This was done for comparison with figures derived from other
structural engineering experiments'in which displacement was the controlled
load. In all calculations test pressure was regarded as the independent
quantity, regardless of its position on the figures.

_

The regression calculation used three data points-from data scans 2, 3, and
4, which correspond to pressures of 5.33,12.31, and 16.44 psig, respectively
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Fig. 3.7 Raw Data and Aligned Data for Cage D100

(Table 3.2). These three points represented model behavior before cracking *

(Section 4.1), in the realm where response was expected to be approximately
linearly related to test pressure. Data scan no. I at a test pressure of
zero was disregarded as it would have influenced the calculation. The
response level at zero pressure was determined from the regression line and
all SIT data points were arithmetica11y shifted so that this initial point *

was zero. In most cases the initial point determ! 4ed through the regression
was dif ferent from the response value at data scan no.1. Af ter shif ting the

SIT data all gags readings from data scan no.1 (Table 3.2) were deleted from
the modified data set and replaced with zeros. r

3.4.2 SIT End Point

When the SIT ; and itPT data were examined concurrently, test values of
displacement or str ..n were lower for equal load pressures during the llPT

-

than during the SIT (Fig. 3.7 - 3.9). To correct this anomuly the end point
of the SIT was determined and each channel of IIPT data was adju:te.d so that
the reloading data begins from this end point.

The SIT end point was found through a polynomial least squares approximation
of the unloading curve. The eight data points shown in Table . 3.5 were
selected for the regression calculation. For each data channel polynomials
of first - through - fourth order . were considerad to suit the amount of-

-nonlinearity in the data. The highest order polynomial was selected which
resulted in a positive or zero curvature (change in incremental pressure with
respect to response) at zero load pressure. Some of the gage measurements

i exhibited a fairl" 11- 'r unloading curve. For these gages a straight line
,
'

provided the best ff .ata. Most of the unloading curves were nonlinear
and required a sect third order curve to fit the data and result in a
positive curvature o pressure. A few of the gages exhibited.a highly
nonlinear unloading cuve and required a fourth order curve to produce a good

,

'

34

, . , - , - - - -- -..- - -- -,. - . . - . -- - . . _ _ _ _ _ _ _ _



- _ . . _ - _ . _ _ . - _ _ _ _ _ _ _ _ _ _ . . _ . _ _ _ _ _ _ . - . _

Table 3.5 Data Scans Used in calculation to Determine SIT End point
4

Data Scan No. Pressure Data Scan No. Pressure
22B 44.97 psig 28 21.88 psig
23 38.98 29 16.69
25 33.96 31 11.77
26 26.83 32 5.05

fit to the data. Polynomials of higher order were not considered because the j

goal was to find a smooth curve which approximated the gage readings rather i

than to find a curve (of seventh order) which passed through the eight data
points exactly. The value of the regression curve at zero pressure was
defined as the end point to the SIT.

The. SIT data set included six data scans af ter unloading at zero pressure
_(data scans 33 through 38. Table 3.2). Displacement or strain measurements
were not uniquely: defined at this pressure since they tended to oscillate. .]
Therefore.-none of the data values from the last six SIT data scans were used '

in the alignment procedure and.were consequently discarded from behavioral i
interpretations.

I

3.4.3 llPT Initial Point i

,

Before conducting the llPT (post d!T) the gage readings were reset by SNL
staff.to rero. Examination of several channels of IIPT data indicated that
the. initial point was different from zero. All.llPT data were subsequently *

shifted so that'the initial point coincided with the end point of the SIT
unloading curve,

.!
Linear. regression was performed for the llPT data in the same manner as for ~

the SIT: data, The first three data values from data -scans 1, 2, and 3,
corresponding to test pressures of 9.89,19.55, and 29.57 psig, respectively

~

;

(Table 3.3), were used. The *.nitial point for the llPT data was determined
from the regression line at .ro pressure. 3

Since a data scan was not performed at zero pressure immediately prior to the
llPT it is difficult to estimate from what prestrained statu the model began
its deformation with the final pressurization. If the amount of adj us tment
to each channel had been recorded when the sage readings m re reset, before
the itPT, then this would have served as the HPT origin correction. Lacking
channel adjustment values, the only way to view the HPT data was to correct '

it so that its initial point coincided with the SIT end point projected from
the unloading curve.

3.4.4 Examples {
'Two displacement gages and one reinforcement strain gage illustrate the data

alignment procedure (Fig, 3.7. 3,9). One displacement gage recorded radial "

displacement at mid height on-the cylinder wall and the other displacement
gage recorded the' vertical displacement of the dome apex. The strain gap
was attached to a. vertical reinforcing bar located at mid height on the C
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Fig.-3.8 Raw Data and Aligned Data for Gage D86

cylinder wall. Each of Figures 3.7 3.9 ham two plots of data. The left
plot shows the raw data recorded during the SIT and the HPT while the right
plot shows the data modified according to the described alignment procedure.
A summary of adjustments to data values for these three gages is presented in
Tabic 3.6.

Table 3.6 Summary of Adjust.ments to Raw Data for Selected Gages

Gs6e Measurement Radius -Azimuth Elevation Adjustments to Raw Data
Type SIT llPT

D100 Radial displ. 11' 225* 13' 40,005 40.060
mid ht, cyl. wall

D66 Verttemi displ. 0 35' -0.001 +0.086--

dome apex

- Ur263 Vertical % strain, 11' 6" 45' 13' 5" 40.001 +0.017
reinf. laver 5 vall-mid-ht.<_.

>

|
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I4. MEASURED RESPONSE

Representative data from the S1T and ilPT pressure loadings are presented in
this chapter. This data forms the b sis for inferences on structural
behavior which follow. Response behaviors are outlined for the wall, the
basemat, and the wall basemat interaction.

j

Except for track mounted displacement data (Section 3.2.3), for which only
llPT data is available, all plots of pressure versus response will consider
the two pressurization cycles as one continuous loading. Only continuous
data (Sectior. 3.4) is presented.

160

gi40 -
--

'el
n120 -

i

100 -

I
j 80 -
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E ~
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Fig. 4.1 Radial Displacement at Cylinder Mid lleight

4.1 Vall Response

4.1.1 lloop Direction Response Data

Figure 4.1 is a plot of internal pressttre versus radial displacement. The
data are from gage D87 located at mid height on the cylinder wall at azimuth
134 degrees (Fig. 3.1). The gage was mid way between equipment hatch B and
one of the personnel airlocks. The change in slope in the plotted data at 20
psig is attributed to concrete cracking. Yielding in the hoop direction -

begins at- approximately 110 p t. . g and by .130 psig overall yielding is
complete. The test was stopped .at 145 psig because of leakage, but one may_
note the significant post yielding stiffness measured at the end of the test.
The plotted data suggest that, had the liner not leaked, the cylinder wall
could have withstood greater pressure with a correspondingly greater radial
displacement,

4.1.2 Heridional Direct *,on Response Data

In Figure 4.2 data are shown from vertical displacement gage 0105 located at
the top of the cylinder wall-at azimuth 226 degrees (Fig. 3.1), This gage

{ was connected by a thin wire to the basemat floor for a gage length of

|
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Fig. 4.2 Vertical Displacement at Top of cylinder Vall

approxirnately 263 in. Because the vertical dispiscement transducers mounted
on the wall recorded displacement relative to the containment floor (Section
3.2.2), data from gage D105 indicates average vertical wall strain. The
plotted data show perceptible changes in slope at 20, 65, and 125 psig. The
slope change at 20 psig is attributed to concrete cracking. The change in
slope at 125 psig is attributed to the initiation of vertical yielding of the
wall. An explanation for the slope change at 65 psig or for the general
nonlinear response in the range 20 to 110 psig, as compared with the linear
radial displacernent response in this range (Fig. 4.1), cannot be offered
solely from data observations. Average' vertical strain does not show an
overall yielding response at the end of the test as was observed in the hoop
direction response (Fig. 4.1) .

4.1.3 Displacement Track Data

(a) Vall Elevation Profile

Radial displacement data from displacement track 2 are presented in FIEure
4.3. Track 2 was located on the interior of the model at azimuth 98 degreen
and recorded a radial displacement profile of the wall between elevations 2
ft 5 in, and 23 ft 11 in. (Fig. 3.2). Eight of the 17 track gage data scans
_(Table 3.3) at nominal pressures of 60, 80, 100, 120, 130, 135, 140, and 145
psig are included in the figure. . Appro..;mately 300 pairs of elevation-
displacement data were recor '"4 for each scan at an average artical spacing
of 1.7 in. The initiation of sverall hoop direction yielding observed at 130
psig (Fig. 4.1) is shown dramatically in Figure 4.3. The deflection of the
wall at its mid section, between elevations 7 f t and 19 ft, appears as an
" unrestricted ballooning." At 120 psig the radial deflection of the mid-
section was approximately 0.3 in. , whereas at 145 psig the deflection was
approxiwately 1.6 in. The restraint provided by the dome and basemat is
evident. The wall profile data indicate that the radial deflection at the
maximum test pressure was approximately 0.4 in, at the springline and
approximately 0.1 in, at the base of the wall.
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Fig. 4.3 Cylinder Wall Profile Data from Displacement Track 2

(b) Rotation at Base of Wall

A detail plot of radial' displacement data from track 2 is presented in Figure
4.4. Shown are data at elevations below 5 f t for 16 data scans between'

j pressures 49.2 psig and 145.8 psig. The top of the basemat was at elevation
1 ft 9 in., but the lowest elevation at which the track measurement system
could record a radial displacement was 2 ft 5 in. Approximately 25 pairs of
elevation displacement data are represented by each line in the plot. The
plotted lines are nearly linear suggesting that their slope migh, be an
indicator of the rotation of-the wall at its base. A linear least-squares

| fit to the data in Figure 4,4 was performed and the calculated slope, or va il
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rotation, is presented in Figure 4.5. It was assumed that before loading the
wall and the displacernent track were parallel. The calculated rotations
suggest that the base of the wall yielded in flexure 4t 120 psig. The rate
at which the wall rotated with pressure was initially constant up to 70 psig.
The rate of rotation between 70 and 110 psig was not as great an it was
before 70 psig. These observations are representative of calculated wall
rotation from any of tracks 1 to 8 as the data are remarkably identical. An
explanation for the observed rotation history is included in section 5.3.

|
|
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4.2 Basemat Response

4.2.1 Radial Strain Data
i

Data from ten strain gages attached to one top 4 to one bottom basemat j
,
' reinforcinS bar are presented in Figures 4.6 and 4.1. TN data shown in the

'

five plots in each of the figures are from gws installed on the same :

Ic radially oriented bar at radii of 46, 81, 96, 120, and 132 in. Strain ;

measured by all ten gages was less than 0.000.1 !cr prenures less than 75 ,

-psig indicating that the basemat was essentle,11y ine'it. below this pressurn
level. The maximum strain recorded by the n.e c,agts at the enc of the test (by
gage Wr3 on the bottom bar at radius 96 in. (Fli 4.7)) was 9.0019 in
ten lon. This is slightly less than the ext ected yield 3r ra .i (0.0022) for i
reinforcement.

4.2.2 Besemat Extension

The radial extension of the basemat was estt3.ted tro stra;ns stasured on
.

'

.one top and one bottom basemat radial.criti.t ed bar . The extei sien was
calculated by integrating, along a radit.s. ne atrain data shown in Figater.
4.6 and 4.7. The results of the _ calculation are , ri .ented it Figure 4.8,
The calculated extension of the basen:nt ac the naximum test pressure wa 0.02 ;

'
in, at the top and 0.14 in. at the bottom of the slab. The calculation
assumed zero strain at the center of t'i, basemat and linearly varyl.ng at tain
between each of the gage locations. ho~ direct te.surement of the basemat-

radial extension is available for comparison.

4.2.3 Basemat Uplift

The radial strain gages placed on a bett m basemac reinforcing nar w re '

located directly below similar gages on a top bar (Fig. 3.6). An catimage of
,

curvature within the basemat may be derive 6 #. om the dif fetence in tridings

in'a palt of gages at equal /adii . _ rhese estimates of curvatot a were used to
calculate basemat uplift at-the 11-ft radius, a the junction of the wall

with the basemat. In the calculation reto curmt.ure was assumed at the
center of the basemat and the curvature sas assumed to vary linearly between
each of the gage locations. kesults of th* calci 1. :in are presented in

Figure 4.9. Also shown in the figure is a di cec.t measurement of.basemat
uplift provided by data from displace'oent gasq DSL Yhat gage was located in
the interior of the containment at a 11 dt radiur; at$d measured displacement

of' the floor - relative - to a truts c*.ntilevered from the central reference
column (Fig. 3 0. - The valitative : an,' q natit..tive agreement betveten the

! two curves- (Fig. 4.9) provieles cot.fidence for che use of strains measured on
L the basemat reinforce.nent.

_ _

4.3 - Response at,_ihe., Hall-Basemat Junc tioD
.

In the proceding two sections, representative data were presented to
summarize the overa!1 kinematic response =of the containment model. In this

section, measured strains are related qualitatively to ficxure and shear-
forces at the june.: ton of the wall and basemat. In Chaptet 4, techniques are
described fot: uslag these strain datr quantitatively to estimate the internal .

-forces t1.<nsmitted from the wall to the basemat.;

t

I I
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A series of-eight plots of data from gages located at azimuth 90 degrees at
the wall basersat junction are presented in Figures 4.10 to 4.17. The data j
are from gages Wr281, Br2, Wr225. Br7, Br1481, Br14, Wr14, and Br23, which i

are identified in Figure 3.3. Data from these gages provide a co'aplete set
of strain measuranents through the wall thickness f or each of the reinforcing
bars and the liner at this junction.

A series of bar charts of data froin these gages at pressures of 20.5, 106.1,
and 145.8 psig is presented in Figure 4.18. In the figure, no adjustroents
were made to data from gages that measured strain on reinforcement inclined
from the vertical.

4.3.1 Wall Base Flexure

Strains measured on vertical reinforcing bars indicate the wall fiber strain
at depths into the wall coinciding with the expected locat. ions of the gaged
bars. Shown in Figures 4.10 to 4.15 are data from six strain gages: mounted
- on the liner and oriented vertically, on vertical reinforcernent layers 2,10,
and 5, and on seismic reinforcement layers 7 and 8 (oriented 45 degrees from
vertical and perpendicular to a rt.dtus). The plots are urdered by depth
within the wall, from interior to exterior. Data froin these gages together
indicate the ficxure and vertical forces at the base of the wall. None of
these gages were on bars oriented to develop strain perpendicular to the wall
surface. Referring only to Figures 4.10 to 4.15, and Figure 4.18 the-
following observations are offered:

1. For the combined SIT and HpT tests, strains measured near the
interior of the wall were tensile and strains measured near the
exterior of the wall were cornpressive.

2. The gages measuring only tensile strains (Fig. 4.10 + 4.12) indicated
cracking of concrete at a pressure cf approximately 20 psig; the rate
of strain increase with pressure was greater above 20 psig for each
gage. Strains measured on the liner by gage Wr281 (Fig. 4.10) do not
exhibit the effect of concrete cracking as significantly as do
strains measured on vertical reinforcernent layers 2 and 10 (Fig.
4.11, 4.12),

3. Gages on layers 2 and 10 (Fig. 4.11, 4.12) indicated yielding at
approximately 115 psig while yielding of the liner (Fig. 4.10) uas
not recorded until 130 psig.

4.. Gages on the liner and layers 2,10, and 5 (Fig. 4.11 4.13) showed
a nearly linear strain increase with pressure between pressures of 20i

J and 115 psig.

5. Gages on layers 7 and 8 (Fig. 4.14, 4.15) recorded compressive
strains, which were sina11 in magnitude cortpared with the maximum
tensile strains recorded by gages on layers 2 and 10 (Fig. 4.11,
4.12). The maximum recorded compressive strain was approxiinately
0.0006 (Fig. 4.15) while tensile strains greater - than one percent
were recorded by gages on layers 2 and 10.

--
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6. Cage Br7 on layer 5 (Fig. 4.13) responded initially in compression up
to a pressure of 20 psig. Above 10 psir the direction of the
response became tenstle.

7. Gage Brl481 on layer 7 (Fig. 4.14) responded in compression
throughout the test and shif ted at the end of the test , at pressures
above 140 psig, to record tensile strains.

8. The neutral axir at 20.5 psig was near the center of the wall, inside
of gage Br7 on layer 5 (Fig. 4.18) at a depth of less than 6.5 in.

9. When gage Br7 began to record tensile strain, the neutral axis
shif ted to between reinforcerrent layers 5 and 7 (Fig. 4.18) at a
depth between 6.5 and 8 in.

10. By the end of the ter.t the neutral axis shif t ed to between layers 7
and 8 (Fi g . 4.18) leaving the exterior 1.0 to 1.75 inches in
compression.

The flexural behavior of the wall inay be summarized by stating that the data
identity distinct stages of uncracked and cracked behavior. The response
af ter cracking increased linearly with pressure up to the pressure that
initiated yielding of the inside ve rt.ical barn, layers 2 and 10. The
location of the neutral axis shif ted with increases in pressure from near the
center of the wall to within 1.0 to 1.75 in. of the exterior of the wall at
the end of the test.

4.3.2 Vall Base shear

The No. 4 diameter diagonal dowels (layer 11) and No. 3 diameter stirrups
placed at the base of the wall were provided primarily to enhance the wall
capacity to transmit shear to the basemat. Shown in Figures 4.16 and 4.17
are data from strain gage Wr14 installed on a diagonal dowel and from gage
Br23 on a stirrup. Observations on the plotted data include the following:

1. Concrete cracking was sensed by gages Vrl4 and Br23 between 16 and 20
psig: the rate of strain increase wit.h pressure was greater above 20
psig for both of the gages.

2. At 80 psig the rate of strain increase in the dia6cnal bar slowed
down while the stirrup stopped straining further.

3. At 120 psig the rate of strain of the diagonal bar increased and the
stirrup again developed additional strain. Between 80 and 120 psig
the strain recorded by gage Br23 on the stirrup was essentially
constant.

4. The diagonal bar (Fig. 4.16) reached its expected yield strain (0.22
percent strain) at 135 psig yet the rate of strain increase for both
it and the stirrup decreased above 135 psig.

The diagonal dowel was oriented radially at 45 degrees to the horizontal and
the stirrup was oriented radially at approximately 40 degrees to the
hcrizontal. These barn have both radial and vertical components. Strains
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measured or, theta sould be expected to respond to vertical and radial
deformations due to vertical force, incridional moment, and radial shear. The
strain histotles in Figures 4.16 and 4,17 are markedly dif ferent from the
strain history of any of the vertical or seistnic reinforcing bars or the

4.1"i, The difference is assumed to be due to theliner (Fig. 4.10 -

influence of shear, .he reduction in the strain rate for the shear
reinforcement that or .irred at 80 psig or for the events observed at 120 and

sxplained solvly from data observations nor can they be135 psig can not be a

related directly I the flexural response of the wall,

At pressures gr ater than 135 psig the stirrup stops developing additional
strain (Fig. I 17). This may be due to slippage, Or this may be due to the
inclination i the stirrups. They were hooked around the interior and
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exterior vertical reinforcement, layers 2 and 5 (Fig. 3.3). As the wall j
deformed in flexure the interior surface was in tension and the exterior i

surf ace was in compression. An outward rotation of the wall, therefore, [
could have produced a relative decrease in the distance between the locations '

on the vertical reinforcement on which the stirrups were hooked. Had the
stirrups been horizontal or inclined downward rather than upward this
conjecture could not be offered. j

4.4 Summarv of Meaggred Response

The data presented indicate that the wall cracked and yielded in both hoop I
and vertical directions and that by the end of the test overall yielding

'

occurred in the hoop direction but not in the vertical direction. Cracking
of the wall. occurred at 20 psig, initiation of hoop direction yielding ;

occurred at 110 psig, and overall hoop yielding began at 130 psig. Yielding
in the vertical direction did not begin until 125 psig. plots of pressure
versus deformation data indicate that the response of the wall wa. fairly r

linear in the pressure ranges between cracking and yiciding.
i

Deformation of the basemat was negligible at pressures less than 75 psig.
The basemat showed signs of cracking at 75 psig followed by uplift at the ,

edge of the. slab. The cracking and uplift of the basemat at 75 psig cannot '

be identified with affecting the response of the wall in the hoop or vertieni
directions at the cylinder wall mid section (Fig. 4.1, 4.2).

Data at the wall basemat junction indicate that., while responding in flexure,
the wall exhibited cracking at 20 psi;; and yielding at 120 psig. Between
flexural cracking and yielding, measured vertical strain on reinforcement
layers 2 and 10 and the liner increased linearly with pressure. Vertical
strains measured on reinforcement layers 5, 7, and 8 were small in magnitude i

compared with the_inside vertical strains. This_ suggests that the bending
moment at the base of the wall increased linearly with pressure in-this

,

range. Strains measured on shear reinforcement indicate cracking at 20 psig,
-a slow down in.the rate of response at 80 psig, and an increase in the rate
of response at 120 psig. The shear reinforcement slowed again in the rate of
response at 135,psig just as the
yield,

.

inclined reinforcement layer 11 began to

i

The interrelation of response events for the basemat and for the wall basemat
junction is discussed in detail in Chapter ( Observations offered here on
the causal effects on structural response are given only as a preliminary
perspective.- The slow down in the rate of increase-with pressure of shear
reinforcement strain et 80 psig appears to be due to the increase in
flexibility caused by_ concrete cracking in the basemat. Vertical strains in
the base of the wall showed no deviation in response with basemat cracking as
might be expected. . Vertical wall strain'is indicative of hending moment,
which is expected to decrease with a decrease in the stiffness of the wall
fixicy to the basemat. The increase in the rate of strain of shear
reinforcement and the initiation of flexural yielding at 120 psi;- apoear

.

correlated, although the relation implied does not : follow what would be
expected from mechanics. As the wall yields in flexure the flexibility of 1

the wall-basemat connection would increase. An elastic analysis of a
cylindrical shell wall subjected to internal pressure would show that the
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radial shear force at the wall base decreuses as the rotational restraint
decreases. This means that a slow down in the rare of strain increase of
shear reinforcement is more itkely af ter flexural yielding. The slow down in
straining of shear reinforcement at 135 psig occurs just as one of the shear
reinforcement bars reachos its expected yield strain rather than at 120 psig
when flexural yielding accurred. Other events, which cannot be determined
from the measured data alone, af fected this slow down by restraining the base
of the wall from deflecting radially and preventing the shear reinforcement
from straining further,

,

A
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5. EVAtt!ATION OF OVERALL RESPONSE

In this chapter a framework for evaluating the overall response of the
containment model is described. In the following sections it is shown that

,

'it is possible to understand the response with simple methods of analysis and
that the measured response values are credible,

i

In Section 5.1 " benchmarks" in hoop direction (radial expansion) response of
the shell wall are defined via membrane analysis. The benchmarks relate to -

specific events in calculated wall response. They identify turning points in
,

behavior such as concrete cracking or the yielding of a layer of ;

reinforcement. In Section 5.2 a study of the response before and after
~

cracking at various . regions of the structure is presented. This section
illustrates the relative changes in stiffness caused by cracking in .he well -

and in the basemat. In Section 5.3 an axisymmetric nonlinear analynf a of the
junction of the wall and basemat is jescribed. This section gives some
understanding to anomalies in the land history of shear and moment at the
base of the wall, indicated in S_. tion 4.4.

The structural analyses. described in this chapter serve fundamentally
,

distinct purposes. The first analysis model (membrane analysis, Section 5.1) '

is used to verify the data: to establish credibility in the measurements. It
is reasonable to expect that the radial expansion response of the cylindrical
shell wall is like that of a membrane. The calculation of such response is
straightforiard and uncertainties attributed to the proportions or strengths
of the materials composing the wall are minimal (Section 2.2). Therefore, ;

differences between measured and calculated response _ indicators can be
attributed more to errors in measurement than to errors in analytical
modeling. The second analysis model (axisymmetric nonlinear analysis,
Section 5.3) is used to aid the interpretation of behavior from measured
data. The wall _and basemat interaction is complicated: attempts to interpret
their behavior exclusively from data leave Jeveral questions unanswered
(Section 4.4). One tool to assist behavioral interpretations is an
analytical model composed of structural elements for each of which the load
responsm is - known. As the parameters for each element are varied, the
calculated response of the aggregate model can be compared with the measured' ,

response et the wall and basemat. Favorable comparisons provide a basis for
explaining tihe| behavior at the wall basemat junction. This second type of
analysis is based on the premise that while the real structure is complex and
its response to load is complicated or not understood, the mathematical model
of the structure is controlled, aMoving for a straightforward interpretationi

j of its behavior.

|- t

t .;
5.1 11000 Response Benchmarig, '

i-

A force deformation relation for a structure composed of several . elements
might illustrate distinct stages in behavior brought about by changes in the
respanse of its constituent - elements. For example, the yielding of a
reinforcement layer in a reinforced concrete structure could effect a change '

in the slope of plotted force-deformation data. These changes in state, from
,

one stage in behavior to another, are defined herein as benchmarks. Knowing
the behavior of _ a structure and the proportions and strengths of its
composite parts, it is possible to calculate these benchmarks and establish
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a one to-one correspondence between the results of calculation and point.s of |
experime..tal data, i

!

Plots of load deformation data presented in Chapter 4 imply that the response !
of the containtnent madel was monitored continuously. Although only 76 datai

scana at discrete pressure values (Tables 3.2, 3.3) were made, it is
,

justifiable to interpolate response between readings and to connect data i

points on a plot with a continuous line. Comparison of data with calculated
response to determine the reliability of the measurements must be conducted
efficiently. The model selected for the analysis should be capable of
representing expected response trends yet should not be so detailed that more
information about the response is generated by the calculation than was
measured during the experiment. Shell membrane theory, integrated with a
rationalization of the stress strain characteristics of the various elementt,

cornposing the wall, in selected as being appropriate for the analysis. The
concrete, liner, and reinforceme nt layers are evaluated in turn for their *

contribution to the load carv ing ability of the wall with regard to
effecting a change in the slope o? plotted force deformation data. Hoop

'

response calculations are made at these benchmarks. Unlike the mearured '

data, interpolation between calculated benchmarks is ill aalsed because the
benchmarks arc defined at changes from one behavior stage to the next and
response between each bench. nark may not be linear. A finite element analysis
with incrernental loading was not considered for the analysis because it is

-believed that greater accuracy at pressure levels coincident with the
benchmarks would not be afforded. The goal was to select an analysis method
that minirnizes modeling error so that credibility in the measurements could
be established.

Af ter a bric'f outline of genera? features of the analysis, the benchmarks in
radial expansion of the cylindrical shell vall are defined. These benchmarks
identify changes in the calculated response of the membrane analysis model
and relate to the response of the actual wall at events defined by hoop-
stress cracking, yielding of the liner, and yielding of circumferential and
diagonal reinforcement. Comparisons of data with calculated response, for
hoop strain and for radial displacement, near the mid height of the cylinder
wall confirm the credibility of the measurements.

,

5.1.1 Membrane Analysis Model

In membrane analysis it is- assumed that the shell behaves as a two-
dimensional curved membrane that may carry stresses only within the plane of
the shell. It is assumed that these stresses do not vary through the shell
thickness, that stresses normal to the-shell surface are negligible, and that,

deflections of the membrane are srna 11 in relation to the thickness. These.

assumptions preclude 1 the ability of the membrane to carry moment - or to
transmit shear forces having a component normal to the surface of the shell.
Stress resultants, such as hoop force in a cylindrical shell, are calculated
simply as the product of membrane stress and shell thickness.

Hoop force and vertical force act within the plane of a cylinder wall in
dimettons indicated in Figure 5,1. Neglecting dead load and considering
only load due to internal pressure, the resultant hoop force and vertical

2force are determined as N - - pR and N,- pR / (2R + t), respectively,3

where p signifies internal pressure, R the internal radius of the cylinder,

55

, ., . - ,, , . . . - - ,,,.,,,, _ , - , . . - - . . - - , . - - - . - - , - - ,



, . - . . __ _

_
-

' VC s

L

"

# "h
N h

">

.*......G.*,.-...... -

+-.- t Ny

,- - - . ,,

C _d N * PNh
3pR /(2R + t)N, W/vf(2 R + t)as -p __

R
* " d**d ''*dCyunder wall subjected

to internot pressure p

Fig. 5,1 Notation of Internal Forces in Membrane Analysis

and t its thickness, In-plane shear stress is zero because the geometry and
applied load are axisymmetric, Including dead load in the analysis adds a
constant vertical stress equal to the weight of all portions of the structure
above a particular section divided by the circumferential area of that
section. At the cylinder mid height the combination of dead load and
internal press re render net vertical force zero ,- t a prestore of'

approximately 3 psig, _Tho weight of the dome is approximately 70 kips and
the weight o_ t- uit is approximately 8.7 kips per foot in height, This

_

suggests that dead load may be ig' ored without loss in accuracy in vertical
force calculations.

Ir. the following sections membrane theory is applied.to the cylindrical shell
for the calculation of boop and vertical forces in the shell wall. The
analysis'is assumed to apply to the " free-field" response of the wall in

,
areas not affected by the penetrations, the dome, or the basemat. Values for

l elastic constants of various elements composing the vull are assumed so that
[, pressure equilibrium nay be determined for each hoop strain defining the
L benchmark. For all calculations Poisson's ratio for intact concrete is

| assumed to be zero and reiriforcing bars carry stress only along their axis.
Determination of internal pressure for a particular hoop strain must,
therefore, _ consider vertical force in addition to hoop force because of
cross-axis _ coupling caused by the diagonal reinforcement ar.f the liner (Fig.
5,2). Values of hoop strain, radial displacement, and internal pressure for
the ~ benchmarks are tabulated in Table 5.1, Radial displacement was
calculated from hoop strain at the 132-in, inner wall radius.

I
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tr

direction. (modutor ratio = 8.05)

Fig. 5.2 ' Dimensions and Geometry of a Wall Section

5.1.2 tioop-Stress Cracking

Hoop-stress crackit.g of concrete, resulting in vertically oriented cracit , is
defined when the stress in concrete reaches its effective tensile strength,

fe. Strain at hoop cracking is determined by ch - f /E, where E, is Young'st

modulus for concrete. This is a simplification of the phenomena leading to
tensile cracking of concrete. The effective tensile strength of concrete is
generally determined from tensile tests whereas Young's modulus is generally
determined from a compression Lesc of a concrete cylinder sample. The
relationship between stress and strain at strains less than es is likely to

could be greater than 100% ofbe nonlinear. The uncertainty in estimating en
the calculated value. Since the strain at cracking is quite small compared
with hoop strains at other ben >hmas (Table 5.1), inaccuracies in its
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| Table 5.1 lloop Resp _onse Benchmarks

-Defined Event floop Strain . Radial Displacement Pressure
(Inches) (esig)

Concrete hoop cracking 0.00037 0.0092 22.0

-Yielding of_the liner 0.0015 0.20 97.5

Yielding of _ circumferenttal 0.0022 0.29 127.
reinforcement;

Yielding of diagonal 0.0029 0.39 131.
reinforcement

determination for comparison with measured data are trivial. The assumed
value for effective tensile strength of concrete is 250 psi (3.2 d|). The

'

value for concrete modulus is taken as 3.6 x 10' psi (see below). Internal

pressure at hoop cracking is determined by p - As, f /R3 where A , is thet t

area of a transformed section, per unit heigbr, and Rt is the inner radius of-

the-wall. The dimensions and geometry cf n wall section are summarized in
Figure 5.2. The~ calculated pressure corresponding to hoop-stress cracking is
22 psig.

Tensile strength was _ indicated by split cylinder tests (Fib. 2.7) to be
approximately 450 psi (5,7 d|) . Restraint presented by reinforcement hinders
free shrinkage. Including the liner, the circumferential reinforcement ratio
amounts to 2.9 percent. If the average restrained shrinkage strain of the
containment model was 0.0003 through the section, a reduction-of 200 psi in
the effective - tensile strength to the assumed value, 250 psi, is credible.
Tensile strength determined.by standard split cylinder Osts is expected to
be higher than - the effective tensile strength 'of concrete- in a structure

[Ref. 5.1).

The . value taken ' for Young's modulus for concrete represents the secant
_ modulus for data from eleven compression tests of sample cylinders (Ref.
.-2. 2 ] . Typically this value is calculated from E, - 57000 dj [Ref. 5.2] ' for
normal weight concrete,: resulting in.4.4 x 10' psi for f| - 6000 psi. The
lower value usedLin the calculation is justifiable because it is based on.
cylinder tests of the same concrete mix and because the modulus in tension is
not expected to exceed!the value in-compression. Young's modulus for steel
is;taken'as-the customary value, 29 x 10' ps1.

5.1.3' Yielding of the Liner

Yielding of the liner is defined when stresses in the liner satisfy von -
Mises's yield criterion [Ref.- 5.3] . The untaxial_ yield strength of the liner

is taken as 50.2 ksi (Table 2.2) . ' Poisson's ratio is assumed to be 0.3. The
liner is assumed to be in a state of pli . stress with an assumption that
vertical strain- is half the hoop strain. This assumption was originally

~ hypothesized from the ratio of vertical to circumferential in-plane-force.
Vertical and radial displacement data shown in Figures 4.1 and 4.2. when
converted to vertical and hoop strains,- confirm the assumed ratio of ve.tical
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strain to hoop straini*- These assumptions with llooke's law allow calculation
of hoop strain to be 0.001541 and effective liner yield strength in the hoop
direction to be 56,5 ksi. With the assumption that vertical strain is half-
the circumferential strain, strain in the diagonal bars may be determined by: '

e, - 0,5 (en 4 c) (5,1)y

where ca - circunderential strain
e - vertical strain andy

ed - strain it diagonal reinforcing bars.

Internal pressure at oaset of liner yielding is determined from the following
equation:

te f e..tr -An f,3 _ + Aa fd v y

sh 80

p- (5.2)---

R 4

where Ah- total circumferential bar area over spacing sh
s3 - spacing of circumferential bars
Ad - area of one diagonal-(seismic) bar
Sd" Spacing of diagonal bars (measured perpendicular to bar axis)
t, liner _ thickness

f.h - stress in circumferential reinforcement (E e )w
f a - stress in diagonal reinforcement (E, c )o

f e..tr - effective yield strength of the steel liner, 56.5 ksi andy
Rt- inner wall radius,

The calculated pressure corresponding to yielding of the liner is 97.5 psig,

5.1.4 ~ Yielding of Circumferential Reinforcement

. Yielding of circumferential reinforcement'is defined when stress in the bars
reaches the mean yield-strength for a No. 4 bar, 64 ks_i (Table 2.1), Elastic

components 'of strain in the - liner are assumed unchanged from those at
yielding, implying- that liner hoop stress _is maintained at its effective
-yield stress (f ,,.gr - 56.5 ksi) . Strain hardening is not considered becausey
the liner strains at this benchmark are small. . Iloop strain is determined'by.

.

* Average hoop strain in the cylinder . wall may be obtained from the radial-

displacement data in Figure 4.1 by dividing _the measured values by the radius
to the _ mid-surface of the wall, 137 inches Average vertical. strain . is.

obtained from the data in Figure 4.2 by dividing by. the 263-in gage length
for gage D105. The average hoop and vertical strains at 95 psig are: 0.002
and 0.001.respectively.

I The hoop strain value is obtained by solving simultaneously the plane stress
(o,- vah) / E, withh * YOy)/E and 'eequations of Ilooke's Law, eh " (8* -

y

the ven Mieses's yield criterion, (o i ta)2 - o3 . ,,,, , ,yz, and the assumed2
y

relation between vertical and hoop _ strain, e - % ch-y
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c h - f /E, to be 0.0022, where f is the reinforcement yield strength. Strainy y
in diagonal reinforcement is determined from Equation (5.1) under the
asstmption that vertical strain is half the hoop strain. Internal pressure
at the onset of circumferential reinforcement yielding is determined from:

'

An f, + Ad f.d + te f e..try

Sh 8d
p- (5.3)

Rg

The calculated pressure at yielding.of circumferential reinforcement is 127
psig.

5.1.5 Yielding of Diagonal Reinforcement

Assumptions identical-' to yielding of circumferential reinforcement apply to
define yielding of diagonal reinforcing bars. Hoop stress in the liner is
assumed unchanged from yielding. The angnitude of the hoop and vertical
strains is within the observed yield plateau in tension tests of liner
samples (Fig, 2.5). Strain hardening did not occur in the tension tests
before 2 percent strain. Stress in circumferential reinforcement is assumed
unchanged from yielding. Strain in diagonal reinforcement is determined from
ed " y/E, to be aqual to the yield strain of circumferential reinforcement,
0.0022. The overall yielding response of the cylinder wall is not possible
before diagonal reinforcement yielding, and was not indicated by data to
occur before 130 psig. It is therefore reasonable to continue the assumption
that vertical strain is half the hoop strain and calculate hoop strain, by
Equation (5.1), to be 0.0029. Internal pressure at onset cf diagonal
reinforcement yielding is determined from:

An f + Ad -f + t, f e,,gty y y

sh Sd
p- (5.4)

R3

The calculated pressure at yielding of diagonal reinforcement is 131 psig.

5.1.6 Comparison of Benchmarks and Data

Calculated benchmarks (Table 5.1) and measured data are compared in Figures
5.3 and 5,4 Data from four strain gages-(Br19, Br22, Br24, and Br25) on
circumferential reinforcement near the mid-height of the cylinder wall are
shown in . Figure 5.3. Calculated hoop strains are converted to radial
displacement at the inner radius of the wal1~ (132 in.), and are compared in
Figure 5.4 to radial displacement data from four gages (D58, D90, D102, and
D110) at elevation 18 ft. .Except for one case (radial displacement, gage
D102), the calculated benchmarks compare well with the measurements. This
provides credibility to the measurements, implying that gages located about
the containment recorded an accurate response history to the pressurization
tests.
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5.2 Connarison of Measured Resnonse Before and After Concrete Crackine

In this section the relative changes in apparent stiffness caused by concrete
cracking in the wall and basemat_are quantified. TM s data is necessary to
establish a bacis for estimating the effects of cracking on calculated
response. The data is used in the nonlinear analycis model in Section 5.3 to r

guide selections of model parameters at various stages in behavior.

The slopes of lines connecting measured data on a plot with internal pressure -
along the vertical axis (Fig. 4.1, 4.2) indicate a response stiffness.
Changes in slope at 20 psig in data plots, presented in Chapter 4, of gages
that responded to membrane or bending stresses in the wall (Fig. 4.1, 4.2,
4.10 - 4.17) are attributed to concrete cracking, Cracking in the basemat is
attributed similarly to changes in slope at 70 psig in data from strain gages
on reinforcing bars there (Fig. 4. 6 4.9). To quantify the effects of-

,

cracking on overall response a study of strain and displacement data was made
to determine trends in the change in apparent stiffness due to cracking. A
total of 213 plots of displacement gages, bonded strain gages, and welded
strnin gages were considered. Gager on the dome or those that recorded the
deformation of hatches or their surrounding areas were excluded from- this
study. - Each data plot was examined to determine a ratio of apparent
stiffness before and af ter cracking. The data were separated, by gage
location, into three groups according to whether the likely effect a gage.had
responded to was membrann behavior of the cy1!nder wall, bending at the base
of the wall, - or basemat bending and uplif t. The definitions used and manner-
in which the ratio values were determined are outlined below. Results of
this study suggest that there was a measurable difference in the effect of
cracking on wall stiffness responding as a membrane or in bending, and on the
basemat stiffness in bending.

5.2.1 Definition of Stiffness Terms

The slope of a line passing through the origin and the curve of plotted data
at_a distinct pressure level-is referred to as the " apparent stiffness" at
that pressure. Apparent stiffness is defined here as a secant stiffness and
is not representative of an incremental stiffness. The apparent stiffness at
20 psig is defined as the " apparent stiffness-before cracking." This value
is identical with initial tangent stiffness for-most of the gages since, in
general, a linear response was measured in the pressure range 0 to 20 psig
during the SIT. The " cracked-section apparent stiffness" is defined here as
the apparent stiffness at approximately 115 psig, or at the. pressure at which
a gage ' firs t sensed yielding, whichever was less. Some of the gages on
reinforcement sensed yielding at pressures less than 115 psig. -For these
gages, cracked section apparent stiffness is determined at the initiation of

-

; yielding. These stiffness definitions are illustrated in Figure 5.5 on a
plot of data from gage Wr152, which was located on seismic reinforcement
layer 7 near the mid-height of the cylinder wall.-

,

The pressure levels used to define apparent stiffness were carefully selected
_

to - include ,- to - the greatest extent possible, the influence of concrete-

cracking on gage measurements. The reasons supporting the selection of the
two stiffness terms may be illustrated by ' reference to Figure 5.6. --Th e

'

figure shows an idealized plot of applied load versus deformation for a
section of-reinforced concrete. Ic gives a symbolic illustration of the

|
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Fig. 5.6 ' Illustration of the Effect of Concrete Cracking on Measured Data
,

effect of cracking en measured data. The portion of the plot shown is in the
region where the load produces tensile strains within the reinforced
concrete. Line A-B-C-D in the plot may be identified with the measured
deformation or total response of the structural section due to an applied
load. The line defined by points A-E-F-D represents the deformation of
reinforcing steel under the assumption that the concrete carries no load and
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adds no stiffness to the structure. Under these assumptions the concrete
merely retains the steel-in its place. The difference between the two lines ,

indicates the influence of the concrete.

Some notes regarding the construction and interpretation of Figure 5.6 are
provided below. Yielding of the structure is illustrated by line C D. The
change in slope in line A-B-C at point B indicates the effect of concrete
cracking. If this plot had represented actual data, an estimate of the
tensile strain in concrete at point B would have to be made, and compared
with the cracking strain of the concrete, to confirm the presumed cracking.

If the concrete in this idealized structure was such that after cracking all
ability to carry load or to affect response stiffness was negligible, the
measured response would follow a line from point B to point E and later, with
increase in load, from point E to point F. The lower deformations for
measured response line B C compared to the response of steel alone, line E F,
illustrate the residual stiffening effect of concrete on the overall
response. With increase in load above cracking, this residual stiffening
effect dissipates until the structure begins to yield, at point C. At the
yield load the stiffening effect of cracked concrete may yet influence total
response, accounting for the difference or noncoincidence of points C and F.

The definition of apparent stiffness before cracking is selected to represent
the initial response of the containment structure up to the point where
cracking of concrete was sensed by the gages. Because a majority of the
strain cnd displacement gages responding in tension show a distinct change in
slope of plotted data at 20 psig or higher pressures it was de.ided to use
the apparent secant stiffness at 20 psig for all gages as the definition of
apparent stiffness before cracking. As illustrated in Figure 5.6, the waning
influence of cracked concrete on response, between the loads causing cracking
and yielding, is lowest just before yielding. Gages that did indicate
yielding.of reinforcement did so at pressures of approximately 105 psig and
greater. The cracked section apparent stiffness was therefore defined as the
apparent stiffness at-115 psig, or at the start of yielding, whichever was
less. Data at this pressure represent the response of the structure with the
least influence of the stiffening effect of concrete.

5.2.2. Cylinder Wall Membrane Response

Strain and displacement gages located within or un the cylinder wall and
raay from the junctions of the wall to the dome or to the basemat recorded
the response of the wall to essentially in-plane membrane forces. A radial

j deflection profile of the wall (Fig. 4.3) shows that in the elevation range

| 7 to 21 ft the shape was uniform. Except for the fact that pressure was
contained within the-structure, the' wall response in this elevation range
showed no sign that the wall was restrained above and below by a dome and
basemat. A total of 123 strain gages located on reinforcing bars within thisp

| wall mid-section are considered representative of membrane response. The 24-
'

radial displacement gages within this elevation range and the five vertical
displacement gages (which record average vertical strain) between elevations
7 and . 24 ft are also considered representative of membrane response.
Apparent stiffness before and after cracking and the ratio of the former to
the latter was determined for each gage.
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A tabulation of the 152 gages used and the stiffness values determinod for
each is provided la Appendix A. Table A.1. A histogram of the ratio of the
apparent stiffness before cracking to the cracked section apparent stiffness
for sembrane response data is shown in the top of Figure 5.7. Data from most
gages in the set result in a ratio of three. Roughly equal numbers of gages
are shown on the histogram on either side of three.

5.2.3 Cylinder Wall Bending Response
,

Strain and displacement gages located within the cylinder wall near the
junction of the wall and basemat recorded the response of the wall to
vertical, bending, and radial shear forces. A profile of the deflected wall
shape (Fig. 4.4) at elevations below 5 f t illustrates the restraint provided
by the basemat, and the increase in outward radial deflection with increase
in elevation. Calculated rotation of the wall at itc base was presented in
Figure 4.5. A total of 49 strain gages located on reinforcing bars between
elevations 1 f t 6 in, and 2 f t 8 in, were selected to represent the effect of
flexural cracking at the base of the wall. Stiffness values before and after

i cracking were determined for each gage.

Flexural respont e is characterized by a nonuniform strain distribution
through the wall. .Because the response at the base of the wall is mainly due
to flexure and not to simple in-plane tension, a measure of the deformation
there is more closely represented by curvature than by vertical strain on a
particular layer of reinforceme r. For this reason, the stiffness ratio
which takes _into account bendii.;, of the wall was calculated as a ratio of
uncracked to cracked flexural stiffress. Flexural stiffness is commonly
defined as the bending moment-required to produce a unit rotation, M/0. When
the curvature of a structural member is integrated riong the member length
the result is a rotation. Curva'.ure is therefore linearly related to
rotation; hence_ flexural stiffness can be represented by the ratio of moment
to curvature, M/4 Curvature at a section can be written as the difference
in strain at two locations divided by the separation distance: $ = (e ins t o. *
e ,ot. ia. ) /d . The gages on vertical reinforcement on_the inside of the wall,
layera 2 or 10, were paired with gages on-vertical reinforcement at equal
azimuths and within three inches of elevation of each other on the outside of
the wall, layers 5, 7, 8, or 11. A total of 98 pairings of gages resulted.
These pairs of gages were used to calculate the ratios of flexural stiffness
before and after cracking presented in the histogram in the middle of Figure
5.7. The stiffness ratio was determined according to the following:*

(1/K,,in ia. - 1/K,,,ot ia.)
Rei rur.1 "

.

1[E ,outside)
(5.5)

(1/N ,inside *
u u

where, F represents the apparent stiffness before cracking at a gage on theu
inside or outside of the wall and K represents the cracked section stiffnesse

*
Equation (5.5) was derived from the expression (M /to) / (M /$c), Theu c

apparent stiffness for a strain gage is the ratio of pressure to strain, eg.

K ,tnstd. " Pc/Ec instd.. Prior to flexural yielding the ratio of bending momentc

to pressure is assumed to be constant, M /p, - M,/p . This is not unrealisticu

considering the estimated bending moment at the wall base, Figure 6.4.
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for these gages. Equation (5.5) assumes that the rstio of bending moment to
internal pressure is constant at the two pressure levels selected to
determine apparent stiffness befort and ef ter cracking. A tabulation of the
98 gage pairs used and stiffness values determined for each is presented in
Appendix A, Table A.2. The histogram of the calculated flexural stiffness
ratios indicates that data from most of the gage pairs result in a ratio of
two and roughly equal numbers of gage pairs result in a ratio that is greater
than or less than two (Fig. 5.7).

5,2.4 Basemat Bending Response

Strair gages on radial reinforcement bars within the-basemat recorded the
response of the basemat to load that produced uplift at the edge and radial
extension of the slab. All of the available data to represent the ef fect of
basemat concrete cracking on basemat bending response is provided by data --

from ten strain gages on basemat radial reinforcement, from two strain gages
on basemat circumferential reinforcement, and from two displacement gages
that recorded uplift. Apparent stiffness values beform and after cracking
were determined for each gage. As for characterization of the bending
response of the wall, estimates of curvature were used to characterize the

'
bending response of the basemat before and after cracking. Radial strain
gages at equal radii at the top and bottom of the basemat were paired and a
ratio of flexural apparent stiffness before and af ter cracking was calculated
according to Equation (5.5) . Since the uplif t of the edge of the basemat was
indicated directly by one of either displacement gages, the change in
apparent e.tiffness indicated by each displacement gage is used to illustrate
the effect of concrete cracking on basemat bending, Similarly, the
circumferential reinforcement gages located near the edge of the basamat
indicate slab expansion associated with uplif t and bending. The ratio of
apparent stiffness before and after cracking for each circumferential strain
gage was determined directly, as for the displacement gages that responded to
uplift. A histogram of calculated bending stiffners ratios is shown in the
bottom of Figure 5.7 and a tabulation of stiffness data used in the
calculation is presented in Appendix A, Table A 3. -

5.2.5 Summary of the Effects of Cracking on Response

Before this study was begun it was hoped to determine whether the effects of
concrete cracking on the measured response of the containment model depended
upon the strain distribution within the structure at the locations where
cracking occurred. In other words, it. was desired to quantify the effects of

)cracking: to determine if the relative changes in flexibility due to cracking
differed if that cracking was initiated by bending or by in-plane tensile
forces. Histograms for a ratio of apparent stiffness before and after
cracking for each of the three modes of response considered (membrane
respor . sr the wall, bending of the wall, and bending of the basemat) were
found to be dif ferent for each region of the structure. Of course , there is
dispersion in the deca but the difference between the distribution of the
ratio for the wall membrane response compared to the distribution for wall
bending response is significant. Based on the histograms, a reasonable
estimate of the crack (d-section stirfness of the wall in membrane action is
one third the uncracked-section stiffness and an estimate of the cracked-
section stiffness of the wall in bending is one-half the uncracked-secticn
bending stiffness. The data for bending of the basemat is sparse (8 values)

i
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compared with response of the wall in bending (98 values) or as a membrane

(152 values). No estimate of the cracked-section basemat stiffness can be
made based on the data shown in Figure 5.1 other than that the decrease in
basemat stiffness due to cracki.g is greater than the decrease in stiffness
of the wall due to cracking. These differences result primarily from the
different amounts of reinforcement in the wall and in the basemat (Fig. 2.3) .

Simple " bounds" to the change in axial and bending stiffness due to cracking
of the wall nay be determined by considering the mechanics of reinforced
concrete sections. The axial stiffness of a uncracked section may be
approximated by E A, [1 + p (n - 1)] where E, is the concrete modulus, A, is
the gross section area, p is the ratio of the total area of reinforcement to

A., and n is the modular ratic of steel to concrete (E,/E ). After concrete
cracking the contribution of concrete to stiffness may be disregarded. This
assumption leads to an estimate of the cracked-section stiffness that results
in the greatest deviation from tha uncracked-section stiffness. This
estimate of cracked-sectisn stiffness eliminates the influence of the
stiffening effect of concrete (Section 5.2.1). The cracked section axial
stiffness may then be estimated by E,A,pn so that a ratio of the change in
stiffness due to cracking may be written as [1 + p (n 1)] / pn. With-

values for the circumferential reinforcement ratio for the wall (p - 0.03)

and the modular ratio (n - 8) a " bound" to the e % v it. membrane stiffness
of the wall due to cracking is approximately 5. This is reflected by the
data for membrane response of the wall (Fig, 5 i).

A measure of the change in flexural sciffness due to cracking may be obtained
from a ratio of the gross sectioa to cracked-section moment of . inertia
(1 ,o,, / I ,). The gross-section unit moment of inertia for a 9.75-in. wall
thickness is approximately 77 in? The moment of inertia of the wall after
cracking can be estimated from the expression I,, - M / E 4 , wh.re M is a
bending moment associated with a curvature, 4,,. Both M and ve, may be
determi.ied through a moment-curvature calculation (Section 6.1.21 Taking
the results of one such calculation (Fig. 6.6) for the wall at an internal !

pressure of 120 poig (M - 65 kips, 4,, - 0.00055/in. , E - 3600 ksi) gives an
esticate for I , of 33 in? The ratio obtained for I,,,,, / 1, is roughly 2.3.
This reflects, approximately, the mean in the flexural stiffness ratio
obtained from the measured data for bending of the wall (Fig. 5,7), i

5.3 Analysitaf,Jgil-jlgsemat Interaction

In this sectio., an analysis model is described that fs useful to the
interpretation of behvvier from response measurements. In contrast to the
membrane analjsis modal above (Section 5.1), the intent of this analysis is ,

to develop an understanding for the behavior of an analytical tool which is |
meant to simulate the response of the wall-basemat junction nf the tested

1

containment. Similarity in calculated and interpreted (from data) behavior I

; allows ~one to infer the interactions of sections of the analytical model
I (cracking or yielding of a plate) to the response of the elements of the

containment structure (the basemat, for example).,

|
Evaluation of measured responst in Sections 4.3 and 4.4 found events in the
load history response for radial shear and for hoop moment which could not be
explained solely from data observations. When the basemat cracked and began
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to deflect apward at its edge at:75 psig the rate of shear transmitted from
,

the wall to the base decreased with increase in pressure while the rate of
moment increase remained _the same. At 120 psig the wall began to yield in
flexure yet the rate of shear increase with pressure increased. A linear-
elastic axisymmetric analysis of the wall-basemat junction with appropriate
assumptions for material property parameters offers an explanation for these
observations. This analysis model is not sufficient, however, to offer a
reason for the observed slow down in strain increase with pressure for the

-shear reinforcement at 135 psig just as the bars reached their yield strain.
It cannot simulate a fully yielded -- no increase with pressure -- moment
once the wall yields in flexure.

The analysis model defined below is used to estimate radial shear, moment,
and uplift at the edge of the basemat. The analysis proceeds through ' a
series of " stages" and " break points," At each stage a new set of parameters
for the elastic moduli for tk wall and .;he basemat are selected. The
equations are then solved in t cas of shear per unit presrure or moment per
unit pressure. A value for a; ear, moment, or Aplift 's calculated at the
pressure level or " break point' defining the stage and plotted on a graph of
test pressure versus calculated response (Fig. 5.9, 5.10 . The plotted break1

points are connected by straight lines so that a rough indication of the.

cPsnge in shear or moment with pressure may be traced. Nonlinear response is
included in the analysis. As the pressure level increases the values assumed
for clastic modulus of various parts of the structure are reduced at each
stage in the analysis from their initial values. Once the model is defined,
i_t will ~ beshown that ' an important task in the analysis is appropriate
selections of the elasti- moduli at each stage. The selected modulus values
must accurately reflect de nonlinearity of the structure at the pressure
level (break point) for each set of values (stage).

5.3.1 Description of Three-Variable-Parameter Analysis Model *

An axisymmetric bending theory analysis is used to determine the radial shear
force and meridional moment transmitted from the wall to the basemat. In

this - analysis the wall is assumed to be orthotropic with cylindrical
anisotropy . [Ref. 5.4] and the basemat 'is assumed to be isotropic. A
schematic illustration of the model and a cut-section at the junction is

-shown in Figure 5.8. The notation and the sign convention for the internal
forces - are indicated in the figure. -In . addition, the figure presents
flexibility equations for totation and for radial displacement at the base of
the wall written in terms of internal pressure, and the " sought af ter" moment -

i
and shear forr ,. The basemat ; is - modeled as circular plate simply
supported at .dge . It is loaded by a uniforialy distributed pressure
load, an edge q ant. and a radially-directed in-plane force (wall shear).

.

The influence of tne foundation - is' approximated by neglecting from the
3flexibility equations the contribution to rotation at the junction, pR /8D3

(Fig. 5.8), by the internal pressure. The effect of this approximation is
that as-pressure increases, the (simply-supported) basemat deflects without
producing a rotation at its edge. The problem of internal pressure on the
plate is curious =in that the _ entire internal pressure load is equilibrated at
the edge of the' plate because the containment is'whole. The weight of the
pressurized gas is negligible compared to the weight of the containment. Tho;-
total dead weight of the structure presents a uniformly distributed load tol-

the foundation of approximately 9 psi. The internal pressure therefore
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Fig. 5.8 3-Variable Parameter Analysis Model

deforms the basemat into a concave shape and calculated rotations at the edge--

are inward. Data from track mounted displacement gages indicated that the4

4.5),basemat rotation at the base of the wall was outward (Fig. 4.3 -

meaning that the basemat exhibited reverae curvature from the center to the
edge of the slab. Alternate modeling schemes were considered for elastic
analysis of the basemat: plate on an clastic foundction, plate supported at

5 ven a small deflection above a rigid foundation,its edge to which is 1

circular plate with a hole (annular plate), circular plate with shearing
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deformation included, and representations of the circular plate ' as an
equivalent beam, sim;,1y supported, on an elastic foundation, etc. Unless a
nonlinear analysis of the basemat including nonlinear modeling of the
foundation is performed, all linear elastic models considered for the basemat
indicated an inward rotation at the edge. For this reason the pressure ;

contribution to edge rotation of the simply supported plate _is neglected.
The term indicating the contribstion of the edge moment to rotation,1r1/0 3
(Fig, 5.8), is not neglected. The magnitude of 3dge rotation it adds to the
calculation is small (approx'mately one-ef ghth) compared to the contributioi
by internal pressure. Ar equation for uplift at the edge of the basemat
written in t eras of inte.nal pressure and edge nment is presented in Figuro -
5.8.

l' Variation of parameters for the analysis is treated in two ways. They are
either held constant or are varied with each analysis stage. The gometry
and Poisson's ratio for the sections of the structure considered are
constanc, having values listed in Figure 5.8. The values of elastic moduluse

>

for the wall in the hoop direction, Ewoop, and in the vertical direction, Fy.,t,
und the value of clastic modulus for the basemat,e E .,,, vary with successived
analysis iterations. The moduli are reduced from their initial values 4t
each of four stages (<*efined helow) as internal pressure increases.

The thickness of the basemat in . the analysis is taken as 58 in. This
includes the 40 in. reinforced evnerete slab (basemat), shown in Figure 2.1,
a 3-in. unreinforced concrete leveling course on which the liner was placed,
a 3-in. unreinforced concrete protective course, and a 12 in. lightly
reinforced fill =lah, on top, which was the ef fec tive floor of the
containment structo e. Through a series of finite element analyses [Ref.
5.3) it was _ found that the combined 18 in. of concrete above the basemat
added considerably to stiffness and that calculated basemat uplifL compared
favor .bi/ to measurements only with the total 58 in, slab thickness.

L

Poisson's ratios for the Shell ws11 and basemat are taken as zero since both
portions of the structure are S a state of I taxia) tension and cracking
occurted in~ each during applic 'n of load. Even though Poisson's ratio for
the- vall is assumed zero it mould be noted that cross-axis stiffness- ,

coupling does exist in the real rtructure through the diagonal reinforcement
and the liner. 3asemat reinforcement. basemat placed on an orthogonal drid
also provides some coupling between the Moop and radial directions.

The wall . is modeled a., an ort.hogonal shell because there were differences in
the change in stilfness due to ccacking when cracking was caused by membrane
or by_ bending stresses (Sectioa S.2) and becau ze the reinforcement rat'.c s in-
the hoop and vertical directions diffe ed (F1 . 2.3). Excluuing the uner, _6
the (membr2ne) ~ reinforcement ratio in the hoop direction at the wall mid--
section was 0. 0215 and the vertical (bending)- reinforcement ratic at the base
of the wall was 0.027. The linear chell analysis model uses parameters based
on gross section dimensions. Tnis implies that the stiffness properties in
the hoop and vertical directiono are identical. To simulate a difference in

- hoop and vertical stiffness, and to control the variation of the elastic
properties in each= direction, different values for Ehoop and E,,,,t are used.'

The initial value used for all three moduli (Enoop, E ,,t, and E ..) is 4.4 xy 3
10' psi, from the ACI equation for concrete modulus (Ref. 5.2] at f' - 6000e

psi.
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Calculated deformation of the vall due to weinbrane forces makes use of both
'

'! En ,p an '. E ,,, vait r., whereas tha calculated deformations to ' bending forces,y .

with Poli ron's rat!n zero, makes use of only E .,s. In this analysis thev
variatt.on of Ew,,, is not influential on the assumptions for the wall membrane
response because vertical vall stretch is not calculated and because ,

Poisson's ratio for the wall is assumed zero. Membrane hoop deflection is a |
,

part til the flexibility equations in th + analysis for radial deflection at
the wal?. bnse. Even zhu agh met.brene response is two dimensional, in the !

followitig discussions the variation of Enoop only is associated with membrane
response of the wall and E is associated with bending response of the wall.ym

5.3.2 Variable-Stiffness Model

t The assu.aptions for the variacion of che elastic modulus parameters are
based, in part, oa the ratios of apparent stiffness before and after cracking i-

-for various regions of the structure (described in Section 5.2). They are i

based, also, ao - that target values for measured basemat uplift, and for
' calculatad bending moment, could be estimated at each stage. Use of the

model proceede throt gh the following steps: 1) sssume values for the three
elastic modulus parameters at a pressure level; 2) solve the flexibility
equations for shear and moment; 3) calculate basemat uplif t; and 4) compare
tha calculatad yelues for moment and for uplift with their targets. These,-

steps are repeated for each of four presvire levels (stages). It was found
that at each prussure level several ittrations of this procedure are
necessary to ' achieve the desired target value. (based on data, defined below)
and to imitate the ratios of the changes in spparent stiffness due to-
cracking for rppropriate portions of the structura. Since there are three,

clastic moduli that are varied, and the analysis equa' ions are solved for two 1

unknowns, thtee cauld be more than one set of parametars which fit a given '

set of target values, But by considering also the relative changes in ;

apparent stif.fness of the containment, the selection of the elastic moduli is :

constrained to reficct the observed trends.

The -calculation is . performed at 'four pressure levels (break. points)

corresponding to pressures. initiating cracking and yielding within the wall ,

or basemat. These' break points are summarized in the following:

20 psig. Initial rssponse (uneracked).

75 psig Posponse of the wall af ter cracking; initial (unerackad)
response of the basemat. Values of E ,,e and E for they boop

wall are reduced frors their initial values and E .. remains -3
at its initial value.;

120 psig Wall at the onset of flexural yielding; Response of the
basemat- af ter cracking. All three parameter values . E ,,t,y

Fgoop, _ and E ,,,, are reduced as necessary from their values
_

3
at the previous step.

L 145 7sig Yielded response of the wall in flexure and
| circumferential1y over most of the height of the wall;

unyielded response of the basemat.
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Target values for basemat uplift are based on measured data presented in
Figure 4.9. Target values for moment are based on calculations for cracking
and yield moment for the wall. Unit cracking moment is determined from

8f h /6 to b, 4 kips, with the concrete tensile strength, f , equal to 250t t

psi, based on assumpt'.ons for concrete strength described in Section 5.1.2,
and t.he wall thickness, h, of 9.75 in. This moment is assumed to be present
in the wall at 20 psig internal pressure, just before flexural cracking.
Yield moment at 120 psig is determined from a moment curvature calculation
for the wall (described in Section 6.1.2 with results presented in Figure
6.6) to be 65 kips. A goal in this analy.b is to find a realistic set of
values for the elastic modulus parameters where the rate of moment increase
remains constant between cracking and yielding while at 75 psig the rate of
shear increase decreases. .The target moment at 75 psig, therefore, lies on
a straight line between the cracking and yield moments. At 145 psig the
target moment value is assumed unchanged from at 120 psig.
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Fig. 5.9 Basemat Uplift Calculated From Analysis Model

The selection of appropriate reductions of the elastic modulus parameters
with Increase in pressure is made in a somewhat unconventional manner,
according to the description which follows. Basemat uplift calculated with
the analytical model is compared in Figure 5.9 - to measured uplift data.
Calculated shear and noment is presented in Figure 5.10.

Using the target values for moment and basemat uplift, it is found that
reducing Ebes. by a factor of 5 at 120 psig and 145 psig makes a good match to
the data. The median value for the ratio of uncracked to cracked stiffness
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Fig. 5.10 Shear and Moment calculated from Analysis Model

for the wa11' responding to in-plane forces is 3 whereas the median ratio for
the wall responding to bending forces is 2 (Fig. 5.7). These ratios are used
as factors for _ reducing the E and E ,s values at 120 psig from theirhoop y

initial value. Values of these two parameters at 75 psig are determined so
that moment-increases along a straight line from 20 to 120 psig. After

several analysis iterations it is found that at 75 psig when Eboop is reduced
by a factor of 2.7 and E ,t is reduced by a factor of 2, the moment calculatedy

is on a straight line mid-way between the values at 20 and 120 psig (Fig.
5;10).

Two sets of values for Ewoop and E ,,g parameters at 145 psig are shown iny

Figures 5.9 and 5.10. Assuming that at the wall yields above 120_psig, the
relative values of Ewoop _ and E ,,s retain a ratio of 1/3 to 1/2, the shear,y

moment, and uplift will increase along the solid lines in the plots. The
actual values of E oop and E ,s - used in the calculation are 1/12 and 1/8,3 y

respectively, of their initini values. Calculated ahear' and moment are
essentially _the same for other values of. the two m< dell-as long as the ratio
of_E Assuming that b ta parameters are equal,boop to E ,t is two to three. 9y

reduced by a factor of, say, ten from their initial value, the calculated
quantities increase above 120 psig along the dashed line in the plots.

5.3.3 Behavior Indicated by Analysis

As internal pressure increases from 75 to 120 psig the basemat cracks and
starts to lift off its foundation. With other factors unchanged this ;

'

increase in basemat flexibility is likely to cause a decrease in the rate of

74

- .



~ . . . - - - . - - - - - - -

1

?

1
I

both shear. and moment increase with pressure. The analysis suggests that as
pressure increases from 75 to 120 psig the stiffness ratio of the wall in the-
hoop direction decreases ' from 1/2.7 to 1/3, the basemat stiffness ratio
decreases - from 1 to 1/5, and the vertical wall stiffness remains unchanged
from its value -(1/2) at first cracking. These conditions allow the bending
moment to be calculated, which continues to increase as pressure increases
from 20 psig to 120 psig, giving the illusion that the postulated changes in
stiffness do not occur. Shear at the wall base is sensitive to both the
decrease in hoop stiffness of the wall and to the decrease in the stiffwss
of the basemat. As pressure increases from 75 to'120 psig the rate of rhear-

increase with pressure decreases slightly from its rate in the pressure range >

20 to 75 psig. As the stiffness of the basemat decreases at 120 psig the ,

shear at that pressure would correspondingly decrease. As the stiffness of
the wall in - the hoop direction decreases at 120 psig the shear would
increase. The calculated trend (Fig. 5,10) suggests that the shear is
influenced more by the decrease in the basemat stiffness than by the decrease
in wall hoop stitfness. These trends in shear, from 20 to 120 psig,
highlight the influence of the basemat on the response of the wall.

Strains measured on shear reinforcement (Fig. 4.16, 4.17) suggest that above
120 psig the rate of shear increase was greater than in the pressure range
just before 120 psig. Strains on vertical reinforcement (Fig. 4.10 to 4.13)
suggest that above 120 psig the moment transmitted from the wall to the
basemat remains the same or increases slightly from its value at 120 psig.
At 145 psig two sets of. the three elastic modulus parameters are uaed and

1/5) finds that(E op - 1/12 Ey,,s - 1/8, Ecompared. The first set -
3 do,

shear increases above 120 psig at a rate greater than below 120.psig and that
( E ,, - F,,n - 1/10, Edu. - 1/5)moment increases as well. The second set 3o

finds that moment at 145 psig remains approximately the same as at 120 psig
and that shear does not significantly increase from its value at 120 psig.
These two parameter sets illustrate the limitction of this analysis model
after the vall yields in flexure. The model cannot be used to calculate a
moment which does not increase with pressure and be used simultaneously to
calculate a shear which increases at a rate greater than it had at a lower

pressure level.

An explanation for behavior at the wall-basemat junction above 120 psig.is"

offered, As the vertical reinforcement at the base of the wall yields, the
moment there is expected to remain approximately constant. Data from track-
moanted . displacement gages (Fig. 4.3) show that above 120 psig the mid-
section of the wall expands considerably but near the junction to the
basemat, at. elevations below 4 ft, the wall has not yet yielded in the hoop
direction. Results of the " benchmarks" calculation (Section 5,1) found that

. yielding . of circumferential wall reinforcement occurred with a radial
displacement of 0,29 in. (Table 5.1). . Radial displacements of the wall below-
4 ft (Fig. 4.3) were less - than this yield displacement. This means that
additional-increases of internal pressure formerly balanced by hoop stresses
in. the wall are now carried to the dome and basemat- The rate of shear,

' transmitted to the basemat would correspondingly increase. The overall hnop-
direction yielding of the wall at its mid-section'and the flexural yielding.
of the wall = at its base occur at- approximately the same pressure as - a
coincidence. The increase in the rate of shear increase with pressure above

120 psig is due to the overall hoop-direction yielding of the wall.
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6. INTERNAL PORCES AT Tile VALL BASE

In this section estimates are presented of moment and shear at the base of
th wall on the basis of the measured strain data. It is concluded tha.t the
wall had yielded in flexure at the wall basemat junction at the end of the
test. The maximum unit yield moment is estimated to have been 64 kips at 118
psig internal pressure. Unit shear stress at the base of the wall is

,

estimated to have been 450 psi (5. 7 (f|) , based on gross sections, at the
maximum test pressure of 145 psig, It is also estimated that the rate of
increase of this shear would have continued to rise with increases in
pressure above 145 psig.

N
y
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/ T
M

plc atic Woll interior
!centroid

\ # 132" Rodius

El. 1' 9"

(UJJ1
I

C
o --.- M* v2

5.36" s
:

9.75"

WoH Profile at Elgyction 1' 9"

N, P;et unit vertical force. due to internal pressure ,nd deod loco

T, Unit vertical force in reinforcement determined from strain dato
C, Unit vertical force in concrotu C, T, - N,-

M Estimated unit moment
a Depth of uniform stress block in concrete: o - C, / O.85 f'

Fig. 6.1 Illustration of Calculation for Momerx at Base of Wall

6.1 Moment at Base of Wall

6.1.1 Procedure for Estimating Moment from Measured Strain

Strains measured on reinforcing bars and the liner are used to estimate
meridional moment at the base of the wall. Presented in Figure 6.1 is a
free body diagram of the base of the wall to illustrate the forces in the

-steel and in'the concrete. The tension forces in the steel are determined
from strain gage data and the locations of these forces are given by the
expected positions of the instrumented bars. Measured strains are converted
to stresses according to Young's modulus for steel and the notainal area of
each bar. The compressive force in concrete is determined from the
difference between the net vertical (statically determined) force due to the

I pressurization and the force in the steel. This compressive force is located
|
,
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Fig. 6.2 . Idealized Stress-Strain Curves for Steel

within the center of a uniform stress block at the exterior of the wall
section (Fig. 6.1).

Gages Wr281, Br2, Wr225, Br7, Br1481, Br14, Wr14, and Br23, at the wall-
basemat junction at azimuth 90 degrees (Fig. 3.3), represent a complete set
of strain data from the reinforcing bars and the liner that transmit moment
from the wall to the basemat. Data from these gages = are presented in Figures

4.10 to 4.17 (Section 4.3). Measured strains are converted to stress
eccording to the idealized stress-strain curves presented in Figure 6.2. The
curves in this figure are based on linear approximations to the strength test
data for the liner and No. 4 reinforcement material, as reported in reference

2.3. Since No. 6 reinforcing bars were not tested for strength, it is
casumed that the stress-strain curve for the No 4 bars applies to data from

. gage Wr225 on a layer 10 reinforcing bar (Fig. 4.12). .

The vertical components of force in the steel, T., per unit circumference are
summed and presented in Figure 6.3. Forces calculated from reinforcement
strains which are compressive, at the exterior of the wall, are not included
with the total (tensile) steel force. The net vertical unit force (Fig. 5.1)

2 W/x)/(2R + t), where W is theat the wall-base is given by N, - (pR -

weight of the cylinder wall and dome.(270 kips), R is the inner wall radius,
t is ' its ; thickness, and-p is the internal pressure. The unit force in
concrete, C, is found from the difference in T, and N and is presented iny

Figure. 6.3. In this' calculation, the compressive forces carried by
reinforcement layers 5, 7, .or 8 (Fig. 4.15 - 4.17) are included with the
concrete force. Strains recorded by gages on these bars are small in
magnitude compared with strains recorded by gages on layers 2 or 10, or on
the liner (Fig. 4.10 - 4.12).

I
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Fig. 6.4 Estimated Moment History at Base of Wall

The location of the concrete force is determined by assuming that the force
is transmitted . through a uniform stress block having a stress equal to
0.85f| [Ref. 5.2) for all pressure levels. The plastic _ centroid for the wall

I section is 5.36 in, from the exterior wall surface when the wall is
ompressed uniformly to 0.003 strain. The contributions by the steel and the

concrete to meridional bending moment are calculated about this location and
-

presented in Figure 6.4
1

I
I
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!The maximum unit moment occurs at 118 psig internal pressure and is estimated
to be 64 kips. _ At this pressure, strains measured on the liner and on
reinforcement layer 2 were greater than their yield strain -while strain |

measured on reinforcement layer 10 had just reached its yield strain. Above j

118 psig the moment is estimated to be equal to or less than this value. The
~

moment is not plotted in Figure 6.4 at pressures below 25 psig-because the
wa '. i is uncracked in this range and, since part of the concrete carries
tension stresses, the location of the force attributed to concrete is
uncertain. It is interesting to note that as flaxural yielding occurs at 118
psig, t.he total . tensile force in the steel slows its rate of increase with
pressure (Fig. 6.3). The slopes of the curves T, and N, in Figure 6.3 -are
approximately equal above 118 psig and the force attributed to concrete
remains constant or decreases slightly in magnitude with further increases in
pressure.
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Hognestod curve:
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= -

u
where:

2 f; / Ee, =
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y
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E, You ng's rnodulus of concrete=

Fig. 6.5 Hognestad Stress-Strain Curve for Concrete
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Fig. 6.6 Moment-Curvature Calculation

6.1.2 Moment-Curvature Calculation

A check on the yield moment estimated from strain measurements is possible
through a moment-curvature calculation for the wall section. The calculation
procedure and its use are de' toed in detail by Pfrang, et al. [Ref. 6.1].
section of the wall consid ed is discretized by defining slices at various

depths (through the wall thickness) . Strain is assumed to have a linear
variation with depth. The stress within each slice is determined from the
strain at the depth of the slice and from assumptions on the stress strain
curves for the material elements comprising the wall. The calculation
proceeds by finding sets of strain distributions for which the net force
across the section equals a selected applied load. Moment is calculated at
this load for each strain distribution in the set and plotted as a function
of curvature.

- The stress-strain curves for the reinforcement and the liner shown in Figure
6.2 are used in the calculation. These curves are assumed to be symmetric
when converting compressive strains to stress. A stress-strain curve
suggested by Hognestad (Ref. 6.2) and show. in Figure 6.5 is used for the
concrete. Concrete is assumed to carry only compressive stress.

The resultant moment-curvature curves are presented in Figure 6.6. Each line
in the plot represents combinations of moment and curvature given a constant
applied force normal to the section. Tue curves are identified in the figure
by the internal pressure load and include the dead load of the containment,

! wall and dome. The unit yield moment at the point where the layer 10
reinforcement yields, at 118 psig internal pressure, is 65 kips.

)
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6.1.3 Uncertainty in Moment estimate

Five sources of uncertainty in the estimated unit yield moment are
considered.

(a) Location of Reinforcing Bars

All estimates of moment from strain measurements are made on the assumption
that the reinforcing bars were placed at locations indicated on construction
drawings. The containment model was constructed under close supervision
[Ref. 2.2) but a shift in depth in the location of a re? "^rcing bar by
approximately a quarter inch is plausible. A shift by this A . ant for a No.
6 bar could alter the estimated unit yield moment by as much as 1.6 kips or
for a No. 4 bar by as much as 0.7 kips.

-

(b) Stress Strain Curves for Steel

Twenty No. 4 reinforcing bar samples were tected for strength [Ref. 2.3] . The
mean and standard deviation of yield strength are presented in Table 2.1. Q
Yield strength statistics for the samples of liner material are presented in D
Table 2.2, Making a crude assumption that the coefficient of variation
(c.o.v.) of strength for all steel is 0.02, an estimate in the uncertainty
(at two standard deviations) in unit moment is 2.6 kips.

(c) Accounting for Initial Vertical Strain Due to Dead Lcad

Since all strain gages were re-zetoed before the SIT, strains due to dead
load could not be measured, An analysis of the effect of initial vertical
strain on the estimated yield moment is presented in Appendix B. The
analysis finds that assuming a separation distance of the internal force
couple of 6.83 in., or approximately seven tenths the wall thickness, ie
uncertainty in estimated unit yield moment is approximately 0.4 kips.

(d) Inclusion of Inclined (Shear Reinforcement) Bars in Calculation -

The vertical components of force carried by the No. 4 inclined shear
reinforcing bar (layer 11) and by the No. 3 stirrup are included in the
moment estimate calculation. Since these bars were provided primarily to
carry ahear ,and since they cross the wall section near the center of the wall
it is debatable whether they should oc included with the calculation to
estimace moment. If they were to be-excluded the estimated unit yield moment
would be reduced by approximately 5.5 kips. Excluding these bars does not
appreciably change the contribution of steel to the total moment since they
are located near the plastic centroid, but they do affect the estimate of the
concrete force. The unit concrete force would be reduced by 1.3 kips /in.
(from 7.1 to 5,8 kips /in.). Since the concrete force is located near the
exterior cf the section a large reduction (5.5 kips) in yield moment would
result.

(e) Location of the Concrete Force

The concrete force is located according to the size of an equivalent uniform
stress block. An alternate method would be to use strain data to determine
the neutral axis depth and then apply an assumed stress distribution for
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Fig. 6.7 Comparison of Neutral Axis Distance for Alternate Moment Estimates

concrete within the comp tession region. Strains mencured on layers 5, 7, and
8 are nonlinearly distributed through the wall thickness. Location of a
neutral axis can be assumed to be given by linear interpolation of data from
gages on layers 5 and 7 or of data from gages on layers 7 and 8. The
calculations are presented in Figure 6,7. Shown also in the plot is the
neutral axis determined from the equivalent uniform stress block method using
the expression - C, / $30.85f| to locate the neutral axis, where pt - 0.75 for
f| - 6000 psi (Ref 5.2].

Two stress distributions for concrete may be assumed at each of the two
neutral axis locations. -The first distribution is triangular, assuming the
concrete stress varies linearly, with a centroid at one third the distance to

i the neutral axis measured from the wall exterior. The second distribution is
nonspecific, assuming a nonlinear stress variation, but has a shape similar
' to the Hognestad stress-strain curve (Fig, 6.5) and a centroid at 0.4 times

,
the neutral axis distance from the. exterior.

I

|. The unit force attributed to concrete, C , is applied to the location of thee
'

centroids of the:two strain distributions considered for the two different
neutral axis depths. The four moment estimatec calculated by these alternate
procedures are compared- with the uniform stress block moment estimate in.
Figure 6.8. Unit yield moments detetmined by the alternate procedures are
less than the estimated 64 kips moment with a maximum difference c# 2.1 kips.

!

! (f) Summary of Uncertainty in Moment Estimate

Each of the five sources of uncertainty in moment estimate identified ab
indicate the maximum amount by which they can affect the estimated yit '

i

l
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Fig. 6.8 Alternate Estimates of Moment at Base of Wall

moment. Calculation of the combined. uncertainty is made, crudely, using a
first-order approximation [Ref. 6.3), by taking the squarc root of the sum of
the squares of the coefficient of variation in moment from each source. The
c.o.v. of moment for each source is taken as half of the amount by which the
unit yield moment wob1d change due to the uncertainty divided by the
cstimated unit yield moment (64 kips). Data for the calculation are
presented in Table 6.1. The total uncertainty in moment expressed as a
c.o.v. is 5.2 percent. The u1ximum likely uncertainty (two standard
deviations) in calculated unit yield moment is:6.6 kips.
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Table 6.1 Summary of Uncertainty in Unit. Yield Moment Estimate

Source of Uncertainty Deviation in c.o.v. of Unit

[ Unit Mortent Es111ta t e Mottrnt . E s t irtat e
Location of reinfoteement 1.6 kips .012
Steel strength 2.6 .020
Initial dead load strain 0.4 ,003

Inclusion of shear reinforcement 5.5 .043 $

C.tutI21d of conctrit_.[orce 2.1 .016
Cornbined uncertainty 6.6 kips .052 ;j
Estittatet.(atanlainit vield roogent 64.4 kilu '

b.2 Ebear at haar of Wall

6.1 i Shear Estimate from Stenin Data

Shear at the ba8e of the wall es n. Itad itself to deterininntion in a
manner airnilar to that used fo mot The radi, illy directed shear is,,

statically indeterreinate, wherca s,i the mornent coreputation vertical force is
da terinina te . A cut section a*. the base of the wall (Fig. 6.9) illustrates
the unit shear force carried by the shear reinforectnent, V .,, , ed thr unit
shear carried by concrete. V,,,. The portion of shear carried by ninforcernent
can be determined frorn strain data, but the shear in concrete is unknown
since the total shear cannot be independently deterroined. Referring to a
:ut-section of the basemat at the eleven foot radius (Fig. 6.9) the net
tensile force in the basemat to composed of the unit tensile force carried by ;

reinforcernent , T,3, and the unit cortpressive force carried by concrete, C,3
The algebraic sum of these two forces equate to the total unit shear force at
the base of the wall. It is assumed that the radial coreponent of force in
hoop reinforcement at the 12 ft 4 in, radius, near the exterior of the
basemat (Fig. 3.6), carries a negligible fractica of the basemat tenstor..

Cages Wr14 and Br23 at the 90 degree azirnuth (Fig, 6.9) within the base of
the vall recorded strains on shear reinforcement that transinit shear across
e critical section at the juncture of the wall and basemat. Data from these
gages are shown in Figure 0,10. Te portion of unit wall shear carried by
re inf orc ererat , V.,, , is deterrnined from the horizontal component of force in
ti shear reinforcement. Gages, Wr13, Wril, and Wr5 (Fig. 6.9) re o"ded
stains on radially oriented reinforcernent in the basemat at 11. Not'

raolus. Data from these gages are shown in Figure 6.11. The da sre used
to deterrnine the portion of unit radial force in the basemat that s carried
by reinforcement, T,3 Measured strains on the reinforcement are converted
to stress according to the idealized stress strain curve for a No. 4 bar
(Fig. 6.2). It is assumed that the No. 4 bar stress-strain curve apg.:les to
No. 3, No 5, and No. 6 bars.

The calculated unit shear force in the vall carried by reinforcement is
presented in Figure 6 's as curve V.,,. The unit radial force in basemat
reinforcement at the elo"en foot radius is presented in th,4 figure as curve
T.g. Both unit forces are converted to a uniform shear stress on the . tall by
dividing by the 9.75 in. wall thickness. The t-t anit radial shear in t b
vc11 is carried by shear reinforceitent, '1, , , e concrete. V ,, , th..aghc
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Fig. 6.s Cut Section at Vall-Basemat Junction (90' Azimuth)

direct shear or through dowel action. The shsar carried by concrete in the
wall cannot be determined from strains measured on reinforcement.

The radial force in the basemat is similarly composed of the unit force in
reinforcement. T,3, and the unit force in concrete, C,6 The force C,3 cannot
be determined since the total radi I force is unknown. Data 1.1 Figure 6.11
indicate that throughout most of 'e test the top of the basemat at the
eleven foot radius was in tension a the bottom was in compression. At

pres.sures above 138 psig, however, gab Ur5 on a No 6 bar at the bottom of
the basemat recorded. tensile t. trains. The m .amum strain recorded by this
gage, at 145 psig internal pressure, is approximately 0.02 percent (Fig.
6.11). Calculated hoop response benchmarks (Section 5.1.2) indicate that the
tensile strain that initiates cracking for the concrete in this structure is !

0.007 percent (Table 5.1) . At the maximum test pressure the entire thickness
of the basemat is assumed to be cracked; tensile strain recorded by gage Wr11

|
on a No. 5 bar at the top of the basemat was approximately 0.10 percent at

,

85

1

-. - - -



--. _ -_ -

160, < - -, . , , . , , ,
,

150 ,
<

#^140 -

0 N* 3 """P130 -

O o g' e t Dr23's
n120 - / Chon: #1108
* 110 I / <

100 - j
f 90 [ [

'

,

3 80 - y
$ 70 # No. 4 Inclin* d Do * *l

Goge: Wr14g 60 Chon: 7423g

'

e ,e

; 30 i / <

t- 20 -

<

10 - '

O' A - '' ' ' ' ' ' '
-0,02 0 02 0.06 0.10 0.14 0.18 0.22 0.26

Percent Stroin

Tir,. 6.10 Wall Shear Reinforcement Strain

160, . , , , , , ,
,

150 - <

do'^140 : y

/< r'
6 Radiot Dor

?g3o
.f

coge: wrs yChon: #404 ;;.

110 : No. 5 Radiol Dor .- <

100 - Gogo: wr11
Chon: #42090

3 60 -

$ 70 : No. 4 inclined Dowel <

, 60
- p Coge: Wr13

g
- * Chon; #422

(L 50 -
#

I $ f,40

: se <
6- 20 : |

10 - !
O - ' ' ' ' ' '

.- 0. 0 2 O O2 0.06 0.10 0,14 0.15 0.22 0.26

Percent Stroin

Fig. 6.11 Basemat Radial Reinforcement Strain

this pressure. The radial compressive force in concrete is therefore
negligible at the maximum test pressure. This allows an estimate of the
total wall shear at pressures r,reater than 138 psig from force T,i, only (Fig.
6.9).

The shear stress in the wall is estimated to be 450 psig or 5.7 6| at the
maximum test pressure of 145 psig. This shear exists in combination with a
tensile stress across the section of 920 psi (11.7 d|). The combination of
shear and tensile stresses is well out of the range of experience in
experimental tests of comparable wall-basemat connections of models of

l reinfo ced concrete containment structures (Section 7.2).
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Fig. 6.12 Estimated Radial Shear Stress at Base of Wall

6.2.2 overview of Shear Stresses in Wall

Before projections about the shear strength of the wall.basemat connection
can be suggested it is prudent to -first review and identify all known *

evidence-- about the internal forces at that location. Unless identified
otherwise in the dis.eussion which follows,-- all forces or stresses mentioned
existed at a critical section defined by the junction of the wall and basemat
and occurre.1 at the maximum test pressure, 145 psig.

fton statica, the unit vertical force was 9.0 kips /in. in tension. The
vertical com1onents of unit force carried by reinforcement in the wall summed
to 16.2 kips /in. (Fig. 6.3), implying that- concrete carried a unit
compressive force of 7.2 kips /in. Becaus s wall was in flexure the
concrete force was distributed about an e near the exterior of the-
section.

.

Strain data on reinforcement layers 7 and 8 suggest that the neutral axis was
1.67 in. (c'ig. 6.7) from the wall exterior. As internal pressure increased
during the -tests nonlinear events in Shavior- caused the neutral axis to
-shift from near the center of the w4,11 at the beginning of the SIT to the
fin.il value at the maximum llPT test pressure (FiS. 4.18, 6.7). As pressure

'

was increased, reduction of the neutral axis depth decreased the area of
concrete in compression.

|
The variation of total shear stress with pressure in not known, however at

! the maximum test pressure this shear is estimated to have been 450 psi (Fig.
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6.12). The portion of this shear transinitted by reinforcement was 240 psi.
Strain-data used to compute the shear carried by reinforcement (Fig. 6.10)
indicate that the No. 4 inclined (layer 11) bar had ytolded and that the No.
3 stirrup had 9 topped developing strain. The stirrup developed a inaxirntun i

stress of approximately 17 kai. The portion of total shear carried by 4

concrete either directly or in dowel action was 210 psi or 2.7 #|. Based on ,

the strain data, the radial shear carried by shear reinf orcement in the wall
is not expected to increase with further increases in the total applied
shear, if pressure were to be increased above 145 psig, j

The stiffness of the baseinat relative to the wall influences the variation of >

the total radial shear with pressure (Sections 4.3 and 5.3). Using a fixed-
base assumption and gross section din.ensions the initial value of the total
shear stress, V,,,,,, is determined from [Ref. 5.3): ,

V ,,,, - p TR7h / [ 3 (1 v ) )* (6.1)8

where p - internal pressure
R = the wall radium
h - the wall thickness and
v - Poisson's ratio, which is taken as zero (Fig. 5,8).

.

'

This calculated shear is shown as V,n , in Figure 6.12 at pressures below 20
psig. Projection of the V ,,,, line to greater pressures indicates that the
total vall shear at 145 psig is greater than what would be calculated ;

according to Equation (6.1). At this pressure the estimated shear stress in
the wall is greater than calculations using a fixed-based model and gross
sections. These asstunptions for the fixity of a connection are commonly
thought to be conservative.

At the maximum test pressure the wall had yielded in the hoop direction over
most of its height (Fig. 4.3). Ar internal pressure increases, increments of

'

radial force resisted, before yielding, by circumferential reinforcement are
carried by seistnic and vertical reinforcement to the dome and basemat. The
total vall shear is estimated from measured data only at pressures greater
than 138 psig. The slope of the total shear (curve To,) in Figure 6.12 in -

this pressure range _in relatively flat compared to the slope of V,,,,, (Fig.
6.12). This implies that the rate of increase of the total shear for
pressures greater than 138 psig was much larger than the rate of increase of
total shear initially, for pressures less than 20 psig.

-

A projection of the total shear due to a hypothetical increase in pressure of
15 psig (to 160 psig) puts the total shear at 590 psi (7.5 6|). This shear
would exist in combination with a nominal tensile stress of 1010 psi (12.8-
#|) . Since it is believed that the shear reinforcement would not car.y
additional stresses beyond 45 psig (Section 4.3.2), the portion of the total

-shear carried by concreto, either directly or in dowel action, would be 350
psi or 4.4 d|. Methods for evaluating the shear capacity of this section are
presented in Chapter 7. 1

6.2.3 Uncertainty in Shear Estimate ~

Three sources of the possible variation in the estimated unit. shear stress at'
the maximum test pressure are considered.

.
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(a) Force Transmitteo f rom the 1iner to the Wall

A cut-section of the basemat on an eleven foot radius (Fig. 6.9) shows that
force carried by the liner atop the basemat at that section is not included.
By excluding this force from the basemat unit tension, To, the estimate of
the calculated shear stress at a critical section of the wall does not change
appreciably. A reliable estimate of strain of the liner floor is not
available because data from several gages near the junction provide
conflicting readings [ ft e f . 3.1]. This region was subjected to large strain
gradients which were difficult to measure reliably.

- -

f un. t hic k n e s e 0.008" -

Typic ol stud. O 5" long. O148" dio.

'/Ve rtic al ond horisontal spocing' 2"

VC D C 3
2" dio. auerter .ound p p.

-

o.t os" won thickness

Jt" /
*

ti. 2' o"
,

C 3 C 3 WEA
\een 3" riu concrete

oc kin g bor

El. i' 9"
-

Fig. 6.13 1,iner Knuckle Detail

A detail of the wall-basemat connection and liner knuckle is shown 17 Figure
6.13. The basemat liner rests atop a three inch fill slab at elevation 2 f t.
The liner 's attached to the inner wall surf ace by 0.148-in, diameter studs,
0.5-in. long and soaced at 2 in. A quarter-round section of 2-in, diameter
pipe was bent to f orm the knuckle joint and was welded to the floor and wall
liner. A 1 by 2 in, backing bar was placed just below the weld of the
knuckle to the basemat liner, within the fill slab, to support these
structures during construction.

As indicated by a detailed profile of the connection (Fig. 6.la), radial
shear in the wall may be transmitted to the basemat liner primarily through
the studs anchoring the wall liner to concrete. Adhesion stresses of wall
concrete and the steel liner are expected to be small. The first row of
studs begins at approximately 2 in, above the basemat liner or 13/16 in,
above the juncture of the wall liner and knuckle. The maximum unit force
that may be transmitted from this row of studs to the basemat liner is
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limited by the flexural capacity of the lower portion of wall liner. An
;

- upper boun1 to this (unit) force is detertained through a limit analysis [
presented in Appendix C to be 153 lb/in. Thfa equates to a well shear stress
(gross section) of 16 psi. The row of studs considered is approximately 5 i

in, above the section at which the 450 psi wall shear stress is estiinated.
,

Within this distance hoop reinforcement (Fig. 6.13) and the concrete relieve t

sogne of the shear force. The additional 16 psi shear stress at the lev 11 of ;

the first row of studs is not likely to produce a shear stress there greater '

than at the section defined by the wall basemat juncture,
e

A post ilpT inspection of the interior of the containment structure found that
the basemat liner had deformed plastica 11y at the ou.or 6 in, of the floor. i

Stresses carried by the liner at the knuckle junction were probably at least
equal to the yield stress of the liner material.

(b) Force in Basemat lloop Reinforcement

Figure 3.6 illustrates all reinforcement visible in a profile of the basemat
at azimuth 90 degrees. Four No. 6 hoop reinforcement bars are located at

,

radii greater than eleven feet. Three are at a radius of 12 f t 4 in, and one
is at 11 ft 7 in. The radial component of force in these bars is not taken
into account when the unit radin1 force in the basemat at 11 f t is equated to
the unit wall shear force. The basemst was found to produce a radial
extension at the rnaximum test pressure which is estia.sted to be 0.02 in, at !

the top and 0.14 in, at the bottom of the slab (Fig. 4.8). These extensions
are used to estimate the strain in the four exterior circumferential
reinforcing bars. The unit radial component of force is calculated to be 153
lb/in. If this unit radial force in the hoop bars was subtracted from the
estiinated tensile force in the basemat. T.6, (Fig. 6.12) the estimated wall
shear stress would decrease by approximately 16 psi.

(c) Stress-Strain Curves for Steel

The wall shear stress estimate is based on strain data frorn three gages
attached to a No. 4, No. 5, and No. 6 bar. Twenty samples of No. 4 bar and I

four sarnples of No. 5 bar were tested for strength. Strength statistics for
the tested bars are presented in Table 2.1. Using an approximate coefficient
of variation of the strength for all reinforcement of 2 percent, the
uncertainty in the timate of the maximu.n shear stress in the wall (at two
standard deviations; * 18 psi.

(d) Summary of Uncertainty in Shear Estimate-

Of the three sources of uncertainty in shear estimate identified above_only
the latter two affect the estimated wall shear stress. The radial chear
force transmitted from the wall to the basemat,- discussed in point (a) above,
can be ignored because this' force is comparatively small and because it in,

transmitted 5 in, above the walbbasemat junctura. The exclusion of force--

carried by exterior hoop reinforcement reduces the estimated shear stress but
uncertainties associated with reinforcement strength could shift the estimate
higher or lower. These uncertainties are combined algebraically to give
bounds to the estirnated wall shear stress equal to 415 and 450 psi at the
maximum internal test pressure of 145 psig,

t
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7. EVALUATION OF RADIAb SHEAR STRENGTH

The region near the base of the wall of the containment model is one of the
critical locations about the st-ucture from the viewpoint of structural

.

resistance. At the maxirnum test pressure the unit shear stress estimate i
'

there is 450 psi (5.7 (f|). This occurs with a large normal tensile stress
of 920 psi (11. 7 (f|) . The stress combination is greater than the expected
shear capacity, based on sne t hods in design codes for estimating shear i

i strength of reinforced concrete sections [Ref . 2.4, 5.2) . For this reason an
alternative method for evaluating shear strength was sought and is presented j

below. ;

;

In this chapter methods are presented by which the radial shear strength at
the base of the wall may be estimated. Es tirna te s of the strength of

reinforced concrete meinbers in shear are based strictly on structural
experiments. The word " methods" above should not be misconstrued to indicate
all is known about the strength in shear of reinforced concrete sections.
Experiments have shown that sheer atrongth, unlike flexural yield capacity,
cannot be determined from the principles of mechanics with consideration of
the strengtts of the individual cornponents (concrete and steel) at a section,
Test data on beams that have f ailed bec.ause of the effects of shear are
subject tc a great deal of scatter. For example, the range in the ultimate
capacity of four identical bearns (no web reinforcernent, span to depth ratio
of 3) tested by Taylor, [Ref. 7.6) which failed due to shear, was 20 percent >

of the mea.n of the f our strength values. Projection of the results of tests
on structures for shear strength to other structural forms or shapes must be
qualified by the range in the relevant pararneters of the specimens th1t
previde the basis for the projection. Due consideration of the uncertainty

in a shear strength estimate must be included with the projection because of
the commonly observed scatter. ,

A calculation procedure is described for :. valuating shear strength at the
wall base _from the internal compressive force resulting from flexure. This
procedure is applied to the 1/6-scale containment structure tested at Sandia
(Ref. 2.2) and to a set of 1/12 scale reinforced concrete models of an eighth ;

_

of a shell wall (45 degree sector) and base foundation connection tested by
Aoyagi, et al. [Ref. 7.1), Based on the wall basemat connection experiments

by Aoyagi, the procedure estimates a radial shear capacity in terms of
internal pressure of between 59 and 73 porcent of the ultimate pressure

-

required to cause a shear compression failure in the tested specisnens. The
strength of one of the 1/12 scale wall basemat connections is then compared
to the Sandla 1/6 scale containment via the described calculation to estimate
an_ internal pressure at which the stress conditions in the Sandia containment
would resemble those at failure of the-1/12 scale connection. Calculations
suggest that at an internal pressure of-185 psig there is an extreme
possibility for a radial-shear failure of_the containment model,

r

Section 7-.1 'oegins with a sur/ey of code equations for estimating the shear
strength, as found in the reinforced concrete provisions of the ASMF. Pressure
Vessel Code [Ref. 2.4) and the ACI Building Code [Ref. 5.2]. In Section 7.2 ;

a review sf experiments of structuial members subjected to shear, axial
tension, and flexure at a critical section is presented. The relevance and
applicability of each in guiding an estimate of the radial shear strength at
the wall basemat connection is noted. Because the shear strength of
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connections in full size reinforced concrete contaitunents is of primary L

interest. Section 7.3 contains information on inodelling considerations that-
affect the projection of shear strength of structures determined frorn tests

,

of scale models. The proposed method for evaluating shear strength plus an '

analysis of potential modes of shear failure at the wall base is described in !
Section 7.4. The calculation procedure is applied to the 1/6 scale '

;containment snodal and to the 1/12 sente wall basemat connection specimens in
Section 7.5. i

L

7,1 Eurvey of Code Eauntions for Estimating Shear Strength !

The AMME Boiler and pressure Vessel Code [Ref. 2.4) conta.ns provisiona for !
deterinining the allowable radial shear strength at ultimato load conditions. '

The provisions allow the contributions of concrete and shear reinforcement in
resisting radial shear to be considered separately according to:

v, - v. 4 v, (7.1)
,

where v. - total nominal shear strength
v, - nominal shear strength of concrete and
v - norninal shear strength of reinforcernent.

The contribution of reinforcernent to shear strength is determined by taking
the radial cc.oponent of force in each bar that crosses a presurned failure :
plane with the stresses'in the bara equal to the steel yield strength, f

Assuming that failure conid occur along the horizontal construction joint i
between the besemat and the base of the wall, one - No. 4 har at 45' ;

N iination m.d one No. 3 stirrup at approximately 40' inclination, both at
4.5 in. spacing, would cornprise the total shear reinforcernent. The unit t

radial shear capacity of these bars is determined to be 3.2 ki: /in, or 330
psi unit shear strength based on the 9_.75.in, wall thickness, s

The contribution of concrete to shear strength is_' influenced by the axial
tension and incridional bending at the base of the wall. The not force in the ;

vall will be tensile as_the ultimate load is approached. In this case the
~

Code [Ref. 2.4] specifies that the-norainal shear strength of cuncrete shall
be determined f rorn:

v, - 2 . 0 (f,' [ 1 + 0. 002 N,/A,) (7.2),

where f| - the coinpressivo strength of concrete in psi
N - the force (tension negative) acting on section A, ando

A, - the gross section area.

Thin ; equation - suggests _ that concrete strength decreases linearly as the
normal tensile - stress across the section (N,/A,): increases, When the net
normal. tensile stress-exceeds 500 psi, Equation (7,2) assigns zero strength
to the concrete. [

At the raaximum test pressure achieved during the llPT (145 psig)- the net ,

tensile stress at the base of the wall is 920 psi. The total shear strength
,

at that section, determined according to Equation (7.1), is 330 psi, which ;

! results frota the strength of the shear reinforcement only. The total radial '
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shear st ress tha' 1) estiinated to have existed at that section is 450 pai. ,

Clearly, since there were no visible signs of distress at the toe of the
wall, an obvious question is how much is the actual shaar strength
underestimated by Equations (7.1) and (7.2).

An alternate method to estimate shear strength is by the shear friction
provisions of the ACI Building Code [Ref. 5.2) . The strength of a section to
transmit shear acr>ss a potential crack surface is deterinined from the i.et
yield force of all reinforcing bars transverse to the crack and f rorn the
construction procedures used in casting the concrete. Shear strength by the
shear friction method is calculated froro:

v, -. p ( p f, o ) (7.3)n

where v, - naminal ehear strength ~

p - reinforcement ratio perpendicular to the section
f, - yield strength of reinforcement and

n net tensile seress normal to section (a, - 0 if compression) .o

The Code [Ref. 5.2) specifies p - 1.0 for conditions such as found at the
wall basemat juncture: the section is a roughened constructicn joint.
Furthermore, there is an upper limit on v, of 800 psi (for f| -. 6200 psi)
[Ref. 5.2]. The net vertical reinforcement ratio, excluding the liner, at
the section considered is 0.027. The reinforcement yield strength is 64,000
psi and o is 920 psi at the maxirrurn test pressure, by Equation (7.3) a shearn

strength of 810 psi is calculated suggesting that, on the basis of shear.
friction, the section has adequate reserve capacity to carry the 450 psi
shear stress that is estirnated f rom measured strains.

Equat!ons (7.1) and (7.2) normally apply for proportioning a wall basernat
connection to resist radial shear. But they underestimate strength, as they
should for design, and are not particularly useful in this study. It is
desired to e.itimate the actual radial shear strength as closely as is
practicable to makt. a project ion of the limiting pressure the containment -

model could have withstood if the primary mode of failure was due to radial
shear at the wall base. The shear-friction method of checking shear capacity
is not allowed by the ASME Code for reinforced concrete containinent
structures. Moreover, experiments on push-off specimens that support the
basis for Equation (7.3) did not load the specimens with tension normal to
the failed section higher than a unit stress of 400 psi [Ref. 7.22). It is
uncertain whether the 810 psi shear strength estimated by Equation (7.3) is
realistic. For this reason a survey of structural experiments was conda.:ted
to find alternate means for improving on shear strength estimates froin code
equations.

7.2 Eurvey of Experimental Research

A literature survey was conducted to find information on tests of structures
in which the critical section at failure was subjected to stresses similar to
those in the 1/6-scale containment rnodel et the maximum HPT pressure, The
search yielded information on three series of tests of other wall basemat
connections, a series of tests on T beams subjected to combinations of axial
tension plus shear and moment at failure, and two series of tests on push-of f

93

_ - _ _ _ .



-____- _ - - -____ _ __ _ _ ____ _ _-___- __ _______---____ _ _ _ _ - _ _ _ _ _ - _ _ _ _ - -

,

r

\

i
!

specimens subjected to shear plus moment or shear plus axial tension across !
the. failure plane. In the following sections, the . experimental

~

investigations are described and the applicability of their -results to
evaluation of shear strength at the wall baremat connection is discussed. ;

7.2.1 Tests of Wall Basemat connections

7.2.1.1 Aoyagi 1/12 scale 45' sectors

six 1/12 scale specimens r: rresenting a 45* sector of a shell wall and
-basemat connection of a reinturced concrete containment structure were tested
by Aoyagi, et al. [Ref. 7.1] . Each specimen consisted of a 500 mm (197 in.)
thick basemat, anchored to a floor and a 15 cm (5. 7 in.) thick shell wall ,

'which extended 150 cre (59 in.) above the base (Fig. 7.1). The walls were
proafded with 10 mm (0.39 in.) dia, vertical and circumferential
rek Nrcement; one ' of the six specimens had 6 mtn (0.24 in.) dia, shear <

stirrups. The specimens were loaded by applying tension to vertical
reinforcerrent at the top of the wall while simultaneously app'.ying pressure
radially, through a confined pressure bag, to the inner wall surface. During
the test, forces in all circumferential reinforcing bars were monitored so
that shear forces and hoop soments at the wall base coulu be determined.

The Aoyagt specimens simulated the loading ard configuration at a wall-
basemat connection of a 3 dimensional containment structure.* All specimens
failed in shear compression at the wall base: crack patterns showed the
fatture surface was created by horizontal flexure cracks, formed at the inner

,

wall surfac h which propagated along a curved Aine, radia'11y outward and -

- downward, toward the wall, toe (Fig. 7.1) . These specimens have potential for
guiding strength estimates of the Sandia 1/6 scale model containment or of
similar containments. To extrapolate results of these tests to the Sandia
model or to other containments consideration of-the following design details
must be made: the specimens did not include seismic reinforcement, inclined ;

shear reinforcement anchored within the basemat, or a liner, and only one ~

specimen had stirrups.

7.2.1.2 construction Technology Laboratories

A nearly full size model of a vall basemat connection with a skirt, a sloping '

transition or haunch between wall and basenot, of a typical prestressoa
concrete containment structure was tested it the Construction Technology
Laboratories (CTL) [Ref. 7.15 '7.17). .The specimen (Fig. 7.2) was plenar,

.

not curved as a ttue shell, with the following dimensions: overall width 84'
,

'

in., vall height 162 in., wall thickness'32 in.. skirt thickness at basemat I

junction .44 in. , and basemat thickness 60 in. Vertical-(meridional).vall
reinforcement, shear' stirrups in . the wall, an orthogonal grid (cago) or
reinforcement in the'basemat, and : vertical prestressing tendon ducts were
provided. A 1/4 in. liner plate was attached by structural angles to the -

|

|

|- '* The Aoyagi specimens were anchored to a floor- and thus could not exhibit '

| basemat uplift, as was observed for the 1/6 scale containment model.
! However, in=Section 7.3,3, speculating on the effects of basemat uplift on '

radial shear strength of the wall, it is suggested that the Lasemat of a
full size containtnent would present to the wall a highly fixed anchorage.

.

'

'
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Fig. 7.2 Specimen Tested by Construction Technology Laboratories

inside wall and basemat surfaces. The specimen was loaded by applying
tension to the vertical reinforcement and liner at the top of the wall, by
applying radial tension to basemat reinforcement at the heel and the toe of
the basemat section modeled, and by applying internal pressure to a confined
rubber bladder in contact with the liner at the wall shirt-basemat region.
The basemat was restrained vertically by a bearit.g pad located approximately
20 in, from the inner skirt basemat corner. The loads produced significant
shear forces and hoop moments at the wall skirt and skirt basemat jus.culons.

The 'nternal force conditions for hoop moment and radial shear were similar
I to those of a full-size containment subjected to high internal pressures.

The test produced a severe distress along a horizontal plane, across the 44-
in, thick wall at the skirt-basemat interrectinn. This f ailure was
accompanied by 1.25.in, vide flexural cracks at the inner portions of the
wall, which did not propagate to the wall exterior. Tiw test also produced
tears in the liner at the wall skirt and skirt basemat discontinuities. The
tears were attributed to the loss of liner anchorage because of the severe
concrete cracking. The mode of failure exhibited in this test occurred at a
wall basemat connection, however, because the contribtition of circumferential
reinforcement to carry radial shear was ignored (these bars were not loaded)

|
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it is difficult to compare this specimen to an actual containment exhibiting
3. dimensional behavior. In this specimen the entire radial load on the wall

was transmitt ed to the basemat as a radial shear at the wall base. In the
specimen tested by Aoyagi (Fig 7.1) or in an actual containment most of the
radial load on the wall is carried by cireta f.orential reinforcement.
Moreover, seismic reinforcement and inclin$d shear reinforcement anchored in
the basemat were not provided.

7.2.1.3 Stone and Webster Engineerc n Co.

Two full scelo sections of a reinforced concrete containment wall were tested j

by Stone and Webster Engineering Co. (S&WE) [Ref. 7.9, 7.12, 7.18, 7.19). !

The tests were perfnrmed to determine the overall performance, cracking and
splitting behavior of ti. ) concrete, and the load transfer to the ;

reinforcement at loads resembling the design internal pressure for a
contaitunent . The thickness, height, and width of the first specitrea was 4 f t !

6 in. , 4 f t, and 10 in. , respectively, and dimensions of the second specimen !
vere 4 f t 6 in. , 5 f t % in. , and 6 in. (Fig. 7.3) [Ref. 7.12) . The specimens
vere each provided with three No. 18 vertical reinforcing bars, two at the
interior and one at the exterior wall surface, and with 3/8ein. liner plate -

attached to the inside wall surface by studs. Shear reinforcement was
provided in the forrn of steel plates (4 x 3/4 in. or specimen one and 4 x 1
in,.for specimen two), inclined at.45', are velded to the exterior vertical
No. 18 bar and to one interior bar, The specirnens were loaded by app)ying,
at the top and bottors of the wall, vertical forces which were offset to
induce (radial) shear, axial tension, and (meridional) bending stresses e

across a section through the wall thickness. Neither specirnen was tested to
failure. The specimens were loaded so that the highest stressed reinforcing
har was at 90% of its yield se:ength. The induced unit radial shear stress -

at the end of th, .est was equal to 285 psi on a horizontal wall section with
_

a unit normal stress of 1100 psi.
.

The S&WE specimens were patterned on designs of full.1ze containment walls. '

.

With the exception of the magnitude and method of loadin3, their performance
may be e,nsidered to be closely representative of contairunents subjected to ;

overpressurization.- The tests demonstrated the capacity of the valls to
carry the high-loads at the design pressure without significant cracking of
the concrete. The angle of the crds was approxirnately 20' from horizontal.
The second of.the-two-spacimens was instrumented with strain gages- on the
reinforcing bara and the shear resisting steel bars. The data indicated that
the- inclined steel bars were stres. sed to approximately 9 kai at the end of ,

the test and that only 38% of the total radial shear was resisted by these ;

bars, with the remainder assigned to concrete and to dowel effects. The I

: tests did not provide a complete : indication of wall strength as the
circumferential reinforcement was not modeled nor was their ability to carry
a part of the radial load. The vertical forces were applied by a steel yoke
assembly which most likely added considerably to the overall shear strength !

and-helped-to confine the concrete. - t

7.2.2 Tests of T-Beams

A series of sixty T-beam. sperimens were tested by Haddadin, et al. [Ref.
7.20,7.21) at the Universit 'f Washington to study the effectiveness of web
reinforcement in members subjected to tensile or compresrive axial forces.

[-
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Fig. 7.3 Full size Model of a Containment Wall Segment Tested by
Stone and Webster Engineering Co.

Twenty +one specimens were loaded to approximately 250 psi axial tension
before being loaded laterally and the. failing in shear. All specimens had
the same cross sectional dimensions; overall depth 18.5 in. , effective dopth
15 in., web thickness 7 in.. flange wiuth 24 in., flange thickness 4 in. .

(Fig. 7,4). Fifty-five specimens were tested as sienply supported beams with
lateral force arplied at the center of the span. Span length was different '

among specimens with a range in shear , pan ratio (a/d or M/vd) of 2.5 to 6,0.
The sizes and spacing of stirrups was also varied with the range in the
parameter'pyf of 99 tc. 900 psi (py - shear reinforcement ratio, fyy yieldyy
strength of stitrups). Some specimens had no stirrups.
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It was found in these tests that two types of shear failures occurred and
they appeared to be dependent on the amount of web reinforcement (stirrups).
In beams with a small amount of web reinforcement, failure was by diagonal
tension cracking which caused the stirrups to yield as a crack propagated up
into the flange, toward the load point at the top face of the beam. In beams
with larger amounts of web reinforcement failure was by shear compression of 3

the flange and then yielding of the stirrups. All beams produced yielding of ,

stirt as across a crack at failure. The effectiveness of stirrups in
'

resisting shear was found to be unaffected by the presence of axial tension
or compression and stirrups were more effective in increasing shear capacity

,

in the beams failian in diagonal tension than in beams failing in shear '

compression of the flange. These tests of T beams seggest that the presence
of axial tension in the wall of a containment structure would not reduce the :
effectiveness of shear reinforcement at the wall base. Quantitative strength ;
results from the tests cannot be applied to a containment structure for r

several reasons, but chiefly because of the dissimilar cNas-section and
because of the two dimensional nature of the T beams.

7.2.3 Tests of push off Specimens

7.2.3.1 Interface Shear of Reinforced Concrete
:

Two groups of tests by Mattock, et al. [Ref. 7.22) of 21 " push off" specimens !
vere conducted to study the interface shear transfer strength of reinforced .

fconcrete with rooment or tension acting across the shear plane (Fig. 7.5),
The first group of twelve specimens were corbel type tests: a shear force was
applied parallel to the failure plane and at an eccentricity that varied with j

each specimen. These specimens had a 10 in. long by 6-in. vide fallare plane j

interspersed by reinforcement perpendicular to the section. The remaining 9
specimens were shear tension te-ts: a shear force was applied on either side
of and parallel to the failure plane while tensile forces were appliec: to the

,

two adjacent portions inducing aormal tensile stresses across the critical '

section. These specirnens_ had a 12-in. long by 7-in, wide f ailure plane that
was also interspersed by transverse reinforcement. .

The tests by Mattock, et al. provided fundameraal insight into the capability
of reinforced concrete to transmit shear across a potential failure plane j
while simultan'eously resisting normal tensile stress, or in the case of 4

corbel type specimens,_ a varying distribution of stress normal to the section
due to the moment, The_ tests demonstrated that the frictional strength of
concrete to resist unit shear stress may exceed 800 .si, depending on the
amount of reinforcement across the section. The results of the first group .|

of push off specimens, with moment across the shear plane, indicated that
moments less than or equal to the flexural ultimate moment for the section do
not reduce the Thear transfer strength. In the second group of specimens net
tensile stresses ceross the_ shear _ transfer plane reduced by an amount equal
to the norma! tensilo stress acting on the section the reinforcement >

parameter pf , which is believed to be proportional to the shear transfery
strength. Althc. ugh these tests suggest that the radial shear strength at a
containment wall basemat connection may be quite high, it is doubtful that'

they provide an adequate representation- of the internal force conditions
present in a pressurized contaitument. A ccmparison of thise specimens to a "

containment can be made roughly only on the basis of sirnilarity of unit
.

stresses. The loading conditions of a containment and of the push off *

i
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specimens are dif ferent. Furthertnore, these specimens canno at: count for the
distribution of reinforcement, including reinforcing bars inclined from a
potential shear plane, which was not studied in tnese tests, or account for
the three dimensional nature of the problein when circumf erential stresses in
a containment are considered.
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Fig. 7.6 Aggregate Interlock Specisnen Tested by paulay and Loeber

7.2.3.2 Aggregate Interlock Strength of Cracked Concrete

A total of 44 " push +off" specimen: ve rt cested by Paulay and Locher [Ref.
7.23) to study the nature of shear tranctor across prepared cracks by the
aggregate Interlock mechanism. The plane on which shear straisses were
transmitted was 7.5 in, long and 4.5 in, wide (Fig. 7.6). No reinforcement
was provided across the shear plano, External restraint was provided
transverse to the failure surface to maintain crack widths to a constant
width. Load was applied on either stJe of and parallel to the failure plane
so that shear stresses could be transmitted across the shear pla m only
through aggregate interlock.

The paulay and Loeber tests demonstrated the potential shear force that may
be transmitted by aggregate. interlock. It was found that aggregate sizes and
shapes had - no noticeable affect on the shear transfer mechanism. The
relationship between shear scress and restraining force was approximately
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linear up to a shear stress of approximately 1000 psi. The inean ratio of |
shear force to restraining force was 1.7. These tests are useful in guiding i

an estimate of radial shear strength of a containment structurs only to 1

demonstrate that _ it is physically possible to transmit high shear stresses !

across cracks, given an appropriate degree of restraint. In the 1/6.seale .

containment model the vertical uplift force at the base of the wall due to !

internal pressure equals the dead load of tha wall and dome at apptoximately ;

6 psig._ A' full size containment would have ptsportionately a much greater |
dead load, which could provide the restraint required to develop, to soine
degree, aggregate interlock shear capacity.

7.2.4 Summary of Experimental Data i

of the several- experimental tests described above, the wall basemat !
connection experinnents by Aoyagi, et al. [Ref. 7.1) have the greatest

'-
potential to guide an estimate of the radial shear strength of the SAndia
1/6 scale containment model. Data from the Aoyagt specimens are used !)
Section 7.5 to illustrate a calculation procedure for shear strength due to

"

the compression force in flexure.

IThe CTL-test of a wall basemat connection and the S&WE tests of full size
. containment- walls do not include the effees of t.he circumferential
reinforcement. Aoyagi (Ref. 7.1) states tha the failure mode of the six
specimens he tested van ductile and not brittle or sudden, even though they ,

did fail in shear compression at the toe of the wall. Aoyagi notes that this
ductile behavior observed with shear failuce of the wall is due to the
presence and influence of circumferential reinforcement.

Tho' T heams tested in tension at the Univ. of Washington and the push off
specimens tested in tension by Mattock were not subjected to axial tension
stresses higher than 400 psi. This is less than half of the net tensile
stress present at the_ wall base of the 1/6 scale containment model at the t

-

inaximum test ' pressure. Additional push off tests with axial tension across
the section closer to the 920 psi axial tensiva observed in the 1/6 scale
containment would provide a greater confidence in applying the results of ;

'- push off tests to the conditions at the conu :oment wall-base junction.

73 gpdeling gansideration2 i

The effects of- size must be ' considered in applying the results of tects on
reduced scale reinforced concrete specimens to the full size. Evaluation of
sher.r strength data obtaine.! from tests on simply supported beams of various;
sizes (Ref. 7.4 to 7.6] lead to somewhat contradictory conclusions on whether
reduced scale members provide acceptable indicators of the strength of full-
size structures. .The literatura pertaining to scale effects [Ref. 7.3 to

~

7.7] of reinforced concrete members indicates that.with proper scaling _of all
aignificant parameters, including the sizes of aggregates in the concrete
6 .x, the-rhear. strength of full size beams may' typically be equal to or less
Lian the strength of reduced scale models. It is generally found that shear i

strength decreases as the specimen size increases [Ref. 7.6],

Several factors, all apparently interrelated, affect the extrapolation of'

shear strength of scale models to the full size. Principal among these are
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the overall dimensions of the model, the distribution, spacing, and cover of
reinforceme" , the size of aggregates, and the size of samples of teaterial
specimens (co icrete cylinders, rebar coupons) used to determine the strengths
of the seaterials [Ref. 7.8]. Data indicate that factors related to the
properties of concrete have a greater overall influence on size effect than

.

!
do other fac'ars. At least two effects at the wal1+basemat junction in the
1/6 ascale &.itainment were not scaled exactly from typical full size

,

containments: maximum aggregate size and anchorage of stirrups. These two !

effects plus other factors to consider in relating the performance of the
model wall base connection to a full size concrete containment are discussed !

in the following paragraphs. !

7.3.1 Maximum Size of Aggregates [

The containment model was constructed of normal weight aggregates having a
maxirnum size of 3/8 in., whereas, its prototype would have a maximum i

aggregate size of 3/4 in. [Ref. 2.1]. Aggregate size influences, among other
factors, the tensile strength of concrete which affects the shear capacity of
a reinforced concrete member.

A s1 ries of tests by Taylor [Ref. 7.6] on "true to scale snodel beams" without
,

web reinforcement found that reductions in the shear strength of larger beams '

occurred, compared to the strength of the small beams, when aggregate size is ,

not scaled correctly. He states that, from a designer's point of view, it is "

necessary to realize that the strength of a meter (39.4 in.) deep bearn is
likely to be 80 to 90 percent the strength of a similar beam 250 ina (9.8 in.) '

deep. But when the maximum aggregate size is scaled proportionately Taylor
concludes that the loss of strength of a large beam is less significant, The
strength of a meter deep bearn is then approxitnately 90 percent of the
strength of a 250 rnm (9.8 in.) deep beam. Similar findings were presented by 1

Swamy and Qureshi [Ref. 7.4], based on tests of T. beams with and without
stirrups. Swamy and Qureshi argue the need to scale aggregate size
appropriately because models with different sized aggregates are likely 9

- show primary and secondary modes of failure quite different from those of the
prototype. In a somewhat dif ferent ; view Alarsi and Ferguson [Ref. 7.3)
conclude that W ile scaling the maximurn size of aggregates does iroprove the
accuracy of snodels, aggregates with a maximurn size as- close as possible to
the required size may be used without influencing the results to a great- T

extent. They found that the strength of larger beams was approximately 5
percent less than the strength of smaller beams.

Maximum aggregate -size also influences concrete -tensile strength and the
shear strength at diagonal cracking, v,. Bazant and Sun [Ref. 7.7) believe -

that nonlinear fracture mechanics theory may explain the effects of the-

,

- specimen - ef tective depth and maximum angregate size on diagonal cracking
strength. Their proposed - equation suggests that v, for a full-size
containtnent would be approximately 30 percent less than the diagonal cracking
strength for the Sandia model, based on the given maximurn aggregate sizes and

,

the thicknesses of the containment walls.

The evidence presented is conflicting. A quantitative assessment of the
effect on the shear strength of using ' a maxirinun aggregate size in ~ the
containment model (3/8 in.) larger than what would be scaled correctly from
a prototype (1/8.in.) must be prefaced by the degree of uncertainty in the

,
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strength observed in experiments. The carefully conducted experiments by
Taylor [Ref. 7.6] suggest that a full size containment would exhibit a shear
strength of approximately 90% of the strength of the 1/6. scale model. Other
researchers [Ref. 7.4, 7.5) suggest that the strength would not be greatly
influenced by aggregate air.e. but the shear strength of all larger a,pecimens
tested was less than the strength of scaled models,

7.3.2 Anchorage of Stirrups

The model con $ainment was provided with No. 3 inclined etirrups th e were
hooked b~ 135 degree bends to the inner and outer layer vertical
reinforcement (layers 2 and 5). This is in accordance with code provisions
[Ref. 2.4) but shear winforcement in some full size containments have been
designed with stirrups welded to the vercical bars. A containment designed
by Stone and Webster Engineering Co. (Ref. 7.9) has 3/4 by 4 in, rectangular
bars at 45* inclination crewelded to No. 18 vertical reinforcement at the ,

base of the wall. Welding the stirrups to longitudinal reinforcement ensures
overall continuity. It would preclude, in a full size containment, the ,

'-postulated stirrup slippage, made in Section 4.3.2 about one of the No. 3
stirrups in the model (Fig. 4.17), that appears to occur above 135 psig
internal pressure.~ ;

Strain data and a suggestion by Zsutty [Ref. 7.10] on the effectiveness of
stirrups for small shear span ration indicate that the anchorage of the No. .

3 stirrups is adequate. A total of seven stirrups located within the lower
12 in.-of the wall at varievs azimuths were instrumented with strain gages.
With the exception of one bar (data from an apparently faulty gage) the
readings were close. The maximum strain recorded was approximately 0.0007,
less th u one third of the yield strain for the bars. In reference to the
effectiveness of stirrups in deep beams with shear span ration less than 1.5,
approximately similar to the conditions of the model containment at maximum
test pressure, Zsutty points out that stirrups do not appear to develop their
full yield capacity prior to a crushing or splitting failure of concrete in
a tied arch mechanism (Section 7.4.1).

Although the stirrups did not develop their full capacity in the tests, as~

'did the adjacent: inclined (layer 11) dowels, which extend into the basemat
(Section 4.3.2), this cannot be ascribed entirely ta slippage of the bar. In
Section 7.5.2, shear strength evaluation of the walloasemat connection uses
a discounted capacity of -stirrups to - resist radial shear by assigning a
reduced stress level to them, indicated by strain data, of approximately one-
third their yield strength. This should not be interpreted as implying that

'
less stirrups are required. They are necessary to ensure integrity of the
wall _at regions where bending is expected.

7.3.3 Influence of Basemat

'Except for the:basemat thickness, the dimensions of the containment model-
were scaled by_ a factor 1/6 from typical full size concrete containments.
The 40 in. thick basemat is approximately twice the thickness (scaled by a
factor.1/3) (Ref. 7.9)-of what would be scaled linearly to account for=the
(reduced) dead we16 t of the model [Ref. 2.1). Forces in scale modelsh

|: decrease according to the scale factor squared. Because gravitati>nal forces
decrease (volumetrically) according to the scale factor cubed, the effects of

-1
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the pressurization would have resulted in uplift at the slab edge and hoop
moment at the wall base that would be much higher than if gravitational i

3forces had scaled by the scale factor squared. 'ihe thicker basemat was
selected on the basta of pre test analyses so that calculated moments at the
wall basemat intersection would be scaled, approximately, correctly from a
full size containment (Ref. 2.1]. '

,

Evaluation of the load history for no. tent at the base of the wall (Section ,

6.1) suggests little influence of the basemat as it cracks at approximately
75 psig and begins to lift off its foundation at the edge. The behavior of
the radial shear force (Fig 6.12), indicated by shear reinforcement strains,
does show a decrease in the rate of increase with pressure, attributed to
basemat cracking and uplift. From an analyst's view of the phenomena, the
analytical model of the wall base is simply transforming from a fixed end ;

condition to an end ccndition that is less fixed. A speculation, below,
'

about the behavior of flexure cracks in the wall, perpendicular to the inner
wall surface, as the basemat begins to uplift may explain the behavior.

A scenario that fits the observed reduction (see Sections 4.4 and 5.3.3) in
the rate of_rrdial shear increase with pressure, while the rate of moment ,

int 'anse remains the sate, is that ficxure cracks in the wall open slightly
as the basemat cracks and lifts reducing the shear transmittad across the
cracked interface. The crack opening apeculated here is principally due to
the geometry of the edge uplif t nr.d thickness of the wall. Extending the
explanation to a full. size containment is perilous even if it could be proved ,

true for the model. Data on crack widths and lengths in concrete structures
is usually accompanied by a great deal of scatter. If a similarly loaded i

full size containment cracks near the edge of its basemat rt approximately 75
pai, the resultant uplift will be approximately 3 times the uplift observed

'

in the model. Since the full size containment wall thickness is
approximately 6 times the model the average crack opening rotation across the
base of the wall will be only about half of what might have been measured on

,

the model. This suggests that the postulated opening of flexure cracks will
be less in a full-size contair. rent resultin'g in a decreased effect on the
radial shear transmitted by the cracks. It may be that the full size
containment would not exhibit the observed slow down in the- rate of increase
with pressure' of stran. on shear reinforcement just as the basemat cracks and
uplifts.

,

To clarify the reasoning in thin argument it is necessary to point out that
behavior similar to what has been described could not be found in a column
and girder connection. The base of the cylindrical shell wall has not yet
yielded at an internal pressure of 75 psig and it provides a high rotational ;

stiffness. The postulated opening of flexural cracks occur just at the base
of the wall.

|

The previous s :enarios suggest that the portion of radial shear transmitted
- by concrete across cracks . at the wall . base- is greater in a full size
structure thar in the model. The full size basemat would have less influence.
on the change 'in wall fixity with pressure so that a greater portion of
radial shear would be . carried by concrete across flexure cracks. The
relative rotation'of-the basemat (at the wall basemat' junction) of a full.
size containment would be less and therefore would present to the wall a
stiffer anchorage. The total shear before the circumferential reinforcement
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yields would r.ot likely be greater than a calculation based on an elastic
f1xed base rnodel for the wall.

At ultimate failure conditions the shear carried across concrete cracks at
the base of the wall is not a major contributor to the total shear
resistance, l'orce transmit ted across cracks in ter.ts of " push-of f" specimens
has been found to be approximately linaarly t elated to restraining f orce. At
the wall base there is a large net tensile force and most of the vertical
reinforcement is at yield (Section 4.3.1) at the maxirnurn t9st pressure. The
irrplied crack width ef fect due to the basemat uplift is not present in the
Aoyagi speeltnens (Ref. 7.1) as the shell wall was attached to a base anchored
to the floor.

7.3.4 Surnmary of Modelling Considerations

Information on the offect of scale on the shear strength of reinforced
concrete nmmbers Icad to the conclusion that the radial shear strength of a
full size containment vall would be less than the strength of the 1/6 scale
model. A quantit ative estimate of the reduction o t' approximately 101 is
offered on the basis of scaling the maximum sizes of aggregates. It must be
observed, however, that the experirnental data providing this estimate is from 4

tents of beams by Taylor [Ref. 7.') and the data of ident ical bearns in the
experiment showed a scatter range of 20% of t. heir mean st rength. The actual
strength of the 1/6 scale anodel is uncertain as liner tearing did not allow
the test to continue to a structural failure. Three raain f actors to consider
in projecting the strength of a full s tre contairwent f rorn the performance of
the 1/(-scale rnodel are:

1. Aggregate alze in a full size containment would be proportionately
srnaller than what was tseC in the model. This would generally
indicate a shear capacity lower by approximately 10%.

2. Stirrups welded to longitudinal re inf orcarnent in a full size
containment would suggest that they could develop their full yield
strength in resisting radial shear. The performance of stirrups in
the model indicates that a reduced strength of stirrups, to
approximately one-third their yield capacity, should be considered in
estimates of the contribution of stirrups to strength.

3. The ability of concrete to carry shear stresses across cracks in the
tension zone near the wall base may be greater in a full size
containment, because a full size bacernat would be more " inert" thc.n
the inodel . At the ultimate shear failure load, however, the portion

of the total shear transmitted in this manner is small.

Other factors, which have not been detailed in the proceeding paragraphs,
also should be considered in extrapolating the performance of the 1/6 scale
model to the full size. Tne arnount of cover on reinforcement and the area of
confined concrete mast be considered. It is known that the presence of
strain gradients adds to confinement and increases the maximum cornpressive
strain that may be reached in hending prior to failure [Ref. 7.11). Small
scale test specimens fail at a higher shear strength than their prototype
partly due to a larger strain gradi.ent (increased confinement) at failure.
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7.4 Procedure far Eysjuatinc Shear Strength from the comoression Force in
Flexure

7.4.1 Shear failure Modes

Two Itkely mechanisms and other less likely mechanisms leading to a severe
distortion and a decrease in the ability of the wall base to transmit radial >

shear are described [see Ref. 7.2). Shear compression f ailures were observed *

in the tests by Aoyagt [Ref. 7.1). This pode is considered to be the most

likely failure modo for the wall base of the 1/6 scale containment, assuming
that the structure could be loaded by additional internal pressure and that
the containment does indeed fail in shear at this location. In the following
descriptions, the shear span ratio is defined as the ratio of moment to shear
at the failure load, at a critical section, divided by the eifective depth of
the section, M/Vd. At the maximum test pressure the shear span ratio at the ,

base of the wall is estimated to be approximately 1.5.

7.4.1.1 Shear Compression Failure

At a relatively low internal pressure level cracks due to flexurcl stresses *

occur initially actoss a -horizontal plane at tt.e inside of the wall,
perpendicular to the vertical axis. With increases in load flexure cracks
may propagate and additional cracks may form so that, eventually, there exist
cracks that are inclined to the vertical axis. These cracks are commonly

,

referred to_ as flexure shear cracks and they are the most common type-of
crack found near mid depth of reinforced concrete beams. The rate at which
the flexure cracks propagate or the load level at which flexure shear cracks i

occur are - not _ well defined in terms of the critical parameters. The
trajectory and rate of development of flexure + shear cracks are influenced by
many factors, including the internal stress distribution in the concrete, the
shear span ratio, the amount and distribution of longitudinal and sheer
reinforcement, and--the characteristics of the concrete, such as aggregate
size and tensile strength.

As internal pressure increases, the inclined cracks may propagate toward the;

,compression region and - the area of concrete in compression is reduced. ;

Failure may occur due to concrete crushing as a result of the combined normal
compressive atresses and shearing stresses acting across the failure' plane.
Shear compression failures have been observed in beams having shear span
ration in the range of 1 to 2,5 [Ref. 7.2). -

7.4.1.2 ' Interface Shear Sliding Failure
t

The-connection of the wall and basemat is a construction joint. Becau a of
the confinement provided by vertically oriented reinforcement and tay shear
reinforcement, radial shear stresses can be ~ transmitted by the concrete
across the joint through the irregular _ interface (roughened concrete). As

i

the two surfaces of a construction joint attempt- to slide relative to one
another, irregularities on the ' surfaces cause the joint _ to open and inducei

forces in transverse reinforcement. The tensile forces in reinforcement in
turn create a clamping force, arresting the imminent slip, Slip due to shear

;force is a possible mode for failure at the wall base if the available
iclamping force of steel, multiplied by a coefficient of friction for the

surface, is less than the acting shear load. Design for a failure by this
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rnode errploys a f riction coef ficient value higher than what is appropriat. for
concrete sliding on concrete, to allow for the dowel eficet contribution to
the shear resistance.

7.4.1.3 Crushing or Splitting Failure of Concrere

Af ter the appearance of inclined shear flexure cracks the internal mechanisms
by which the applied loads are carried may change so that with furthek
increases in load the inclined cracks do not propagate and additional
inclined cracks do not f orrn. For example, shear stresses in a deep beam
without web reir.forcernent are initially distributed over the intact concrete.
After the appearance of inclined cracks in the web the load carrying
mechanism transforms so that the load is carried as a tied arch that can fan
in a number of ways. If the unit compressive force in concrete in the
containment snodel continues to inerwase after inclined cracks appear, the
cornpre s s ive stress inay initiate crushing or splitting of the wall at its
exterior surface. Deep beasts having shear span ratios of 1 or less have
failed in flexure in this inanner (Ref. 7.2). The " crown" of the concrete
arch, in these tied arch bearns, crushes prior to yiciding of the tensile
reinforcement.

7.4.1.4 Diagonal Tension failure

Af ter the appearance of inclined shear flexure cracks a, the raiddle section

of the wall, the transformed internal load carrying mechanisin resulting from
the cracks may stop or slow the rate of further crack propagation. With
increases in load, however, one of the inclined cracks may becorne unstable
and propagate through the wall depth. This sudden event is called " diagonal
tension failure" and occurs generally in slender beams, for examplo, having
a shear span ratio greater than 3.

7.4.1.5 Evaluation of a plausible Failure Mode

Examination of the model containment structure after internal pressure
testin6 did not reveal an area of crushed concrete at the wall exterior, at
the juncture with the basemat, iroplying that a failure had not yet occurred.
If the liner had not torn and the containment was pressurized beyond 145
psig, it is of great interest whether the wall base could have withstood a
greater radial shear.

The four mechanisms described above have been observed reainly in tests of
beams and various other structural elernents. A shear compression failure or
a shear interface failure, or a failure mode resembling a combination of the
two, are plausible ways by which the wall base may fail because of an
increased radial shear. Crushing or splitting failure of concrete, a failure
mode not directly linked to the level of shear stress at the section, is
unlikely because the tension reinforcement at the inner surface of the wall
had yielded. With further increases in pressure the unit compressive force
in concrete is expected to decrease (Section 6.1.1) . A diagonal tension
failure is even less likely because of the amount and distribution of
reinforcement through the section.

The internal compressive force in the wall, due to flexure, acts near the
exterior wall surface. The effect of this force is similar to the clamping
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action of transverse reinforcement in push.off tests in preventing a sliding
potential crack plane. The clamping force ofshear failure along a

retninrcement in push off tests is activated only after the occurrence of a
relative slip. The clamping force due to fler.ure in the v 11 is developed
somewhat differently, however, because its presence is controlled by the
bending moment. The clamping force is present regardless of the relative
slip along a failure plata. It is reasonable to assume that a portion of the
radial shear sttength at the wall base is due solely to the compressive force
in flexure. The ef fects of internal friction allcw for compressive force to

be converted to shear strength. The reasoning is further justified by the
confining effect of strain conditions at. the wall base which approach those
of " plane strain." Maximum ciretunferential strains there were approximately
0.00015 (Fig. 4.8), less than 7 percent of reinforcement yield strain.

The Coulomb Mohr/ internal friction theory [Ref. 7.24] states that, at
failure, shear stress is related to internal friction, a function of the
normal stress acting on the shear plane. In this theory internal friction at
a critical section is defined as the sum of a constant " cohesion" value plus
a coefficient of friction, related to the " angle of internal friction,"
multiplied by the normal stress. Conversion of unit vertical compressive

force to unit radial shear at the base of the wall via a coefficient of
friction of 1.0 is suggested because the wall basemat junction was intact at
the end of pressure testing. Shear sliding had not occurred and there is no
evidence of crack propagation toward the external wall surface. The proposed
conversion of normal force to shear strength assumes an angle of internal
f riction of 45' and no cohesion: shear strength is negligible when the
compressive force is zero. Tests on unreinforced concrete panels have
demonstrated the ability of concrete to carry pure thear stress [Ref. 7.25].
In fact, a Shr diagram with the compressive strength and a non zero tensile
strength of concrete as principal stresses would indicate a strength in pure
shear, at zero compressive stress. The assumption of zero " cohesion" is made
for simplicity.

A calculation procedure for evaluating the radial shear strength at the wall-
~

basemat junction is based on the clamping ef feet of flexure. It is denoted
herein as the C model to reflect the process whereby the clamping or
compressive stress is converted to a potential shear resistance via the
coulomb-Mohr theory. A similar rationale for evaluating radial shear
strength of reinforced concrete containments is mentioned in references 7.12 g

and 7.13, The C model enables a projection of the shear strength of the wall
from estimates of the compressive force due to flexure, assumptions for the j
strain distribution through the wall, and the stress strain curves of
concrete and steel.

7.4.2 Description of the C model

The paragraphs below describe and define a calculation for shear strength
based on the clamping stress in flexure. For simplicity, it is called the C-
model. A specific shear failure mode is not evaluated by the calculation
procedure. The C-model attempts only a supply and demand assessment of the
problem wherein the potential flexure clamping force plus the added
contribution to strength by shear reinforcement is compared with the applied
radial shear. The compressive f orce in flexure for various internal pressure
levels is determined in a manner equivalent to a moment-curvature calculat.'on
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(Section 6.1.2). This force is converted to shear force by a coefficient of
friction of unity. To this is added the shear capacity of shear
reinforcement at yield which is independent of pressure. The radial shear
force acting at the wall base is determined froin elastic fixed based
assumptions and from consideration of yielding of circumferential
reinforcement over the height of the wall.

7.4.2.1 Compressive Force Due to Flexure

The unit yield tnoment estirnated frotn strain data (Fig. 6.4) at the internal
pressure level initlating flexural yielding is found to compare rather well
to the unit yield moinent determined at the same internal pressure level by a
moment. curvature calculation (Section 6.1.2) . After the wall yields in
flexure at its base, r. train data indicate that as internal pressure
increases, the unit compressive force does not increase with further
increases in pressure (Fig. 6.3). Results of the moment-curvature
calculation (Fig. 6.6) show that as internal pressure increases the unit
bending moment required to initiate flexural yielding decreases. 1.!kewise,

the sum of the compressive forces in concrete and in steel at flexural
yielding decrease as pressure increases. The compressive force due to
flexure is a maximum, for a given internal presture level, at the point of
yielding of the vertical reinforcement on the inner surface of the wall.
Determination of values of the inax ianum compressive force and internal

e, bodes)

i

C4o f -
g

3O f,3+

_

#/ yield
#20 f a2

1 0 f,g

Woll Section Strain Distribution Forces

Force in concrete plus compression steel. C, C, f,4C, = +=

v, Strength of sheer reinforcement.=

V " **
totol f s

'.3)%-cf (f,, '.2 ++-

4=( p R2 W/tt ) / (2R + t)-

Fig. 7.7 C-Model Calculation for the Ccmpressivo Force in Flexure
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iresci.4 ievel may, therefore, be mede only at strain distributions that

-g .) a the inner vertical reinforcereent to yield.

p^gj 'g
F 5.. re 7.7 illustrates a typical wall section in flexure with the strain )

qd.r,b"
.

- Mtribution assu::.ad and the unit forces in the concrete and steel. The
jy',h notation used in this calculation is shown in the figure. A linear strain

egN . distribution across the section is defined by the reinforce: rent yield strain,

% at the toenion of the inner vertical reiercement and by trial values
?,f };7 the mar'..ous st- 'n in concrete, t, at the ~ n11 exterior. At each trial.

a$ of e, ' '. , e f. :es in steel and concrete are determined according tor

as, d str< is 9tra .n curves and to the areas for the materials. An elastic-p:,d4eg p te ely ,!tenc curve for steel and the Hognesta l curve [Ref. 6.2] fora
,

+;f v w erete 1. used for the calculation. The algebtaic sum of the forces
& determines rhn unit vertical force, N (Section 5,1,1), from whichy

e equiltorating internal pressure is found. The compressive force in concrete
anC the compressivn forces in steel located above the neutral axis (Fig. 7.7)

h are summed terether to determine the total compressive force due to flexure,
;; Cr. The calculation is repeated for other values of c to obtain pairs ofe

: values of pressure and Cr. All trial values selected for e, are less than
;- 0.M3, a commonly used crushing strain of concrete.
,

7. . 2 Strength of Shear Retnforcement
.

'he capacity of shear re',forcement to transmit radial shear is det, rmin by
the sum of the horize ta rojection of force in all bars, stressed to their

_

yield strength, whi .n cross an assumed shear crack. The unit shear is
ob ained Dr each layer of reinforcing bars (stirrups and inclined dowels)
by:

v - nAyf sin a / h (7.4)yy ;

where n - the number of effective barc crossing the crack
A - the area of one bary

f - its yield strengthyy
a - the inclination of ,. reinforcement from vertical and
h - the wall thickness.

The umber of effective bars crossing the cra< .e deterniined by:.

n - h (cots & coto) / s (7.5)

where 0 - the inclination of the crack from vertical and
s - the reinforcemet r spacing measured diagonally along the vertical

wall axis !Ref. 7.14).

If the shear reinforcement is not horizontal, a conservetive assumption for
the crack inclination is to take 0 - W . The unit rsdial shear strength of
reinforcement, v., c'etermined according to "quation (7.4), is added to p Cf
(where p - 1.0) to obtain the variation of the total unit shear strength,
en.t . with pressure:V

(7.6)Vta t - v, + u Cr

The compressive force , Cr, is given by Cr - C, + f,, ( Fi g . 7.7).
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7.4.2.3 Applied Radial. Shear Force

= The unit shear stress estimated from strain data (Fig. 6.12) is found to be
indicated rather well near the end of the test, at pressures of 140 - 145 .

. psig, by a calculation based on an elastic fixed-base model for the wall
(Section 6.2.f ) . Above the maximum pressure, the applied unit shear force is
expected- to increase at a rate greater than given by the fixed base
calculation because the circumferential reinforcement in the wall had
yielded. A simple means to compute the unit radial shear Q, is to use the
fixed base calculation up to the pressure required to yield the

- circumferential reinforcement, py, and at greater pressures add half the
additional unit radial force due to the pre.sure acting on the cylindrical
wall. That is:

4

Q - p (R/h / [3(1 v )]" for p 5 p, (T.7)2

Q - Q(py) + % (p - p,) H/h for p > p, (7.8)

where R - the cylinder radius
h - the wall thickness
!! - the total cylinder wall height

.'v - Poisson's ratio for the concrete and
Q(p ) - the radial shear calculated with Equation (7.7) at pressure p .y y

. The pressure required to yield circumferential reinforcement is determined
from:

py - pnf ll/R (7.9)y
P

where Ph - the net-circumferenti,1 reinforcement ratio and
'f - its yield strength.y

,

The calculation for Q at pressures greater than p, assumes that the dome and
basemat-resist equal increments of radial shear after the circumferential
reinforcement has yielded. This assumption is justified on the basis of the
wall profile measurements: the radial displaced shape (Fig. 4.3) is fairly-

' symmetric about the mid height. At the maximum test pressure che radial
displacement over most of the wall height exceeds the calculated displacement
(Table 5.1) at yielding of the liner,- hoop, and diagonal reinforcement,

i ?. C model Limiting Pcessure

-Once che variation with pr<.:ssure of the total unit shear strength, %t t. and
the applied unit radial. shear, Q, are known (Equations 7.6 -T 9), they are
plotted:versu . pressure on a graph to locate their intercept : (Fig. 7.10,

g'*e - 7.11). "'h i s pcocedure is based on the premise that radial shear may be
resisted by the- sum of the strength of the shear reinforcement and static
friction-force provided by the compressive force in flexure. The intercept

oi be.t and Q marks the pressure at which radial shear may be resisted at a
coefficient ot friction equal to 1.0, Pressures sustained that are greater

_

than the calculated limit imply that the effective coefficient of friction at
the wall base is less than 1.0.

.
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7.5 Anolication of Shear Strennth Evalgation Procedure

-Because the 1/6. scale model did not fail by radial shear, it is difficult to
assess the accuracy of a radial-shear strength calculation for this ,

containment other than assuming that any predicted failure pressure should be ;

greater than 145 psig, An upper + bound to the failure pressure predicted
could-be found by_ a limit analysis with a kinematically admissible mechanism.
One limit for the 1/6 scale containment is at approximately 180 psig with all
reinforcement in the wall yielded. The wall-basemat connection experiments
by Aoyagi [kef. 7.1) are evaluated for radial shear strength by the C model
first, to illustrate the accuracy and limitations of the calculation.
Following this, the procedure is applied to the 1/6-scale containment model.

7.5.1 Aoyagi 1/12-Scale Specimens

Aoyagi [Ref. - 7.1) tested six 1/12-scale models of a wall-basemat connection
.to failure. The specimens were scaled from the design of a typical BWR MARK
III reinforced concrete containment vessel, as shown in Figure 7.1. Radial

'

pressure was applied to the wall surface by a pressurized bag. Vertical load
was-applied by tensile forces on the vertical reinforcing bars at che top of
the wall. Forces in circumferential reinforcement were monitored by load

. cells. The experimental setup allowed the applied radial shear to be
determined at all pro ture levels from the difference between the total unit
radial force due to the_ lateral pressure and the sum total radial components
of force measured by the load cells

Banic da a-for the Aoyagi specimans are presented in Table 7.1 and selected !
experimental results, including maximum pressure sustained, are presented in
Table 7.2. 0f the six specimens tested four were loaded to simulate internal,

'

. pressurization conditions: vertical unit load was proportional to radial
pressure given by pR/2. Spucimen No. 4 was provided with 1.2% stirrups'and
specimen No. 6 with~2% by weight steel fibers,

Table 7,1 Aoyagi Specimen Design Data

2Design pressure, pa 1.05 kg/cm
Inner radius,_R 166.6 cm
Vall thickness. h_ 15 cm
Wall heicht (H/2) 150 cm

Wall reinforcement
2Yield strength 3973 kg/cm
2Ultimate strength 5900 kg/cm

Circumferential' ratio (10 mm dia, bars) 0.0088
Vertical ratio (10 mm dia. bars) 0.0111

Shear reinforcement")
2Yield strength 3400 kg/cm
2Ultimate strength 5380 kg/cm _

Forizontal ratio (6mm dia. bars) 0.0115
n) Only specimen No. 4 was provided with shear reinforcing bars. Specimen

30. 6 was provided with 2% by weight steel fibers.'

114

-- .. . - -- - - - .



f

Table 7.2 Summary of Experimental Results for Aoyagi Specimer: [Ref. 7.1)

Specimen number 1 2 3 4 5 6

2concrete Properties (kg/cm )

compresnive strength 218 218 365 366 184 224
te.nsile strength 17.4 17.4 31.1 31.1 15.8 20.5
Young's modulus 203,000 203,000 251,000 251,000 171,000 171,000

Vertical load") }pR }poR(2) 0(3) }pR }pR }pR
2Pressure at Observed Events (kg/cm )

Yield of vert bars 2.52 3.11 2.53 2.46 2.64-

Yield of hoop bars 3.30- 3.15 3.30 3.30 3.09 3.37
Ultimate pressure 4.95 5.80 5.40 6.30 5.58 6.55
Final verticel stress 29.4 5.6 0 37.8 32.9 39.0
Final radial shear 16.0 16.0 19.9 25.0 18.6 21.8
u) Vertical unit load was proportional to pressure for specimens

indicated.
(2) Load for specimen 2 was constant, equal to the vertical load at the

design pressure, pd.
(3) Specimen 3 was not loaded vertically.
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O to 20 30 40 50 60 70 80 90 100

-

350
N

[ No. 2 -.4-- n
U 300';
N2O - No. 3 --4-- g

Y No. 4 --G- # 250v
+,/g . m

yNo. 5 -o--,

[ ANo. 6+ / 200
Wu. 7y Foiluro x / J

t 10 - f 150g

100

h50

e /c
08 O
O 1 2 3 4 5 6 7

2Laterol Pressure (kg/cm )

Fig. 7.8 Base Shear Stress vs. Preasure for Aoyagi Specimens
!
l
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Fig. 7.9 -Stress in' Circumferential Reinforcement at 98% of Ultimate Pressuro

Observed variations of unit base shear stress versus pressure are presented
in Figure 7.8. In Figure 7.9 the variation with height of the measured
stress in circumferential reinforcement'is shown at a pressure equal to 98%
of the ultimate pressure sustained by each specimen. The abscissae units on
the plot'are multiples of wall thickness. It is in sresting to note that the

- circumferential reinforcement within the lower three wall thickness distance
was stressed to less than yield strength at 98% of the ultimate internal
pressure-for all speciuens but one. Also, the circumferential reinforcement

~

: exhibited a significant amount of strain-hardening near the end of the test
(Fig. 7.9).

.

With ; the specimen. dimensions Land : data on materials strengths (Table <7.1,
.

7.2), che C-model limit . pressure, pc (Section 7.4.2)- was determined for-

specimens No. 1, No._4, No. 5, and No. 6. Specimens:No. 2 and No. 3-
_

excluded because the-applied vertical load was not proportional to internal
pressure, _ as in an actual containment pressurization (Table 7.2). The-

_

resulting C-model - limit pressute is presented in Table 7.3. . A plot--

-illustrating; the calculation for specimen-No.- 4 is presented'in Figure 7.10.

The C-model-_ calculation underestimates the ultimate failure pressure by as
much as 50 percent for-specimen No. 6. The low pressure. estimates are partly

' ' accounted for_by-theastress-strain curve for reinforcement. The procedure-
does not allow for strain hardening of reinforcement (Fig. 7.9), which would
increase the, ~ estimated - unit compressive = force due to flexure, Cr,eand
correspondingly < the estimated failure pressure. The effects of strain
hardening of circumferential reinforcement decrease the applied radial shear
stress at the wall' base and result in an increase in the estimated failure
pressure. The value of Pc (Table 7.3) for specimen No. 6 does not include the
shear capacity of the steel fibers added to the concrete mix.
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Table 7.3 Results of Shear Strength Evaluation Procedure

Pc Pc Putt
Specimen Putt Pc(1)

Putt Pd. tan Pd. tan
z zAoyagi No. 1 4.95 kg/ca 3.2 kg/ca 0.65 3.0 4.7
2 2Aoyagi No. 4 6.30 kg/cm 4.6 kg/cm 0.73 4.4 6.0

Aoyagi No. 5 5.58 kg/cm 3,3 p jc ,2 0.59 3.1 5.32 g
2 2 (2) 0.50 3.1 6.2Aoyagi No. 6 6.55 kg/cm 3.3 kg/cm

Sandia 1/6 scale 160 psig 3.5-- -

(1) pc denotes the C model limit pressure determined according to procedures
described in section 7.4.2.

(J) The C-model limit pressure for specimen No. 6 does not take into account -

the 2% by weight steel fibers present in the concrete mix.
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Fig. 7.10 C Model Shear Strength Evaluation for Aoyagi Specimen No. 4

7.5.2 Sandia 1/6-Scale Containment

te 1/6-scale containment model areThe results of the C-model applied to
shown in Figure 7.11. Stress-strain curves used for reinforcement, the
liner, end concrete are shown in Figures 6.2 and 6.5. The strength of
stirrups are reduced to one-third their yield strength, as explained in
Section 7.3.2. Using the equations outlinad in Section 7.4.2.2, the
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' Fig. 7.11 C-Model Shear Strength Evaluation for Sandia 1/6-Scale Containment

contribution to shear strength by the inclined No. 4 Lar is 106 psi, based on
gross sections. The contribution by the stirrups is 128 psi giving a total
v, of 334 psi. The calculated curves - for Cr, the shear capacity due to the*

flexure clamping force, the total shear capacity, Vmt - Cr + V . and thes

applied radial shear . cress, Q, are presented in. Figure 7.11. The estimated
pressure at which the applied shear exceeds the available resistance is 160

-psig.

- 7.5.3 : Strength Comparison of Aoyagi Specimen No. 4 ud Sandia Model

The C-model calculation prcvides a basis on which the radial shear strengths
of the_Aoyagi specimen-No. 4 (Fig. 7.10) and the Sandia containment model
(Fig. 7.11) may be compared. In the following paragraphs, information is
presented on the relative sizes and material strengths of the two specimens.
The results of the C-model calculation for each specimen are then compared on
a plot (Fig. 7.13) ' with normalized values for the shear stress and the
internal pressure.

In Table 7.4 pertinent data are presented for Aoyagi specimen No. 4 and the
Sandia containment model on the sizes material strengths, and reinforcement
ratios-of the two wall-base connect i ans. .'.11 quantities are in pound and
-inch units. Also listed.in th., table are pressurcs observed during testing
at' which flexural yielding and circumferential yielding occurred, as well as
- the . final sustained pressure. The scale factor of the Aoyagi specimen
compared with that of the -Sandia containment suggests that the - Aoyagi
specimen would be approxbately one half the size of the Sandia model.
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Table 7.4 Site' Comparison of Aoyagi Specimen No. 4 and Sandia Containmer.

Aoyagi No. 4 Sandia Containment
Scale Factor. 1/12 1/6-
Design pressure 15 psig 46 psig
Inner radius 65.5 in. 132 in.
Wall thickness 5.9 in. 9.75 in.
Concretestrength,f| 5200 psi 6200 psi

Wall Reirforcement
Diameter 0.39 in. 0.5 .in.
Strength, f, 56.5 in. 64 ksi
-Circumferential ratio 0.0097 0.0285
Vertical ratio 0.0123 0.0194

Shear Reinforcement
Diameter 0.24 in. 0.375, 0.5 in.
Strength, f, 48.4 ksi 64. ksi
Shear ratio 0.0115 0.0052

Internal Pressure at Events
Flexural yielding at Wall Base 36 psig 118 psig
Yielding of Hoop Reinforccment 50 psig 127 psig
Final Pressure - 90 psig 145 psig
C-model limit pressure 65 psig 160 psig
Final Radial Shear Stress 355 psi 450 psi

(4.9_d|) (5.7 d|)

However, the dusign pressure of the.Aoyagi specimen was app ~oximately one-
third that of the Sandia containment model. This is reflected _ in the design

_

of each by the difference between the circumferential reinforcement ratios

(Table 7.4) _ for - the _two walls. The Aoyagi specimen was provided with
approximately 1% circumferential reinforcement and the Sandia containment was
provided with 2.85%. The internal pressure that initiated yiciding of
circumferential reinforcement of the Aoyagi specimen was 36 psig whereas
yielding of circumferential reinforcement of the Sandia model was observed to
occur in the range 110 to 130 psig (Section 4.1-1), one last point to' note.

related to the sizes of the two_ specimens.is the radial shear stress at the
-

final ~ pressure sustained in the ex Aoyagi specimen No. 4 failed at'
a shear stress of 355 psi (4.9 Of.periments.f| - 5200 osi) whereas the shear stress

,

estimated to have occurred-at the maximum pressure sustained in the Sandia .

conrainment is 450 psi . (5.7 d|, f| -_6200 psi) .

- Table . 7.4 -- presents quantitative information indicating that - the Aoyagi
specimen was not as strongoas the Sandia containment. This is illustrated
graphically . in Figure 7.12 by a comparison of - the C-model- calculation for
both specimens. .The staller size-and lower strength of the Aoyagi specimen
do not allou for a direct comparison of the results of the C-model.

. A plot of normalized values for radial shear stress and internal pressure is
- presented. in Figure 7.13. The horizontal axis is the ratio of internal
pressure to ' py , the pressure at which yielding of circumferential
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Fig. 7.12 Direct Comparison of Aoyagi Specimen No. 4 ano Sandia Containment

'

reinforcement is initiatet The vertical axis in the plot is the ratio of
shear stress to_tre shear stress calculated at p .y

The C-moder assumptions for applied shear stress employ a linear elastic
fixed-base model for the calculation of shear. stress before yielding of
:ircumferential reinforcement. The circumferential reinforcement yield

. pressure for each specimen is shown in Figures 7.10 - 7.12 as py. Ah ve this
pressure the radial shear stress is calculated on the assumption that the
circumferential bars carry no stresses above yield and that the additional
radial pressure loads are transmitted equally to the dome and basemat.

| Tk circumferential reinforcement yield pressure, py, and the radial shear
stress at this pressure, Q(py), are used to scale the results of the C-modelI

calculations for the Aoyagi. and Sandia connections (Fig. 7.13) . Shown in the
. figure is the retimated radial shear stress, Q, for each specimen. The
difference = in . ,.ese lines above a pressure ratio '(p/p ) of 1.0 is due toy
difference 0 in the wall height of each specimen. The lines indicating the
total - resistance , Veot 1, are nearly identical on the normalized plot.
Furthermore, the p/p ratio at the C-model limit pressure is 1.3 for they
Aoyagi specimen and 1.25 for the Sandia mode .

|. 120
|



_ __ __ _

. . _ - - . _ - _ - _ _ _ _ _ - - _ . - - - . _ - - - - - _ _ _ - - . - _ - - _ _ - - - - _ _ - -

5.0 ,-

4.5 \ o (sand;o)

A4.0
&
v

I O e (A0709I - Q (Aoyogi)V

3.0
.. .

L. '
-

" Foilure (Aoyogi)@ 2.5 (Sondio) -

|
t. (Aoyogi)
0 |v 2.0
f Vw (Aoyogi)
M

. 1.5 |

| (50 d )
y1.0 Pc- oo.i (S "d' }

O5 "r *Y 90Pc poo.ix

"

0.0 '

1.4\1.6
-

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.8 2.0

Rotio: Internal Pressure / p P/P a 1ASyy

Fig. 7.13 Normalized Comparison of C Model for Aoyagi Specimen No. 4
and Satidia Containment

The failure of the Aoyagi specimen is located on Figure 7.13. As discussed
previously (P-tion 7.5.1), the radial shear stress at the final pressure for
the Aoyagi specimen is underestimated by the C-model. The actual shear
stress of the Aoyagt specimen at fat se is what is relevant, not the
internal pressure at which it occurred. Aoyagi specimen No. 4 failed at a
shear stress of 355 psi. Thia represents a normalized shear stress of 2.8
for Q(py) of 127 psi. The calculated internal pressure ratio at which the
shear stress ratio equals 29 for the Aoyagt specimen is 1.45. This 1.45
pressure ratio is then mu1.tiplied by the py pressure for the Sandia
contair m '. to obtain a internal pressure of 185 psig. The conditions at
failure .M ' oyagi specimen No. 4, as idealized by th' C-model, are equivalent.

to the .- ditions for the Sandia containment at an internal pressure of 185
psig. Based on the limited amornt of information on wall-basemat
connections, the 185 psig pressure cannot be stated with a high confidence as
the shear-failure pressure of the Sandia containment. Since it is known that
the containment model had not failed at 145 psig, an estimate in the
uncertainty in the shear failure pressure is within 40 psig of the
extrapolated 185 psig value.
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8. CONCLUDING REMARKS

In this report an interpretation was presented of the behavior of the 1/6-
scale reinforced concrete containment structure (Fig.1.1) tested by internal
pressure at Sandia. A potential mode of failure by radial shear was
evaluated at the wall-basemat connection. Response data from the containment
structure was analyzed for _ its credibility by comparison to results of
calculations by simple analytical models. The history of the internal forces
at the wall base was estimated from strain gage data. A comparison was made
of the performance of the-containment structure with the results of similarly
loaded reinforced' concrete test- specimens. At the maximum pressure
sustained, the stresses estimated to have . curred at the containment model
vall-base are out of the range of paramete es of available tests for sections
that have yielded in fler.ure and have been loaded simultaneously in shear 1r.d
axial tension. For-this reason a calculation procedure was developed for
evaluating radial shear strength in relation to the compressive force
generated by flexure.

The following paragraphs summarize the important items learned during - the
course of study. In addition, in Section 8.3 an assessment of the state of
knowledge on the strength of wall basemat connections of reir.rorced concrete
containments is presented. Conclusions of this study are offered in Section
b.4

8.1 Nhavior_internretarion

8.1.1 Free-field Response*

Response in the " free-field" of a shell refers to the response due to
statically determined forces that act within the plane of the shell in areas
unaffected by discontinuities such as at-points of attachment or abrupt
changes in shape, These areas are characterized by having minimal bending
stresses and _ small out-of-plane shear stresses. The free field radial- .

. expansion of the cylindrical containment wall was_shown to be influenced by
concrete cracking and by yielding of the various layers of reinforcement. At
the maximum pressure achieved in the tests an overall unrestricted yielding
was - obsarved in the circumferential direction but not in the ve:| tic al
directi ,n. _ An axisymmetric ring model representing s segment of the cylinder -
has - shown that radial expansion data compared favorably with what may be
calculats6 by analysis for hoop-stress cracking of concrete and for yielding
of the liner, circumferential reinforcement, and diagonal reinforcement. The
effect of concrete cracking on measured data is represented by changes in
apparent response stiffness. These changes were shown to be within " bounds"
of what might be expec.ted for the change in stiffness due to cracking for

|_ - reinforced concrete sections subjected to axial tension or to flexure.
|

18.1.2 -: Response at Wall-Basemat Junction

Strain data from reinforce:nent in the wall and the basemat (Fig. 4.6-4.17)
; were shown to enable qua_11tative and quantitative-assessments of the chear

~

'

and moment. transmitted at the wall-basemat junction. The rate at which shear
force and meridional bending moment increased with pressure, as indicated by
strain data, were initially believed to be anomalous. In the pressure range
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beginning just after the onset of cracking of the basemat i A snding when the
wall begins to yield in flexure at its base, the rate of i.. rease in shear
decreased. The rate of increase of moment remained the same. A linear
elastic analysis model was described and was found t offer an explanation of
the observed behavior. The model also has shown that the basemat
participated in the response and affected the history of internal forces at
the wall-basemat connection,

.

j.2 Evaluation of Radial Shear Strencth

8.2.1 Estimation of Internal Forces

Strain data from gages on reinforcement in the will (Fig. 4.10-4.17), at the
wall-basemat junctien, were used to estimate a history of the bending moment.
Radial shear force at the base of the wall was estimated at the maximum test
pressure from basemat reinforcement strain data (Fig. 4.6, 4.7). It was
shown that the wall at this location had yielded in flexure as pressure
increased to 118 psig. Because the wall .ad also yielded circumferential1y-

over most of its height-(Fig. 4.3) by the end of the test, if additional
units of internal pressure were in.toduced to the centainment, the radial
shear at the wall-base would have increased at a rate greater than whc would

mo el based on _ grossbe predicted - from an elastic fixed-base analysis d

sections. '.he unit forces at the maximum test pressure (145 psig), expressed
as stress on the gross wall section, were estimated to have been 920 psi
(11.7 d|) axial tension and 450 psi (5.7 d|) radial shear.

8.2.2 Shear Strength Estimate<

current design procedures for estimating the shear strength of reinforced i

concrete sections [Ref. 2.4, 5.2] were found either to underestimate strength
or to be inapplicable to the condit ions at the wall basemat connection. A

survey of literature on experiments of reinforced concrete members subjected
to similar stress conditions at failure found no experimental test data that
could be used directly te guide _ an estimate of the snear strength of the 1/6-
scale containment. The relationship between shear strength and _the
geometrical and material _ properties of reinforced concrete structures is not
well understood. All generalizations and calculation methods are -limited
essentially to the range of critical parameters covered in the- tests leading
to-the particular method. Because of the special stress combinations at the
wall-basemat connection, the strength observed in the test of the 1/6-scale
containment model stands virtually alone. By 'itself, it does not support
-confident projection to similar cases with different stress combinations or
reinforcement arrangements. To provide an intelligible connection between
the data from the containment test and data from tests of simulated wall-
hasemat connections, a procedure _ for estimating the radial shear capacity
from the ' compression force in flexure was defined. This procedure was
applied to the 1/6-scale containment and to other 1/12-scale wall-basemat -
connection experiments [Ref. 7.1]. Applied to the 1/6-scale model, this
procedure _would indicate a limiting internal pressure of 160 psig which is
credible because no such failure was observed in the containment before the,

test was terminated at 145 psig. This calculation is found to underestimate
j~ the shear capacity of the 1/12-scale specimens. Ratios of calculated to

L observed preusure at failure ranged from 59 to 73 percent. Because the wall-
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basemac connection'did not fail,-a true capacity of the wall base to resist-

shear is not known. Using the dcscribed procedure, at a pressure of 185 psig
the strer, conditions ir the Sandia 1/6-scale contaiinnent would be similar to-
the stress conditions at failure of one of the 1/12 scale connection
specimens. The implied 185 psig radial-shear failure pressure of the Sandia
containment has an uncertainty of 60 psig because of the limited amount of
data. An evaluation of the observed effects of size in other experiments has
suggested that the shear strength of the wall of its prototype, full size
_ containment, would he approxiwately'10 percent lower.

8.3 Assessment of the State of Knowledce on Strencth of the Wall Basemat
Connection

This study has found_ that the state of knowledge on the strength of
connections, such as between the wall and basemat of reinforced concrete
containment structures, is not at an equal level with the current state of
understanding of *he capacities of other reinforced concrete members -(beams,
columns, walls). The high level of shear stress in combination with axial
tension at a section which has yiel.!ed in flexure is beyond the range of
parameters of available eFperimental investigations of similar reinforced
concrete sections. An immediate conclusion is that if a reliable and close
estimate of the shear strength of- the wall-basemat connection is desired,
additional - tests of specimen models - of wall-base connections should be
conducted. In fact, the evaluation of behavior and strength of the 1/6-scale
containment codel has shown that the results of this test could r.ot be used
to' make . reliable estimates of radial sh ar strength with any degree of
confidence greator than before the -test. The interpretation of the tet e data
herein has shown that the radial shear capacity across a section in tension
and flexure is greater than what could be justified by experimenta1' data.
The stated purpose (Ref. 2.1] of the containment model test was to generate
data that can be ured evaluate analytical methods for predicting the response

. ar.d mode of - failure of reinforced concrete containments. A wealth of
response data was recorded during the pressurization tests that, no doubt,

' - will be useful in calibrating analyses. However, the response-data cannot be
used to validate an analytical method that_would predict a shear failure at
the wall basc. since no such failure was observed during the test.

The two sections below contain lists of items pertinent to the strength and
performance evaluation of this 1/6-scale containment connection which could
not be or which could be calculated with a high degree of confidere.

I.

|

!-
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8.3.1 Items Which Could not be Calculated with a High Degree of Confidence

Shear strength at the base of the wall.*
* The effectiveness of stirrups (welded or tied), inclined

reinforcement anchored in the basemat, or vertical (moment res.isting)
dowels at the connection in resisting shear at failure.
The effects of scale on extending an estimate of shear strength of a*

1/6-scale model contr.inment to the full-size. Present data on the
effects of size on shear strength are principally from tests of
beams. Projection of the results of these tests to a containment is
made cautiously.

* Tensile strength of in place concrete. Split-cyliader tests on
concrete cylinder samples from the containment indicated that tensile
strength was 450 psi (5. 7 (f|) . Direct-tension tests on concrete
semples were inconclusive. The apparent tensile strength estimated
e com response data was 250 psi (3.2 (f|) .

d.3.2 Items Which Could be Calculated With a High Degree of Confidence

* Estimates of the free field streagth and overall free-field

deformations of the containment wall.
* Estimate of the internal pressure which would initiate flexural

yielding at the base of the wall.
Influence of cracking of concrete on the reistive changes in flexural*

and membrane stiffness of the containment.

8.4 Conclusions

The following conclusions are offered:

A review of the literature on structural tests of reinforced concrete*

sections indicaced that the database of experience for guiding an
estimate of shear capacity at the wall-basemac connection is
insufficient.
In applying the experience of tests on reinforcad concrete beams to*

evalt. ate the effect of size on the shear strength of the wall-basemat
connection, it was indicated that a full-size containment would be
approximately 10% less strong in shear than tne 1/6-scale
containment, mainly_due to scaling of sizes of aggregates.
A calculata n procedure for evaluating shear strength, based on the*

compression force in flexure, was described and was shown to be
conservative when applied to tests of 1/12-scale 45' sectors of wall-
base connections.
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- APPENDIX A, APPARENT STIFFNESS DATA FOR CALCULATIONS DESCRIBED IN SECTION 5.2

Table A.1 Apparent Ftiffness Data for Membrane Response of the Vall

GAGE ~ CllANNEL ~ ELEVAYION PADIUS AEIMUYH DESa!PY1ON (1) STIFFNESS RAY 10
ID Ft In Ft 2r De6 Ku Kc Ku/Yc

D114 233 7 1.5 11 C. 243.9 WALL RADIAL DIBPL 312. 72. 4.3
Wr22 441 7 2.0 11 1.3 90.0 REBAR LAYER 1 84 63. 1.3
Wr262 1040 7 4.0 11 6.5 45.5 REBAR LAYER 5 185. 72. 2.6
Wr151 689 7 11.0 11 80 90.0 REBAR LAYER 7 190. 50. 3.
D97 2% 8 6.6 11 0. 228.4 WAL1 RADIAL DISPL 712, 248. 2.9
Wr124 642 8 11.0 Il 7.3 90.0 REBAR LAYER 6 211. 54 3.9
Wr266 1044 9 1.3 11 1.3 0. REBAR LAYEk 1 120. 44, 2.7
Wr144 682 9 6.5 11 7.3 46.0 RIBAR LAYER 6 224, 63. 3.7
Wr139 667 9 11.0 11 7.3 0.5 REBAR LAYER 6 340. 72. 4.8

-Wr23 442 9 11.0 D 1.3 90,0 REBAR LAYER 1 171. 46. 3.7
Wr36 463 9 11.0 11 1.3 270.5 REBAR LAYER 1 112. 67. 1.7
Wr133 (61 10 0.3 11 7.3 269.5 REBAR LAYER 6 182. 47, 3.9
Wr129 647 10 0.5 11 7.3 119.0 REBAR LAYER 6 301, 64 4.7
Wr140 668 10 8.5 11 7.3 0.5 REBAR LAYER 6 160. 68, 2.4
Wr277 1065 to o.5 11 9.3 45.5 REBAR LAYER 8 176. 50. 3.5
Wr130 648 10 9,5 11 7.3 179.0 REBAR LAYER 6 202. 65. 3.1
Wr24 443 lb 9.5 1' 1.3 89.5 REBAR LAYER 1 144. 40. 3.5
Wr37 4% 10 10.0 11 1.. 270.0 REBAR LAYER 1 140, 33, 4.2
Wr141 669 19 30.3 11 7.3 0.$ REBAR LAMR 6 144, 77. 1.9
Wr84 543 10 10.5 11 1.5 45.5 REBAR LAYER 2 196. 69 2.4
Wr131 649 10 10.8- 11 7.3 179.0 REBAR LAYER 6 225. 81. 2.8
Wr195 783 10 11.0 11 8.8 45.5 KEBAR LAYER 8 108, 51, 2.1
Wr237 865 10 11.4 11 7.3 0.5 *EBAR LAYER 6 116, 54, 2.1.

Wr238 866 to 11.5 11 7.3 179.0 REEAR LAYER 6 169 52, 3.2
055 174 11 0. 11 0. 356.9 WALL VERYICAL DISPL 2166. 785. 2.8
D99 218 11 2.4 11 0. 228.6 WALL RADIAL DISPL 669. 267 2.5
Wr162 720 11 2.5 11 8.0 352.0 REBAR LAYER 7 205. 70. 2.9
Wr155 703 il 3$ 11 8. 0 171.5 REBAR LAYER 7 241, 62. ?.9
Wr125 643 11 6.5 11 7,3 99.5 REBAR LA'lEP 6 260. 102. 2.6
Wr38 467 11 6.5 11 1.3 270.5 REBAR LAYER 1 1?6 56, 3.1
Wr25 444 11 6.0 11 1,3 89.5 REPAR LAYER 1 154, 64 2.4
Wr134 662 11 7.0 11 7.3 269.5 REBAR LAYER 6 229, 92. 2.5
Wr156 704 11 /.5 1. 8.0 171.5 REBAR LAYER 7 245 75. 3.3
Wr163 721 11 7.8 41 8.0 352.0 REBAR LAYER 7 316. 107 2.9
Wr??3 1061 11 7.8 11 8.3 171.5 REBAR LAYER 7 174 64, 2~
E89 208 11 8.0 11 0, 179.2 WALL VERYICAL DISPL 752 444. .?
h '71 ~ 1049 il ' 8.0 11 8.3 352.0 REBAR LAYER 7 193, SS. 2.+
Ws2 445 11 9.3 11 1.3 89.5 REBAR LAYER 1 141, 48, 2.9
WL3? 468 11 9.5 11 1.3 270,5 REBAR LAYER 1 135. 74 1.8
Wr126 644 11 10.0 11 7.3 89.5 REBAR LAYER 6 176. 95. 1.3
Wr152 700 11 10.5 11 8.0 84.5 REBAR LAYER 7 228, 64 3.5
Wr135 663 11 11.0 11 7.3 269.5 REBAR LAYER 6 450. 156. 2.9
Wr153 701 12 20 11 8.0 85.0 REBAR LAYER 7 195. 47. 4.1
Wr160 708 12 2.0 11 8.0 264.0 REBAR LAYER 7 253. 88. 2.9
Wr161 709 12 4.0 11 8.0 264.5 REBAR LAYER 7 170. 56, 3.0

-Wr60 5'19 12 . 9.0 11 1.5 158.5 REBAR LAYER 2 139. 49. 2.8
Br22 1107 12 9.8 11 7.5 '135.0 REBAR LAYER 6- 95. 47, 2.0
Br20 1105 12 11.8 11 1.5 134.0 REBAR LAYER 2 441, 95. 4.6
';100 219 13 0. 11 0. 228.6 WALL RADIAL DISPL 951. 261. 3.7
D109 - 228 13 0 11 0. 315.0 WALL RADIAL DISP., 1246, 418. '3.0
D87 206 13 0. 11 0, 134.1 WALL RADIAL EISPL 712. 290. 2.5
Wr121 629 13 0. 11 6.3 348.5 REBAR LAYER 5 339. 159. 2.1
W(233 861 13 0, 1? 1.8 348.5 REBAR LAYER 2 154, 96. 1.6
Wr235 863 13 C 11 6.3 349.0 RMAR LAYER S 290. 148. 2.0
Wr66 525 13 0. 11 1.5 20.0 MBAR LAYER 2 304 99. 3.1

i Wr67 526 13 0. 11 1.5 262.0 AEBAR LAYER 2 114. 45, 2.5
Wr79 548 13 0. 11 1.5 "48,0 REBAR LAYER 2 245. 178. 1.4
Wr80 See 13 0, 11 1.5 348.0 REBAR LAYER 2 174 104 1.7
Wril 560 13 0. 11 1.5 342.5 REBAR LAYER 2 304. 72. 4.2

(1) Note: Stiffness units are pal / inch for displacement asses and kai for strain gages.
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' Table A.1 (cont.)

GAGE CHANNEL ELEVATION RADIUS AZIMUTH DricRIPTION (1) 1eT17TNESS RATID
.) - Ft in Ft In De6 Ku Ke Ku/Kc

Wr82 561 13 ' O. 41 1.5 339.0 REBAR LAYER 2 L69 93. 4.0
Wr103 601 13 0.3 11 6.3 167.0 REBAR LAYER S 351. 132, 2.7
Wr105 . 603 13 0.3 11 6.3 156.0 REBAR LAYER S 238. 89 2.7
Wr434- 862 13 0.3 11 1.8 168 S REBAR LAYER 2 290, 108. 2.7
Wr236 86. 13 0.5 11 6:3 169.0 REBAR LAT!R S 387 84. 4.6
Wr$7 506 13 0.3 11 1.5 168.0 REBAR LAYER 2 313. 124, 2.5
WrS8 507 13 0.3 11 1.5 167.5 REBAR LAYER 2 349. 97 J6
D1 120- 13 0.4 11 0. D. kALL RADIAL DISPL 1317. *12. 3.2
Br21 1106 13 0.S 11 6.3 134.5 RfBAR LAYER S 489. 102. 4.8
Wr122 640 13 0.5 11 6.3 -348.0 RIBAR LAYER 5 261. 133, 2.0
Wr68 527- 13 0,5 11 1.5 238.0 REBAR LAYER 2 216. $7 3.8
Wr104 602 13 1.0 11 6.3 168.0 REBAR LAYER S 299. 77. 3.9
Wr110 608' 13. 1,0 11 6.3 254.0 REBAR LAYER S 245. 78. 3,2

Wr112 620 13 1.0 11 6.3 305.5 REBAR LAYER S 129. 74. 1.7
Wr123 641 13 1.9 11 6.3 336.0 RER/i LAYER S 180. 95. 1.9
WrS9 500 13 1.0 11 1.5 162.5 REhAR LAYER 2 235. 57. 4.1
Wr70 = $29 13 1.0 11 1.5 305.5 REBMR 1AYER 2 186, 103, 1.8
D22 -141 13 1.2 11' O. 180.0 WALL RADIAL DISPL 1430, 248. 5.8
Wr108 606 13 1.5 11 6.3 263.0 REBAR LAYER S 283, 181. 1.6
Wr109 607 13 15- 11 . 6.3 . 262.0 REEAR LAYER S 268 110. 2.4
Wr48 487 ' 13- 1.5 11 1.5 83.0 REBAR LAYER 2 124, 89. 1.4
Wr49' 423 13 1.5 11 1.3 82.0 REBAR LATER 2 301. 70. 4.3
Wr50 489 13 1.5 11 3 1.5 78.0 RIBAR LAYER 2 162. $4 3.0
Wr94 SA2 13 1.5 11 6.3 83.0 REBAR LAYER S 309 132. 2.3
Wr93 583 13 1. 5 ~ 11 6.3 82.0 REBAR LAYER $ 246, 90. 2.7
Wr96 584 13 1.5 11 6.3 74.0 REBAR LAYER S 658. 93. 7.1

.Br19 1104 13 4.5 11 1.3 135.0 REBAR LAYER 1 114 47, 2.4
Wr263 1041 13 5.0 11 6.S 45.5 REBAR LAYER $ 280. 92. 3.1
Br24 1109' 13.9.0 11 8.0 46.5 REBAR LAYER 6 143, 52. 2.7
D15 134. 13.10.6 11 0. 90.0 WALL RADIAL DISPL 1716. 448. 3.8

.Wr171 729 14 0. -11 8.8 85.0 RTRAR LAYER 8 340, 74 4.6
. Wr275 .1063 14 0.5 41 9. 3 - 85.0 REBAR LAYER 8 369. 171. 2.2

Wr172 740- 14 2.0 11 8.8 83 5 REBAR LAYER 8 456, 129 3.$ (
Wr183 761 14- 2.5 11 8.8 265.5 REBAR LAYER 8 226,. 83. 2.7 -

Wr276- 1064 14 3.5 11 9.3 265.5 REBAR LAYER 8 313. 171. 1.8
Pr184 762 14 5.5 11 8.6 265.0 REBAR LAYER 8 326, 69 4.7
Wr174 74*- 14 7.0 11 8.6 171.5 REB.'6R LAYER 8 270. 65. 4.1
Wr138 - 766 14 7.0 11 8.8 352.5 REBAR LAYER 8 241 104 2.3
Wr139 767 14 7.0 - 11 8.8 351.0 REBAR LAYER 8 326. 69 4.7
Wr274 1062 .14 7.0' 11 8.3. 187.5 REBAR LAYER 7 340 62. 5.$
Wr157 705 14 8.0 11 8.0 187.5 REBet LAYER 7 320, 77. 4.1
Wr164 -?22 14- 8.0 11 8.0 7.0 REBAR LAYER 7 270. 100. 2.7
Wr176'- 744 14 8.0 11 8.0 171.5 REBAR LAYER 8 320, 104, 3.1-
Wr272 1060 _14 8.0 11 8.3 7.0 REBAR LAYER 7 243, 68. 2.8
D2 121- 14 8.4 11 0, D. WALL RADIAL DISPL. 1427, 436. -3.3

*

Wr175 743. 14 - 9 0 11 8.8' 171,0 REBAR LATER 8 316. 58. 5.5
Wr190 -768 14 9.0 11' 8.8 352.5 REBAR LAYER 8- 257, 63 - 3,1

'

D21 142 14 9.2 11 0. '180.0 WALL RADIAL DISPL 1317. 412. 3.2
: D56 175 .14 9.6 11 0. O, WALL RADIAL DISPL 1715, 462. 3,7

Wr158 706 14.10.0 -11- 8.0 187.5 REBAR LAYER 7 282. 65. 4.3
Wr165. 723 14 11.0 11 8.0 6.0 .REBAR LAYER 7 244 85. 2.9
Wr191 769- 15 4.5 11 8.9 348.0 REBAR LAYER 8 279. 59. 4.7
Wr177 743 15 3.0 11 8.8 168.5 REBAR LAYER 8 270. 62. 4.4
Wr166 724 .15 3.8 11 8.0 8,5 . REBAP LAYER 7 4 56. 91. 5.0

-Wr159 707 1$ 4.0 .11 8.0 189,0 REBAR LAYER 7 .534 96. 6.2
D101 220 - 15 4.9 1? 0. 228.5 WALL R4 DIAL DISPL 631. .30. 2.2
Wr192 789 15 6.5 11 8.8 346.5 12BAR LAYER 8 285. 69 4.1
Wr178 746 25 75 11 8,8 16S.S REaAR LAYER 8 182. 79. 2.3
D96 217 15 11.7 11 0. 277.6 WALL VERTICAL DISPL 1648, 826, 2,0

D115 234 16 2.6 ' 11 0. 2'5.6 WALL RADIAL DISPL 382, 113. J4
Br25 1120 16 3.0 11 8.0 45.5 REBAR LAYER 6 245. 49. S.0
Wr179 787 16 7.0 11 8.3 163.0 ' REBAR LAYER 8 190. 58, 3.3
Wr85 ?64 16 ,8.5 11 2.0 46,0 REBAR LAYER 2 $70. 78. 7.3

(1) Note Stiffness units are ps1/ Acch for displacement ga6es and kal for strain sages.
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Tablo A.1 (cont.)

OAGE CRANNEL ELEVATION RADi'JS A2! HUT 3 DESCRIPTION (1) STIFFNESS RATIO
10- Ft In Ft In Des Eu Ke Ku/Ke

Wr193 781 16 9.5 11 8,8 350.0 RESAR LAYER 8 41$. 86, 4,8

Wr27 446 16 11,3 11 4,5 91,0 REBAR LAYER 1 81, 45. 1.8
D110 229 17 10.3 11 0. 31$,0 WALL RADIAL DISPL 851, 412.. 2.1
D102 221 17 11.1 11 0. 228.3 WALL RADIAL DISPL 681. 313. 2.2
D104 223 17 11.6 11 0. 223.0 WALL YERf! CAL DISPL 782. 333, 2.3
D57 176 17 11,6 . O. 358.1 WALL VIRTICAL DISPL 528, 355. 1.3
D50 177 18 0. 11 0. -359.8 WALL RADIAL DISPL 1372. 393. 3.S
D90 209 18 0.1 11 0, 180.0 WALL RADIAL DISPL 1220. 528, 2.3

Wr268 1046 19 0,3 11 7.3 0, RESAR LAYER 6 208 SD, 4.2
Wr269 1047 19- 0.5 11 7.3 180.0 P.EBAR LAYER 6 140. 42. 3,3

Wr270 1048 19 0,5 11 7,3 241.0 REBAR LAYER 6 114, 40. 2.8
Wr264 1042 19 1.5 11 6.S 47.0 REBAR LAYER S 340, 80. 4.3

W261 1029 19 2.$ 11 7.3 46.0 REBAR LAYER 6 1'.'. 8 . 45, 4.4
Wr33 462 19 9.0 11 1,3 13).O REBAR LAYER 1 166. 82. 2.0
Wr11$ 623 19 9.4 11 6.3 313.0 REBAR LAYER S 327. 90, 3.6
DS9 178 19 11.7 11 c. 359.7 WALL RADIAL DISPL 1715. 381, 4.5
D92 211 20 0, 11 0. 180.0 WALL RADIAL DISPL 1302. 528, 2.5
Wr113 621 20 0. 11 6.3 312.0 REBAR 1EfER 5 309, 92. 3.4
Wr71 540 20 0.3 11 1.5 305.0 REBAR LAYER 2 231, 120. 1.9
Wr72 541 20 0.5 11 1.5 312.0 kEBAR LAYER 2 746, 230. 3.2
dr73 $42 20 0,5 11 1,5 313.0 REBAR LAYER 2 697, 200 3,5

D103 222 20 0.8 11 0, 227.9 WALL RADIAL DISPL 1222, 362. 3.4
Wr114 622 20 1.0 11 6.3 331,5 REBAR LAYER S $16. 92. 8.9
D106 225 20 1.1 11 -O. 289.4 WALL RADIAL DIGPL 681, 369. 1.8
D107 226' 20 1.4 11 0. 304.5 WALL RADIAL DISPL 1220, 435, 2.8
D108 227 20 1,3 11 0 312.0 W'?L RADIAL DI;1PL 772. 391. 2,0

.Wr136 664 20 6,3 11 7.5 314,0 Id8AR LAYER 6 160. 62. 2,6

Wr40 469 20 6.5 11 1.3 314,0 REBAR LAYER 1 190. 65. 2.9
Wr137 665 20 7,5 11 7.5 314.5 REBAR LAYER 4 160. 54, 3.0
Wr34 463 20 9.0 11 1.3 135.0 REBAR LAYER 1 299, 80, 3,7

I

l

i
!

(1) Note: Stiffness units are psi / inch for displasement gages and ka1 for strain gases.
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Table A.2 Apparent Stiffness Data for Bending Response of the Wall

GA0E CHANNZ1. LLEVATION RADIUS A21HUTH DESCR1FY10W 11) STIFFNES5 RATIO
10 Ft in. Ft in Dog Eu Re Ru/Ee

Wr76 545 2 4.8 11 1, 9 33. 8 REBAR LAYER 2 305. 51.
Wr182 760 2 8.8 11 8.3 326.4 REBAR 1.AYER 7 581. 429 11.0 {

Wr76 54S 2 4.8 11 1.8 332.8 REBAR LAYER 2 305. $1.
Vr187 765 2 7.8 11 9.3 332.1 REBAR LAYER 8 896 343. 7.6

Wr76 545 2 4.8 11 1.8 332.8 REBAR LAYER 2 305. $1,
Wr181 749 2 1.8 11 4.3 328.9 REBAR LAYER 7 -416. 3816. 3.9 |

Wr76 545 2 4.8 11 1.8 3*2.8 REBAR LAYER 2 305. 51.
Wr186 764 2 1.5 11 9.3 330.0 REBAR LAYER 8 2341. 930. 6.4

Wr75 ~ $44 2 9.3 11 1.5 332.8 KEBAR LAYER 2 132, 49.
Wr182 760 2 8.8 11 8.3 326.5 REBAR LAYER 7 $81. 429, 3.1

Wr75 044 2 0.3 11' 1.5 332.8 REBAR LAYER 2 132, 49
Wr187 765 2 7.8 11 9.3 332.1 REBAR LAYIk 8 896. 343. 2.7

Wr75 $44 2 0.3 11 1.5 332.8 REBAR LAYER 2 13k. 49.
Wr181 749 2 1.8 11 8.3 328.9 REB 4R LAYER 7 -616 3816, 2.2

Wr75 $44 2 0.3 11 1.S' 332.8 REEAR LAYER 2 132, 49.
Wr186 754 2 1.5 11 9.3 330.0 REBAR LAYER 8 2341. 930, 2.7

Wr75 $44 * 0.3 11 1.5 332,8 REBAR LAYER 2 132. 49,

Ft10. 1103 * 100- 11 8.5 328.8 REBAR LAYER 8 -615, 2443, 2.2

Wr75 $44 .* 0.3
' 1.5 332.8 RERAR LAYEk 2 132, 49.

Br1811 1124 1 11.5 0 8.3 329.9 REBAR I/VER 7 -585. -3485. 2.2

Wr75' 544 2 0.3 11 LS 331.8 REtAR LAYER 2 132. 49.
Wr18 427 1 10.0 11 4.8 332.3 REBAR LAYER 11 196. 80. 3.1

Wr75 544- 2 0.3- 11 1.5 332.8 REBAR LAYER 2 132. 49;

Brt2 1087 1 10.5 11 6.0 332.8 REBAR LAYER S -1142, 221, 1.9

Br5- 1080. 1 7.8 11 1.5 -332.8 REBAR LAYER 2 122. 45.
Br18 1103 1 11.0 11 8.5 321.8 REBAR LAYER 8 -615. 2443, 2.2

Br5 -1080 - 1 7.8 11 1.5 332.8- REBAR LAYER 2 172. 45.
Br1811 1124 _1 11.5 11 8.3 329.9 REBAR LAYER 7 -585. -3485, 23

5r5 1080 1 7.8 11 1.S 3;,2. 8 REBAR LAYER 2 122, 4S.
Wr18 427 1 10.0 11 4.8 332.3 REBAR LAYER 11 196. 80, 3.2

Br5; 1080 1 7.8 11 1.5 332.8 REBAR LAYER 2- 122, 45.
- Bri2- 1087 1 10.5 11 6.0 332.8 REBAR LAYER S -1142. 221, 2.9

Br5 1080 1 7,8 11 1.5 332.8- REBAR LAYER 2 122. 45,

Bril 1086 1 8.0 11 6.0 332.8 REBAR LAYER-S -8$4. 178. 1.8

Br3 1080 1 7.8 11 1,5 332.8 REBAR LAYER 2- 122. 45.
Wr17 424 1 7.5 11 1.5 332.3 REBAR LAYER 11 261. 67. 1.7

Br3 1080 1 7.8 - 11 1.5 332.8 REBAR LAYER 2 122. 45.
Br17 1102 1 9.0 11 8.5 327.9 REBAR LAYER 8 -523. 872. 2.1

~

Br3 1080 1 7.8 11 1.5 332.8 REBAR LAYER 2 122. 45.
Wr180 748 1 6.0 11 8.3 331.6 REBAA LAYER 7 -659. 1129. 2.2

Br5 1080 1 7.8 11 1.5 332.8 REBAR LAYER 2 122. 45.
Wr185 763 1 S.S 11 9.3 326.7 REBAR LAYER 8 -320 941. 1.9

|
t

(1) Note Stittness units are k.1 for strain gages.
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Table A.2 (cont.)
'

.
'.,N-

GAGE - CHANNEL ELEVAY10N RADIUS A21Hil4H VESCRIPY10N (1) ST1FFNESS RAY 10
ID Ft, In . Ft In De6 Ku Kc Eu/Kc

Wr74 543 1 S.8 11 2.0 332.8 REBAR LAYER 2 1974 67.
Bril 1086 1 8.0 11 6.0 432.8 REBAR LAYER S -834 178, 1.5

Wr?4 $43 1 S.8 11 2.0 332.8 REBAR LAYER 2 197. 67.
Wr17 426 1 7.J 11 1.5 332.3 REBAR LAYS 11 261. 67 0.2 ;

dr74 $43 1 S.8 11 2.0 332.8 kEBAR 1.AY13L 2 197. G7.
Br17 1102 1 9.0 11 8.5 327,9 RETAR 1.AYER 8 -S23. 872, 2.0

Wr74 S43 1 - S.8 11 2.0 332.0 REBAR LnYER 2 197 67.
Wr180 748 1 6,0 11 0.3 331.6 RELAR LAYER 7 -6St. 1129. 2.1

Wr74 543 1 S8 11 2.0 332.8 REBAR LAYER 2 197 67.
Wr185 763 1 S.S 11 9.3 326.7 REBAR LAYER 8 -320. 941. _1.7

-

Wr69 S28 1 11.0-- 11 2.3 305.5 REBAR LAYER 2 227. 72.
Wr111 609 1 11.3 11 6.4 305.8 RKBAR LAYER S 816, 120 1,7

Wr63 S22 2 S.S 11 2.3 210.0 REBAk LAYER 2 386 63.
Br16 1101 1 11.0 11 9.3 210.4 REBAR LAYER 8 -380. 9162. 3.0

e

Wr63 $22 2 S.5- 11 2.3 210.d REBAR LAYER 2 386. 63.
- 8:10 ' 1085 1 10.5 11 6.3 210.0 MBAR LAYER S -371. 143, 1.7

WrA2 $21 ~ 2 1;0 11" 2.) 210.0 kEBAR LAYER 2 229 52.
Br16 1M1 1 11.0 11 9,3 210.4 REBAR !.AYER 8 -380 9162. 2.7

'

Wrt 2 - $21 2 1.0 11 2.0 2*0.0 REBAR LAYER 2 229 52.
Br10 1085- 1 10.5 11 6.3 210.0 REbAR LAYER S -371. 143, 1.7

Wr62 S21 2 1.0 11 2.0 210.0 REBAR LAYER 2 229. 52.
-Brl$ 1100 'l 8.3 11 9,3 209.5 REBAR LAYER 8 -286. 995, 2.3

Wr62- $21 2 '1.0 11 2.0 210.0 REBAR LAYER 2 229 52.
- Br9 1084 1 0.0 11 4.3 21n 0 REEAR LAYER S -610. 137. 2.0

Br4 -1069 1 11.0 11 2.3 210.0 REBAR LAYER 2 114. 42.
Br16 1101- 1 11.0 11 9.3 210.4 REBAR LAYER 8 -380. 9162, 2.1

Br4 1069'- 1 11.0- .11 -2.3 : 210.0 REBAR LAYER 2 114 42.
Br10 ~ 108S 1 10.5- 11 6.3 210.0 REBAR YER S -271, 143. 1.S

r Br4 1069 1 11.0 11 2.3 210.0 REBAE IE'3 2 114 42,
'

Brl$ 1100 1 8.3 11 9.3 209.S RIBAR 1.AYER 8 -286. -993. 19

' Br4 1069 1 11.0~ 11 2.3 210.0 REBAR LAYER 2 114 42;
Br9 1064 4 8.0 11 6.3 210.0 REBAR U M 3 -610, 137- 1.6

Wr61 320 1 6.5 11 2.5 213.0 REBAR 1.AYTR 2 108, 44
Br16 1101 1 11.0 11 9.3 210.4 REBAR LAYER 8 -380. 9162. 1.4

6r61 520 1 6.5 11 2.5 210.0 REBAR LAYER .2 108. 44
Belo 1085 1 10.5 11 6.3 210.0 REBu LAYER S -371, 143, 1.3

Wr61 520 1 4.5 11 2.5 210.0 RIBAR LAYER : 2 108. 44
BriS - 1100- 1 -8.3 11 9.3 209.5 REBAR LAYER 8 -286 995, 1.7.

Wr61 520 1 6,3 -11 2.5 210.0- REBAR LAYER 2 108, 44 .

Br9 1084- 1 m,0 11 6.3 210.0 REBAR LAYER.- S -610. 137, 4

~

Wr226 844 - 2 . .! 11 3. 4 - 90.7 REBAR LAYER 10 327. 90.
Wr149 687. - 2 ) 11 8.0 85.6 REBAR LAYER 7 3429.- 1013, 3.7

*

(1) Not.e: Stlffness units are kei for strain ga6es.
I
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Table A.2 (cont.)
.i>

GAGE- CHANNEL ELEVATION RADIUS AE!HUTH DESCRIPT!on (1) BY!rrNESS RAY 10
,ID Ft in F4 In Des Ku Ke Ku/Ke

Wr226 444 2 S.3 11 3.4 90.7 REBAR LAYER 10 327, 90.
Wr170 728 2 7.0 11 8.3 97.3 REBAR LAYEk 8 -1856, 2. 3,0.

Wr226 - 844 2 S.3 11 3.4 90,7 REBAR LAYER 10 327. 90.
Wrt3 581 2 S.O 11 6.4 93.0 REBAR LAYER S 1716. 257, 2.9

Wr226 844 2 S.3 11 3.4 90.7 REBAR LAYER 10 327, 90.
Wrt2 580 2 0.5 11 6.4 93.0 RTBAR LAYER S -560 322. 1.7

Wr226 844 2 S.3 41 3,4 90.7 REBAR LAYER 10 327. 90
Wr148 - 686 2 0.5 11 7.8 88.3 REBAR LAYER 7 -381. 1619. 1.8

Wr47I 486 2 S.3 11 2.3 89.2 REBAR LAYER 2 427. S7

' Wr149 687 2 7.5 11 8.0 85.6 Rf8AR LAYER 7 3429, 1013, 8.1

Wr47 486 2 S.3 11 2.3 89.2 REBtt LAYER 2 427 S7

Wr170' 728 2 7.0 11 8.3 97.3 REBAR LAYER 8 -1856, 2205. S.9

W 47 484 2 S.3 11 2.3 89.2 REBAR LAYER 2 427. $7

Wr93 $81 - 2*$0 11 6.4 93.0 REBAR LAYER S 1716. JS7. 7.8

Wr47 486 2 S.3 11 2.3 89.2 REBAR LAYD 2 427. 37
bert2 - 580 2 0,5 11 6.4 93.0 REBAR LAMR S -560, 322. 3.$

.

Wr47 - 486 .2 'S.3 11 2.5 89.2 REBAR LAYER 2 427. S7.
Wr148 68* 2 _0.5 11 7.8 88.3 REBAR LAYER 7 -381. 1613, 3.4

i

Wr46 485 2 0.8 11 2.3 89.1 REBAR LAYER 2 93. 50.
Wr93 1581 2 S.O 11- 6.4 93.0 REBAR LAYER S 1716. 237. ' 1. 6 ?

Wr46 . 48S 2 0.8 11 2.3 89.1 REBAR LAYER 2 93. $0.
Wr92 580 2 0. 3 - 11 6.4 93.0 REBAR 1AYER S -S60. 322, 1.3

Wr46 485- 2 0.8 il 2.3 89.1- REBAR LAYER 2 93. $0.
Wr148 686 2 0.5 11 7,8 88.3 REBAR LAYER 7 ~381. 1613. 1,4

Wr46 485 - 2 0.6 11 2.3 89.1 REBAR LAYEh 2 93. 50
'

-Br1481 1122 1 10.8 11 8,0 89.0 REBAR LAYER 7 *288, -1299. 1.4

Wr46 : 493 2 0.8 '11 2.3 89.1 REBAR LAYER 2 93. 50.
5:14 - 1069. 1 10,3 11 .8.3 90.1 REBAR LAYER 8 -109. -322. 1.2

_

Wr46 485 2 0.8 11 2.3 89.1 TIBAR LAYER '2 93. 50.
.Wr14 423 _ 1 10.S. 11 4.3 91.9 REBAR LAYER 11 137, 77. 2.0

Pr2 1067 1 10,3 11 3.3- 88.7 REBAR LAYER 2 103, 39

Wr%3 -581 2 S.0 11 - 6.4 93.0 REBAR LAYER S 4716, 237. 2.4

l
Br2 1067 - -1-10.3 11 '.3 88.7 REBAR LAYER 2 105. 39.
ver92 $80 2- 0.5 11 4 4 93,0 REBAR LAYER S -560. 322. 2.0

Br2 1067 1 10.3 11 2.3 88.7 'REBAR LAYER 2 105. 39.
Wr148 686 2 0.5 11 7.8 88.3 REBAR LAYER 7 -381, 1613. 2.1

)Br2 1067- 1 10.3- 11 2.3 88.7 REBAR LATER 2 105. 39.
tr1481 1122 1 10.8 11- 8.0 89.0 REBAR 1ATER 7 -288 -1299. 2.0 ;

Br2 1067 1 10.3 11 2.3 88.7 REBAR LAYER 2 103, 39.
~

Brie 1089 1 10.3 11 8.3 90.1 REBAR LAYER 8 -109. ~322. 1.5

Br2 1067 1 10.3 11 2.3 88.7 REBAR .AYER 2 105. 39. I

Wr14 423 1 10.5 11 4.3 91.9 RIBAR LMER 11 137. 1/4 S.7

(1) Note: Stiffness units are kol Ear strein sages.
L
,

L 131
:

L
!. . - __ _ . . -_ .- - _ _ _ - . _



- - , _ . . -- . - . - ._ _ m- _ _ _ . . .~ ._.m._ __...___m.

-Table A.2 (cont.)

GAGE CHANNEL ELEVAYTON RADIUS AE1HlffE DESCRIPY10N (1) SY1FTNESS RAY 10
1D FL In Ft in De8 Ku Ke Ku/Ke

Wr225 843 1 10.8 11 3.4 90.7 REBAR LAYER 10 122. 56.
Wrt3 581 . 2 S.0 11 6.4 93.0 REBAR LAYER S 1716, 257, 1.8

Wr225 843 1 10.8 11 3.4 90.7 REBAP LAY''R 10 122. 56.
Wrt2 580 2 0.3 11 6.4 93.0 REBAR LAYER S -560. 322, 1.5

Wr225 843 1 10.8 11 3.4 90.7 RIBAR LAYER 10 122. 56.
Wr148 686 2 0.5 11 7.8 88.3 REBAR LAYER 7 -381. 1613. 1.6

Wr225 843 - 1 10.8 11 3.4 90.7 REBAR LAYER 10 122. 56.
8:1481 1123 1 10,8 11 8.0 89.0 REBAR LAYER 7 -288. -1299. 1.6

Wr225 843 1 10.8 11 3.4 90.7 RIBAR LAYER 10 122. 56.
Bri4 1089 1 10.3 11 8.3 90.1 REBAR LAYER 8 -109. -322. 1.2

Wr225 843 1 10.8 11 3.4 90.7 REBAR LAYER 10 122. 56
Wr14 423' 1 10.5 11 4.3 91.9 REBAR LAYER 11 137- 77 S.4

Br2 1067 1 10.3 11 2.3 88.7 RIBAR LAYER 2 105, 39.
Br1471 1111 1 8.0 il 8.0 90.0 REBAR IMER 7- -1058. -745, 2.6

Br2 1067 1 10.3 11 2.3 88.7 REBAR LAYER 2 105. 39
Br? 1082 1 8.0 - 11 6.4 93.0 REBAR LAYER S -435, 280. 1.9

Br. 1067 1 10.3- 11 2.3 88.7 REBAR LAYER 2 105. 39.
Wrd 422 1 0.0 11 1.0 91.9 REBAR LAYER 14 225, 78. 2,5

Br2 1067 - 1 10.3 11 2.3 88.7 EEBAR LAYER 2 105. 39.
Br13 1088 1 7.3 11 8,3 89.2 REBAR LAYER 8 -156. -444 1.7

Wr225 843 1 10.8 11 3.4 90.7 RFBAR LAYER 10 122. 56
Br1471 1121' 1 8.0 11 8.0 90.0 RIBA4 LAYEP 7 -1058. -745, 2.1

Wr225 843 2 10.8 11 3.4 90.7 REBAR LAYER 10 122. $6.
Br7 1082 1 8.0 11 6,4 93.0 RIBAR LAYER S -435, 280. 1.4

Wr225 843 1 10.8 '11 3.4 90.7 REBAR LAYER 10 122. 36
Wr13 422 1 8.0 11 1.0 91.9 REBAR LAYER 11 225. 78, 1.3

,

Wr225 843 1 10.8 11 3.4 50.7 RETAR LAYER 10 122. 36.
Br13 1088 1 7.3 11 8.3 89.2 REBAR LAYER 8 -156. *444. 1.4

Br1 1066 1 8.3 11 2.0 88.7 REBAR LAYER 2 97. 45.
Br1%81 1122 1 10.8 11 8.0 89.0 REBAR LAYER 7 -288. -12*9 1.7

Br1 1066 1 8.3 Il 2.0 88.7 REBAR 1AYER 2 97 45.
-Br14 1089 1 10.3 15 8.3 90.1 REBAR LAYER 8 -109. -322, 1,3

1)r1 1066 1 6,3 11 2.0 88.7 REBAR LAYER 2 9 7.- 43.
Wr14 423 1 10,5 11 4.3 91.9 REBAR LAYER 11 137, 77. 3.1

Br1 1066 1- 8.3 11 2.0 88.7 . REBAR LAYER 2 97 45.
Br1471 1121 1 .8,0 11 8.0 90.0 RIBAR LAYER 7 -1058. -745. 2.1

Br1 106G -1 8.3 11 2.0 88.7 REBAR LAYER 2 97. 45.
Br? 1082 1' 8.C 11 6.4 93.0 REBAR LAYER S. -433, 280. 1.3

Br2 1066 1 8.3 11 2.0 88.7 REBAR LAYER 2- 97. 45,

Wr13 422 1 8.0 11 1.0 91.9 RIBAR LAYER 11 225. 78, 1.6.

Br1 1066 1 8.3 11 2.0 68.7 REBAR LAYER 2 97. 4$.
Br13 1088 1 7,3 11 8.3 89.2 RIBAR LAYER 8 -156. -444 1.5

(1 Note: Stiffr.ess units are kai for strain 8 ages.
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Table A.2 (cont.)

GAGE CHANNEL ELEVAYION RADIUS AEIt9JYH DESCRIFYION (1) SYIITNESS RAY 10
ID Ft In Ft In Dog Eu Ec Eu/Ke

Br1 1066 1 8.3 11 2.0 48.7 REBAR LAYER 2 97. 45.
Wr147 68S 1 S.8 11 7.8 90.8 REBAR LAYER 7 -370. 1082. 1.7

Br! 1066 1 4.3 11 2.0 88.7 REBAR LAYER 2 97, 3.
Wit 0 $69 1 .6,0 11 6.1 93.0 REBAR 1AYER S -491. 2,4. 1.3

Wre$ 484 1 6,3 11 2.5 88,9 REBAA LAYER 2 142. S2,
Br1471 1121 1 8.0 11 8.0 90.0 REBAR LAYER 7 -1054, -745. 2,6

Wr45 484 1 6.3 11 2.5 88.9 RIBAR LAYER 2 142. 52.
Br1 1082 1 8.0 11 6,4 93.0 RIBAR LAYER S ~435, 280. 1.7 j

Wr45 484 1 6.3 11 2,5 88.9 RIBAR LAYER 2 142. $2.
Wr13 422 1 8.0 11 1.0 91.9 RE8AR LAYER 11 225, 78. 2,5

Wr45 404 1 6,3 11 2,5 88.9 REBAR LAYIR 2 142. 52.
Br13 1088 1 7.3 11 8.3 F9.2 REBAR LAYER 8 -156. -444. 1.6

Wr45 484 1 6.3 11 2.5 88,9 REBAR L4YER 2 142. 52.
Wr147 645 1 S8 11 7,8 90.8 REBAR LAYER 7 -370. 1082, 1,9

Wr45 484 1 6.3 11 2.5 88.9 REBAR LAYER 2 142. 52.
Wr90 S69 3 6.0 11 6,1 93.0 RIBAR L4YER 5 -491. 271. 1,7

Wr224 842 1 6.3 11 3.4 90.7 REBAR LAYER 16 217 64
Br1471 1121 1 8,0 11 4.0 90.0 kEBAR LAYER 7 -1058. -745, 3.1

. Wr224 842 1 6,3 11 3.4 90.7 kEBAR LAYER 10 217. 64
Br7 1032 1 0,0 11 6.4 93.0 RI3AR LAYER S -435. 280. 1.7

Wr224 842 1 6.3 11 3.4 90.7 RIBAR LAYER 10 217. 64
Wr13 422 3 8.0 11 1.0 91.9 REJAR LAYER 11 223. 7A. 17.1

Wr224 E42 1 6 . 'J 11 .3,4 90.7 RIBt.R LAYER 10 217. 64
Br13- 1088 1 7.3 11 8.3 89.2 REBAR LAYER 8 -156, ~444. 1,6

Wr224 842 1 6.3 11 3.4 90.7 REBAR 1.AYER 10 217. 64
Wr!47 685 1 S8 11 7.8 90.8 REBAR LAYER 7 -370. 1082, 2.0

Wr224 842 1 6.3 -11 3.' 90.7 RFBAR LAYER 10 217. 64,

Wr90 569 1 6.0 11 6.1 93.0 RIBAR LAYER S ~491, 271. 1,8

'

(1) Note: Stiffnaas units are kai for strain geges.
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Table A.3 Apparent Stiffness Data for Bending Response of the Basemat
-

GA3E CHANNEL ELEVATION RADIUS AN MUTH DESCRIFTION (1) STIFFNES3 RATIO
ID Ft In Ft In Dog Ku Ke Eu/Ec

Wrl 400 -1 S.9 3 10.0 93.8 HERIDIONAL $6 REBAR 111. 4.
Wr6 405 1 6.8 3 10.0 89.4 MERIDIONAL (S REBAR *1908. -760. 26.9

Wr2 401 -1 S.9 6 9.0 93.2 HERIDIONAL #6 REBAR 3816. 137
Wr7 406 1 7.0 6 9.0 91.6 MERIDIONAL f5 REBAR -2753. -1563. 12.7

Wr3 402 -1 S.9 8 0.0 92.8 MERIDIONAL #6 REBAR 3273. 108.
Wr8 407 1 7.0 8 0.0 91,9 HERIDIONAL #5 REBAR -12994 -4798. 25.2

Wre 403 *1 S9 10 0.0 92.3 MERIDIONAL #6 REBAR -2452. 259.
Wr9 408 1 7.0 10 0.0 92.1 MERIDIONAL f$ REBAR -3919, 463. -11.1

(2)
WrS 404 -1 S9 11 0.0 91 8 MERIDIONAL #6 REBAR ~1430. -1088.
Wr11 420 1 7.0 11 0.0 92.2 MERIDIONAL #5 REBAR 3bl6. 214. 5.8

Wr10 409 1 6 . .A 10 9.0 88.7 CIRCUHFERNTIAL f6 REBAR 4911. 486,

10.1

Wr12 421 1 6.8 11 5.5 88.8 CIRCUHFERJITIAL #6 REBAR 3271. 187.
17.S

D50 169 4 8.5 11 0. 83.7 MAT VERTICAL UPLIFT 7150. 664,

6J.8

D11'l 231 -1 -7.0 11 0. 90.0 MAT VERTICAL UPLIFT 28601. 4950.
S.8

Notest
(1) Stiffness units are pat / inch for displacement sages and ksi for strain sages.
(2) Ratio determined from sages Wr4 and Wr9 are not included in Figure 5.7

|

|

|
t

1

( (1) Note: Stiffness units are kat for strain sages.
!
!
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APPENDIX B. EFFECT OF INITIAL DEAD LOAD STRAIN ON ESTIMATED MOMENT

Since strain gage readings were set to zero before internal pressure loading,
gages that recorded strain on vertically oriented bars did not measure a dead
load strain. The uncertainty induced in estimates of moment at the base of
the wall may be determined through an elastic analysis for the initial

'
vertical strain and through an idealization of the internal force couple at
that location.

Shown in Figure B.1 is a representative plot of internal pressure versus
measured strain for a gage located on a vertical reinforcing bar. It is
assumed that the weight of the structure above this gage produces an initial
compr3ssive strain, c, and that the actual strain, e., in the bar iso

determined by subtracting the dead load strain at all pressure levels from
strains that were measured, e,. An estimate of the initial strain is found

-

throuba an elastic analysis of a transformed section to be given by c - Wnpo
/ A.E,(1 + np - p), where W is the dead load per unit circumference, A, is the
area of steel in a unit section, p is the ratio of steel area to grosa
section area, E, is Young's modulus of steel, and n is the ratio of Young's
modulus of steel to that of concrete.

Shown in Figure B.2 is an idealization of the internal forces at the base of
the wall. Before yielding the force in the steel, which is estimated from
measured strain, is given by T - E A,e , whereas the actual force in the
steel is given by T, - E A,(e, ). The unit force in concrete estimated
from measured reinforcement st. .ns is given by C. - T, - h where N,s
represents the net vertical force in the wall, determined from statics, and
includes dead load. The actual unit force in concrete is similarly given by
C. - T, - N . The difference in actual and measured unit concrete force isy

given by C - C - - E, A.c .o

The unit hoop moment about the plastic centroid, based on measured strain
data, is given by M, - T,( d - p ) + C,( p - k) . A similar expression gives the
unit moment based on actual strains. The difference in moment based on

"

actual strains or on measured strains is given by M - M - -E A,(d - k)c , o
which may be further simplified to -Unp(d - k)/(1 + np - p) . At the pressure
initiating flexural yielding (118 psig) the calculation for moment present9d
in section 6.1.1 found values for d and k equal to 7.51 and 0.68 in.,

respectively. With given values for the remaining parameterr (W - 0.31
kips /in. , n - 8, p - 0.03), the difference in the actual unit moment from the

unit moment estimated from measured vertical strain gages is 0.4 kips.
WM
{Nc

a Y
'

pressure s
plo s ticU centroid (m

i
3

f

/ '

_ {C {T
-- J strain k -- p~-

E
n

d

Fig. B.1 Sample Data Fig. B.2 Internal Forces
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APPENDIX C. LIMIT ON RADIAL SHEAR TRANSMITTED FROM THE WALL TO BASEMAT LINER

Studs welded to the wall liner and embedded in concrete transmit a portion of
radial shear stress from the wall to the basemat liner. The geometry and
proportion.: of the connection (Fig. 6.13) suggest that the ability to
transfer shear along the indicated path is governed by the flexural capacity
of the lower portion of liner on the wall. A limit analysis of the wall
liner is performed to determine an upper bound to the unit shear force that
may be transferred from studs in the wall to the basemat liner.

A free-body diagrr.m of the bottom of the wall liner is presented in Figure
C.1. The liner connects at point A with the knuckle joint and is continuous
with liner material above this section at point B. The unit force in the
studs is represented by F. At this location 1/2-in. long studs, 0.140 in. in i

diameter, were spaced at 2 in, on center.

A kinematically admissible deformation for this section is assumed in which
L hinges form along circumferential lines at points A and B and the section

rotates outward, producing a radial deflection, 8, at point B. The unit
moments, m , induced along circumferential lines A and B are taken equal to

2the unit plastic moment capacity o h /4 for the liner, where o, denotes the
liner yield stress. Circumferential strains due to the deflection are
assumed to produce a constant unit hoop force, n , over the deflected regiono

shown, equal to the unit yield capacity that may be carried in the plane of
the wall, o,h. .The unit force in studs. F, is determined from setting the
external virtual work due to the deflection, 8, equal to the sum of internal
virtual work for m, and n due to the deformation. The resultant unit forceo

f+|. With given values for thein studs is given by F -

13/16 in.), and the yielddimensions (h - 0.068 in., R- 132 in., s -
strength of the liner given by o,- 50.2 ksi, the unit force in studs is 153

lb/in,

The contribution of internal pressure to the external. virtual work is not
included chiefly because including it would reduce the estimate for F and
because part, if not most, of the internal pressure in the containme t is
transwitted to the concrete wall by contact.

l
B'

d

bO m,
~

h

s

R-n.

F'

_.,

m,

Fig C.1 Wall Liner
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'lhis study is on the behavior and strength of the 1/6-scale reinforced concrete contain-
ment model tested at Sandia tutional Laboratories. 'Ihe containuent nodel was pressur-
ized to more than three times its design pressure until a tear in the liner tenninated
the test. Deformation data from the test was used to interpret behavior and to estimate
the internal forces at the wall-basennt connection. A possible mode of structural fail- -

ure of containments subjected to high pressures is by radial shear failure at the wall-
basecat connection. Although the containnent codel showed no sign that such a failure
tras inninent when the test was stopped, if it had been possible to increase the internal
pressure, an abrupt shear failure was possible. A method based on the ccanpressive force
due to flexure at the wall-base was developed to evaluate the radial shear strength of
the 1/6-scale containment. Using the devei w d methodology, an estimate is made of the
pressure that would initiate a shear failu12 at the wall-basemat junction of the nodel.
'1his estimate is based on a projection of the observed strength of similar 1/12-scale
wall-basemat connections, which have failc in shear.
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