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Abstract

This study is on the behavior and strength of the 1/6-scale reinforced
concrete contalrment model tested at Sandia Na:ilonal Laboratories. The
containment wodel was pressurized to mwore 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 wall-basemat connection, Analytical models were
developed for radial-expansion response and for the wall and basemat
intersztion, A possible mode of structural failure of contalnments subjected
to high pressures {s by radial-shear failure at the wall -basemat connection.
Although the containment model showed no sign that such & fallure was
fominent when the test was stopped, if it had been possible to increase the
internal pressure an sabrupt shear failure was possible. A method based on
the compressive force due to flexure at the wall-base was developed to
evaluate the radlal shear strength of the 1/6-scale contalnment model. Using
the developed methodology, an est/mate is made of the pressure that would
initlate a shear fallure 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 falled in shear.
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EXECUTIVE 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 barrie: to prevent the release
of radicactive material that might be relessed to the environment, In the
uniikely event of a severe accident, containment buildings may be subjected
te temperature and pressure loadings far exceeding the loads for which they
were designed.

The U. §. Nuclear Regulatory Commission has sponsored a series of programs to
develop test-validated mathods 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 Luildings
subjected to internal pressures have generated data that could be used to
evalucte analytical metheds for predicting the performance of these
structures. At present, four 1/32-scale s.eel containments, one 1/8-scale
steel containment, and one l/6.scale reinforced concrete containment have
been tested, The test of the reinforced concrete containment is the subject
of this repoit.

Contaloment Model and Tests

The reinforced concrete con.:inment model was configured as & domed
evlindrical shell fixed to a circular base. The r.del was develoved 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. Overail
dimensions were 25 ft wide by 37 ft tall. The cylindrical shell had an
inside radius of 11 ft with & 9 .75-in. wall thickness. A steel liner was
attached by headed studs tc 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 was provided with eight layers of 1/2-in. diameter
reinforcing bars: reinforcement ratios were 2.2Y 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.

% series of internal pressurization tests wers conducted in July 1987.
During the first test, a structural integrity test, pressure vas 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
increac~d to 145 psig when failure of the liner occurred and the
pressurization system could no lone ~ sustain pressure, Post-test
examination revealed a 21 in. vertica. tear in the liner near one of the
penetrations, This was the major source of leakage: there were numerous
other small tears,
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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 connect.on between the data from the containment
test and data from 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 experiments Through the calculation
procedure, stress conditions at fallure 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 .o the stress conditions at failure of one of the 1/12-scale
connections. Because the Sandia containment had not failed in radial shear
at 145 psig, the maximum test pressure achieved, there 1is 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.

Conclusions

An interpretation of the containment model structural behavior from the test
data is presented, This will aid in future assessments of analytical methods
to predict thy vesponse 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
the shear strength at the wall-base of a typical reinforced concrete
containment structure. The evaluation of beaavior 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 resistec large vertical tension ard 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 failure at 145 psig i ternal
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.



1. INTRODUCTION

In this report the behavior of a 1/6-scale reinforced concrete containment
structure subjected t» internal pressure is described and an evaluation of
the radial shear stiength at the wall-basemat connection is presented. The
U, 8. Nuclear Regulatory Commission has initlated 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 rethods 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 co 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 mwode of failure might have Leen activated.

The results 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-exnansion 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.

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 containunsnt 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
srerpressurization test was analyzed to evaluate the behavior of the
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structure, It was determined that the combinuation of radial-shear, moment,
and vertical tension at the wall-base 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 must be based utrictly on the results of the limited number of
experiments, This research highlights the inadequacy of the database of
experience to guide confident estimates of the shear strength of wall-basemat
connecti.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 Qutline of Report

Chapter 2 provides a description of the configuration end 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
represent what would have been measured by one continuous loading.

A discussion of measured response is presented in Chapter 4. Plots of
representative data are 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.

S

u—_ﬂ



T T S O e Oy e ™

S ——

B, T B B o N e
-

2. DESCRIPTION OF TEST STRUCTURE

The 1/6-scale reinforced concrete containment model (Fig. 2.1) was designed
and bullt to the American Society of Mechanical Engineers (ASME) code [Ref.
2.4) by United Engineers and Constructors, Inc. The containment was modeled
to resemble a typical Light Water Reactor (LWR) 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 contaimment model design and configuration {s described
and the data on material properties obtained from tests of reinforcemunt,
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 Containnent Model Design
2.1.1 Configuration

The containment model was configured as a domed cylindrical shell fixed to a
circular base, Figure 2.1, Cverall dimensions were 25 ft wide by 37 ft tall,
The cylindrical shell had an inside radius of 11 ft with a 9.75 in. wall
t‘ckness. The dome thickness was 7 in. and the basemat thickness was 40 in.
A steel 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 afrlocks 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.

fhe 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, ancd 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

The design of the containment model conforms to the provisions of the ASMF
Boiler and Pressure Vessel Code, Division I1I, for nuclear power plants ana
components [Ref. 2.4], The design accident pressure was %6 psig internal
pressure. The fundamental design function of containment structures is to
prevent or delay the release of radicactivity to the environment after an
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accident in which radiocactive materials are released to the containment. The
steel liner i{s, in essence, the containing element and the reinforced
concrete shell provides support. A fallure 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 surport 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
size of the 6 mm, No. 3, and No. 5 bars were tested and twenty samples of the
No. 4 bar were tested. The No. &4 bars represent a majority 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 summarize~ in
Table 2.1, A representative stress strain curve for a No. & bar is shown in
Figure 2.4, Purther details on the results of tests on reinforcing steel
were reported in reference 2.3.

10



—— P D B e . B R g —————— Ry Gp— A
R p— — p—— =5 I e — . P —— O R e e e i i B i v 0

Table 2.1 Reinforcing Bar Tensile Strength

Bar No. Mean Yield Mean Maximum Yield Ultimate
Size Samples Lolad Load Strength Strength
_ b 1b 1 psi
6mm 4 3340 (60)% 4330 (70) 76??00 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 lbs,
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Fig. 2.4 Typical Stress-Strain Curve for No. 4 Reinforcing Bar [Ref. 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., 71 setively. Four
samples of each liner thickness were tested for uniaxic’ sile strength

Half of the samples were tested in their rolling dire. nd half were
,tested transverse to thei rolling direction. Mean yiei itrength and
fracture strength for the liner placed on the cylinder wall ar . hasemat were
2250 ksi and 70 ksi, respectively. The rolling direction and o . tation 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.

11
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Table 2.2 Liner Material Tensile Strength

Thickness No. Snnplet' Mean Yield Strength Mean Ultimate Strength

ksl ksl
0.068 in. RD* 2 50.2 69.7
0.068 in. TD 2 49 .4 70.6
0.090 in. RD 2 50.7 69.8
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
aggrepates having a nominal maximum 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 oasemat, 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 elaven 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 temsile strength. At

12
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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 cured ir a
water tank for the first two to four months. Curing conditiens for ths 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 those 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 puint in the
figures represents the test of one cylinder per 1ift. 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 months. 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 basls for quality contrcl and
acceptance of each batch of concrete. These tests were made on cylinders
which had aged primarily 28 days or less. PFurther information on these tests
is available from the staff at SNL. The data from the concrete tests
roported herein are from tests conducted at Sandia by their technicians,

13
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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 becawuse it did not fail prior to
reaching the testing machine capacity. All of the 38 samples in the split
cylinder tensfle test appear valid btased on the test procedure. Of the 29
direct tensio. :ests only eleven may be considerad to represent an estimate
of direct tensile strength. Most of the other "dog-bone" shaped specimens
failed due to pull out of the anchurage priov to cracking within the necked-
down region.

Mean values for compressive and split cylinder tensils strength are
calculated at curing szes of one, four, six, anu sixteen menthu (Table 2.3).
These values are shown on the strength development cuvves (Fig. 2.6, 2.7).
Mean values for direct tensile strength are not calculited because of the
paucity of good data, An indication of the concrete quality is tke
coefficient of variation (¢c.o.v.) assvciated with the mean sample strength.
This cannot be estimated from the data because only one cylinder from each
lift was tested at u partlcular ape.

" M. McNamee, "1/6-Srale Cortainmeut Model Concrete Cylinder Strength last
Reports,” Savdia National Labs, A bugquerque, March 1585 . fugus: L8
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Table 2.3 Compressive and Split-Cylinder Strength of Concrete Samples

Curing Age Compressive Strength mmmmm:.mm
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
450 S S S S e —— ——r -
‘oo» k E
g \‘ m
350 n/b.' ‘\-; . Savese m /'/ 4
/.:\ &\ » - : - jp— — gﬁ_b.. -
a b ';<~ G } o~ *:\*.\ /
VJOO’ ? \.~ \_. “-qa 1
i B e e |
£ e T
gZSO* - \ \a
. 3 * — \
£ S—— ey
200t O BASEMAT LIFT = T~
. L ~ = =] WALL UFT #1 T .
Riaol A [ v =0 WAL UFT g2 8 ]
g — ] WALL LIFT §3
] b m——(]  WALL LIFT g4 4
’.100» v ameel] - WALL LIFT #5 )
—— o —ee{]  WALL LITT #6
i — —  DOME UFT g1 1
30 } — ef)  DOME LIFT #2
_ e e DOME. LIFT $3 |
&  DOME LIFT g4
o A ol e . e 0 = A i e e A " - b
o] 2 4 8 8 10 12 14 16 18 20

Curing Time (months)

Fig. 2.8 Direct Tensile Strength of Concrete Cylinder Samples

It should bs 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 projections to be made about the shear
s*rength 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 split 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.
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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 remaln at the same
level. The trend in measured compressive strength raises doubt about the
strength of the cylinder samples at the time of the containment model test.
It i{s 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 warked effect. Klieger [Ref. 2.5]
investigated the effect of various mixing and curing teJperatures on
compressive and flexural (unteinforced beai) strength. Price [Ref. 2.6]
summarized numerous conditions (including materials and mix proportions,
curing, accelerators, rate of load, and deterisration) influencing concrete
strength. His research was aimed at underst.nding to what extent a value
assigned to the 28-day strength of 6 by 12 in. control cylinders is
representacive of the compressive strength of the in-place structure.
Neither Price nor Klieger address specifically the variation of streneth with
time and its likely causes. This topic is of pa .icular importance because
in a construction atmosphere where a limited number .f control cvlinders are
cast and tested at intervals, a false confidence in concrete strength con
arise as a result of early tests if that concrete is later subjected to
curing conditions that may cause strength to decline.
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Fig. 2.9 Effect of Air Drying After Initial Moist Curing on Concrete
Strength CGain with Age [Data from Ref. 2.6]
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Table 3.1 Complete Pressurization Schedulet

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

July 610  Structural yes 0~ 5% « 0 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 1LRT with no 56.4 ~ 53.6 psig slow leak
0.137 in. allowed over
orifice 4 hours

July 14 Equipment no 23 psig held at constant
Hatch B pressure
Unseating half day

July 15-16 [1RT with no §7.1 ~ 51.4 psig slow leak
(.070-1in, allowed over
vrifice 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. §. Horschel, "Quick Look Report on the Low Pressure Testing of a
1/6-Scale Reinforced Concrete Containment Building," Sandia National
Laboratories, Albhuquerque, New Mexico, July 1987.

D. 8. Horschel, "High Pressure Test Briefing," Sandia National
Laboratories, Albuquerque, New Mexico, August, 1987,

3.1.2 Leakage Tests

Four separate leakage tests were : ~ducted after the SIT. For each test the
containment model was held at - about a constant pressure level while
leakage out of the containment was measured. Three of these tests were
conducted as Integrated lLeak 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 3.3 High Pressure Test Pressurization Levels

Date Data Scan Pressure level Track Displacement Scan
July 28, 1987 1 9.89 psig
2 19.55
3 29.57
4 39.42
5 49.16 2
6 54 .50
7 $9.57 3
8 64,20
9 69.32 4
10 74.16
11 80.16 5
12 85.61
13 90.58 6
14 95.69 7
July 2% 15 100,92 8
16 103.25
17 106.11
18 108,31 9
19 111.08
20 113.24 10
21 117,82 11
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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Table 3.4 Instrumentation Summary

Gage type No. Channels No. Channels No. Channels
SIT data HPT data S§IT and HPT data
Bor ded rebar 29 29 29
Displacemsnt 98 179 98
Embedment 17 17 17
Pressure 5 5 5
Rosette gage 483 483 483
Single gage 18 41 36
Strip gage 71 9] 71
Track Mounted Displacement 0 18 0
T-Rosette 0 8 0
Thermocouple 72 73 72
Welded rebar 294 L. 224
Total 1107 1168 1105

axis. Of these, 29 gages were bonded to reinforcement and 258 gages were
wvelded directly to reinforcement. The only other weldable gages were 36
pages attached to the liner at the wall-basemat junction. The weldable 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 uplift, concrete crack opening,
displacements of the equipment hatches and of a personnel airlock, and
movement of the steel access structure inside the cuntainment model. Radial
displacements were measured 26 transducers attached to the interior wall
and cormected by a thin wire to a ten-inch diameter vertical strel pipe at
the center cf the model, This central column was anchored to the containment
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 gages
were 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 obseirved during testing
that the basemat lifted off its foundation, these gages were an indicator
only of average vertical wall strain. The locations of 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 rhe 12 ft 6 in. radius, where the edge of the basemat meets the
mudmat foundation. These gages indicatea 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 wvertical floor displacement at an 11 ft
radius. Ten 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 pages recorded
relative displacements of the central column and the steel access structure.
The remairving 44 pages recoruved displacements of various parts of the
equipment hatches and of one of the two personnel airlocks.

25



o Uds
»
- e ‘
ng s
-

N




aaaia, o la g, e

j—— —— e

Traogk 7
180° e

Trock 8
270%
Containment Mode! Plan
Track Location Azimuth  Meosurement Ronge Elevation/Raodius

1 Interior - 48 3.6 -~ 98 1 Inches elev.
2 Inter.or 1. 20.4 -~ 287.3 olev
3 Interior 183° 31.6 ~ 97 6 olev.
“ Interior 278° 298 -~ 288 ele.
5 Exterior 359° 26.0 -~ 100.0 ele,
L) Exterior 102° 273 ~ 268 3 eley.
7 Exterior 179° 281 ~ 101.6 elov
] Exterior 28%° 26.2 ~ 287 .1 elev.
] Interior 84° 338 ~ 108.9 rodius

Fig. 3.2 Location of Track Mounted Displacement Gages

3.2.3 Track Measurement System

Displacement transducers were mounted on horizontal or vertical fixed tracks
and were able ro 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 (Taule 3.3), Eight of these tracks wc e 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 gage measured the distance along
the track to the location of the sliding truck. The truck was powered by a
system f cables and a motor fixed st the track end,

3.3 seges at Critical loecations

Gages located within the basemat and at the junction of the wa'l and casemat
are of a special Interest because they poovide the evidence needed . , make an
irioerpretation of the contalrment model behavior &t this lecation.
Reinforcement bars at these locations were heavily {ns*rumented with strain
gages.

3.3.1 Vall-Basemat Connection Detail

The eight principal layers of No. 4 reinforcement bars in the containment
vall (Fig. 2.2) are supplemented at the wall-basemat junction by
reinforcement provided to Increase the radial shear ard me:idional bending
capacity at this locaiion (Fig. 3.3 - 3.5). An additional layer of vertical
No. 6 bars (layver 10) is provided near the inside wall surfac: at &.5-in,
spacing to increase the meridional moment capacity. These bars are anchored
by a 90 degree bend within .he basemat and continue t> elevation 6 ft 6 in.
(Fig. 3.6), A layer of inzlined No. 4 bars (layer 11) oriented at 45 degrees
vo & horizontal radius is provided at & 5.in. spacing for added radial shear
capacity. This layer extends diagonally te the bottom of the basemat and
continues up the wall to elevation 3 ft 8 in. (Fig. 3.6). No. 3 diameter
stirrups are also provided at the junction for added shear capacity. Of the
eight principal layers of wall reinforcement, the ts layers of vertical bars
(layers 2 and 5) are anchored in the basemat by a 90 degree bend and the two
1 yers of seismic bars (layers 7 and 8) continue into the basemat but sre 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, seismic, hoop, inclined, and
stirrup reinforvemenc in the wall-basemat junction region, mainly at three
locations about the wodel: at 90, 210, and 330 degree szimuthe. Figures 3.3,
3.4, and 3.5 {llustrate the locations of strain gages at each of the three
slices. Because the number of gages at the 90 degree azimuth slice (Fig.
3.3) are more numer us than at other locations, they provide the primary
source of data used in subsequent chapters for behavioral !rterpretations.
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
azimuth,

3.3.2 Basenmat Gages

The 4&40+<in. thick hasemat was provided with two sets of layers of
reinforcement, at rhe top and at the bottom of the slab, connected by No. 3
ties. The bottor '+  ‘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 bavs.
The top radial bars at the center of the basemat are replaced by twe
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
were installed passes through the basemat center. Two straln gages were
installed on two circunferential bars at the top of the basemat (Fig. 3.6).

3.4 Data Adjustment

Adjustments were made to the strain and displacement data (excluding track-
mounted displacement data) obtained from Sandla. 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 HPT. The
adjustments to correct the apparent zero point for both SIT and HPT data
effertively shift the origin of each gage slightly so that the trend in data
for te first three data scans In each test appears to emanate from zero,
Becs .se the gage readings were re-zeroed before each test a shift in the
mes sured MHPT data {s required to account for irreversible displacements
ircurred during prior loadings. The unloading history of SIT data is the
bssis for the permanent displacement set that occurred during that loading.
Although the containment model was subjected to pressurizations (Table 3.1)
aft 'r the SIT and before the HPT, these loaded the model to approximately the
#-ue or lower Internal pressure than the maximum §1T pressure. The effect of
these loadings on additional Irreveraible displacements is assumed to be
negligible.

Three adjustwents were made to measured data to determine the origin, the SIT
end point, and the MHPT initial point for each gage, 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 s 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 digplacement 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 HPT 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
guantity, 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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(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. 1 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 regiession line and
all SIT data points were arithmetically shifted so that this initial point
was zero, In most cases the Initial point determ’ wd through the regression
vas different from the response value at data scan no. 1. After shifting the
S1T data all gage readings from data scan no, 1 (Table 3.2) were deleted from
the modified data set and replaced with zeros,

34,2 81T End Point

When the SIT and HPT data were examined concurrently, test values of
displacement or str .n were lower for equal load pressures during the HPT
than during the SIT (Fig. 3.7 - 3.9). To correct this anomuly the &nd point
of the SIT was determined and each channel of HPT data was adjuited 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 crder were considerad to suit the amount of
nonlinearity in the data. The highest order polynomial was selected which
resulted in a positive or rere curvature (change in incremental pressure with
respect to response) at zero load pressure. Some of the gage measurements
exhibited a fairlv 1i v unloading curve. For these gages & straight line

provided the best fi ata. Most of the unloading curves were nonlinear
and required a secs third order curve to fit the data and result in a
positive curvatuce o pressure. A few of the gages exhibited a highly

nonlinear unloading c¢u.ve and required a fourth order curve to produce a good
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Table 3.5 Data Scans Used in Calculation to Determine $1T End Point

Data Scan No. Pressure Data Scan No Pressure
A 228 4 97 puig 28 21,88 psig
; 23 i8.98 29 16,69
25 13.9¢6 3l 11.77
26 26 &3 3?2 5.08

fit to the data. Polynomials of higher order vere not considered because the
goal was to find & smooth curve which approximated the gage readings rather
than to find a curve (of seventh order) which passed through the eight data
points exactly. The value of the regression curve 4t zero pressure was
defined as the end point to the SIT. |

The SIT data set included six data scans after unloading at zero pressure

(data scans 33 through 38, Table 3.2). Displacement or straln 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
Interpretations.

3 4.3 HPT Initial Peint

Before conducting the HPT (post-»1T) the gage readings were reset by SNL
staff to zero. Examination of several channels of HPT data indicated that
the initlal point was different from zero. All HPT data were subsequently
shifted so that the initial point coilncided with the end point of the SIT
unloading curve.

Linear regression was performed for the HPT data in the same manner as fer
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 HPT data was determined
from the regression line at ro pressure,

Since a data scan was not performed at zero pressure immediately prior tu the
HPT it is difficult to estimate from what prestrained stats the model began
its deformation with the final pressurization. 1f the &mount of adjustment
to each channel had been recorded when the gage readings ‘w e reset, before

* the HPT, then this would have served as the HPT origin cecrection. Lacking
channel adjustment values, the only way to view the HPY 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 straln gage {1lustrate 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 gags
was attached to a vertical reinforcing bar located at mid-height on the
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cylinder wall. Each of Figures 3.7 - 3.9 hae 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
Table 3.6,

Table 3.6 Summary of Adjustments to Raw Data for Selected Gages

Guge Measurement Radius Azimuth Elevation Adjustments to Raw Data

Type S1T HPT
D100 Radial displ. 11 225°* 13 +0.005 +0.060
mid-ht, eyl wall
DB6  Vertical displ. 0 35 «0.001 +0.086
dome apex
Wr263 Vertical X strain, 11' 6"  45° 13 3¢ +0.001 +0.017
e ktdnd, layer 5 wall mid-ht.
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| 4. MEASURED RESPONSE

| Repre<entative data from the SIT and HPT pressure loadings are presented in
| this chapter. This data forms the bosis for inferences on structural
| behavior which follow. Response behaviors are outiined for the wall, the
| basemat, and the wall-basemat interaction.

Except for track mounted displacement data (Section 3.2.3), for which only
HPT data is avallable, all plots of pressure versus response will consider
the two pressurization cycles as one continuous loading. Only continuous
data (Sectior. 3 4) ig presented,
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Fig. 4.1 Radial Displacement at Cylinder Mid-Height

4.1 ¥all Response

4.1.1 Hoop Direction Response Data

Flgure 4.1 is a plot of internal press:ure 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 pu.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 Meridional Direction Response Data
In Figure 4.2 data are shown from vertical displacement gage V105 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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Flg. 4.2 Vertical Displacement at Top of Cylinder Vall

approximately 263 in. Because the vertical displacement transducers mounted
on the wall recorded displacement relative to the contalmment 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 crackirg., The change In
slope at 125 psiy 1is 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 displacement response in this range (Fig. 4.1), cannot be offered
solely from data observations. Average vertical strain does not show an
overall ylelding rusponse at the end of the test as was observed in the hoop
direction response (Fig. 4.1).

4.1.3 Displacement Track Data
(a) Wall Elevation Profile

Radial displacement data from displacement track 2 are presented in Figure
4.3, Track 2 was located on the interior of the model at azimuth 98 degrees
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 :rtical spacing
of 1.7 in. The initiation of .verall hoop direction ylelding observed at 130
psig (Fig. 4.1) is shown dramatically in Figure 4.3. The deflection of the
wall at {ts mid-section, between elevations 7 ft and 19 ft, appears as an
"unrestricted ballooning." At 129 psig the radial deflection of the mid-
section was approximately 0.3 in., whereas at 145 psig the deflection was
approximately 1.6 in., The restraint provided by tne 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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(b) Rotation at Base of Vall

A detail plot of radial displucement data from track ? is presented in Figure
4.4, Shown are data at elevations below 5 fr for 16 data scans between
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 vas performed and the calculated slope, or wiil
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rotation, is presentea in Figure 4.5. It was assumed that before loading the
| wall and the displacement track were parallel. The calculated rotations
suggest that the base of the wall ylelded in flexure «t 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 as it was
before 70 psig. These observations are representative of caleulated wall
rotation from any of tracks 1| to 8 as the data are remarkably identical. An
expianation for the observed rotation history {s included in section 5.3,
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4.2 DBasemal Response
4.2 1 Radial Strain Data

Data from ten straln gages attached to one top « wd one bottom basemat
reinforcing bar are presented in Figures 4.6 and 4.7, Tre¢ data shown in the
five plots in each of the figures are from gages Installed on the same
radially orlented bar at rvadii of 46, 81, % 1I7, and 132 in. Strain
measured by all ten gages was less than 0 000" ler prewqures less than 75
psig indicating that the basemat was essencielly fne 't helow this pressurn
level. The maximum straln recorded by thewe gagis at the ene of the test (uy
gage Wrd on the bottom bar at radius 96 in. (Fi, 4.7)) was 0..019 in
tension, This is slightly less than the expevted yiold & ra 1 (0,0022) for
reinforcement

4.2.2 PResemat Extension

The radial extension of the basemat was estin ted \ro stra.ns measured on
one top and one bottom basemat radial:-cr'erted bar, The exter “lon was
calculated by integrating, along a radiis, ne stroin fata shown (o Flgaier
4.6 and 4.7, The results of the caleulation are r ented L Filgure 4.8
The calculated extension of the basemat ac the maximum test pressure wa 0,02
in. at the top and 0.14 in. at the bot.om of the slab., The calculation
assumed zero strain at the center of t v basemat and linearly varying sicain
betveen each of the gage locations. lhn direct t .surement of the basemat
radial extenslon is available for comparison,

4.2.3 Basemat Uplife

fhe radial strain gages placed on a beot m basemic reinforcing nar wirve
located directly below similar gages on & tup bar (Fig. 3.0). An estima.e or
curvasure within the basemat may be derives “ om the diffeience 1t yradings
in a palr of gages at vqual -adii  hese est 'mates of curvatin' were used to
calculate basemat uplift at the 11-ft radius, a the junction of the wall
with the basemat. In the calculation zevo curveiure was assumcd at the
center of the basemat and the curvature was assumed to vary linearly between
each of the gage locations. Kesults of th~ calevl :i3n are presented in
Figure 4.9. Also shown in the flgure ‘s a di‘ert measurement of basemat
uplift provided by data from displaccwent gagn D5) ‘'hat gage was located in
the interior of the containment at a 11 €t radius and measured displacement
of the floor relative to a trurs centilevered from the central reference
column (Fig. 3.6, The ¢salitative an. qiantit .tive apreement between the
two curves (Fip. 4.%) provides contidence for che use of strains measured on
the basemat reinforceaent.

4.3 Response at the Wall-Basemat Junction

In the preceding two sections, vepresentative dala were presented to
gumarize the overa.l kinematic response of the containment medel. In this
section, measured strains are related qualitatively to flexure and shear
forces at the junc:ion of the wall and basemat. In Chapter &, techniques are
described for usiag these strain daty quantitatively to estimate the internal
forces transmivted from the wall to the basemat.
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A series of elght plots of data from gages located at azimuth 90 degrees at
the wall -basemat junction are presented in Flgures 4. .10 to 4. 17, The data
are from gages Wr281, Br2, Wr225, Br7, BrlaBl, Brl4, Wrld, and Br2), which
are ldentified In Flgure 3.3, Dats from these gages provide a complete set
of strain measur ments through the wall thickness for sach of the reinforcing
bars and the liner at this junction,

A series of bar charts of data from these gages at pressures of 20 5, 106 1,
and 145 .8 peig is presented in Figure 4 18, In the figure, no adjustments
vere made to data from gages that measured strain on reinforcement ineclined
from the vertical.

4.3.1 Wall Base Flexure

Stralns measured on vertical reinforeing bars indicate the wall fiber strain
at depths into the wall coinclding with the expected locations 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 reinforcement layers 2, 10,
and 5, and on seismic reinforcement layers 7 and 8 (orlented 45 degrees from
vertical and perpendicular to & radius). The plots are urdered by depth
within the wall, from interior to exterior. Data from these gages together
indicate the flexure 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:

P For the combined SIT and HPT tests, strains measured near the
interior of the wall were teéensile and strains measured near the
exterior of the wall were compressive.

2.  The gages measuring only tensile sirains (Fig. 4. .10 - 4 .12) indicated
eracking of concrete at a pressure f approximately 20 psig: the rate
of strain increase with pressur» vas 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 reinforcement layers 2 and 10 (Fig.
411, 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) vas
not recorded until 130 psig.

4., Gages on the liner and layers 2, 10, and 5 (Fig. 4.11 - 4.13) showed
a aearly linear stralu i{ncrease with pressure between pressures of 20
and 115 psig.

5. Gages on layers 7 and 8 (Fig. 4.14, 4.15) recorded compressive
strains, which were small in magnitude compared with the maximum
tensile strains recorded by pgages on layers 2 and 10 (Fig. 4.11,
4.12). The maximum recorded compressive strain was approximately
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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exterior vertical reinforcement, layers 2 and 5 (Fig. 3.3). As the wall
deformed in flexure the interifor surface was In tension and the exterior
suriace was in compression. An outward rotation of the wall, therefore,
could have produced a relative decresse {n 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.

4.4 Summary of Measured Response

The date presented indicate that the wall cracked and vielded in both hoop
and vertical directions and that by the end of the test overall ylelding
occurred in the hoop direction but not in the vertical direction. Cracking
of the wall occurred at 20 psig, initiation of hoop direction ylelding
occurred at 110 psig, and overall hoop ylelding 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 wi. fairly
linear in the pressure ranges between cracking and ylelding.

Deformation of the basemat vas 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 vertical
directions at the cyl/nder 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 psiy and ylelding at 120 psig. Between
flexural crucking and yielding, oseasured vertical strain on reinforcement
layeri 2 and 10 and the liner increased linearly with pressure. Vertical
stralns measured on reinforcement layers 5, 7, and 8 were small in magnitude
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 rasponse at 120 psig. The shear reinforcement slowed again in the rate of
response at 135 pslg just as the inclined reinforcement layer 11 began to
yield.

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 at 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 i{s indicative of bending moment,
which is expected to decrease with a decrease in the stiffness of the wall

ixicy to the basemat. The increase in the rate of strain of shear
reinforcement and the initiation of flexural yielding at 120 psi- spvear
correlated, although the relation implied does not follow what would be
expected from mechanics., As the wall yields in flexure the flexibility of
the wall-basemat connection would increase,. An elastic analysis of a
eylindrical shell wall subjected to internal pressure would show that the
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5. EVALUATION OF OVERALL RESPONSE

In this chapter a framework for evaluating the overa'l response of the
containment model is described. 1In the following sections {t is shown that
it is possible to understand the response with simple methods of analysis and
that the measured response values are credible.

In Section 5.1 "benchmarks® in hoop directlon (radial expansion) response of
the shell wall are defined via membrane analysis. 7The benchmarks relate (o
speclific events in calculated wall response. They identify turning points in
behavior such as concrete cracking or the yielding of a layer of
reinforcement. 1In 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 1., .he weil
and in the basemat. In Section 5 3 an axisymmetric nonlinear analys!« of the
junction of the wall and basemat is iescribed. This section gives some
understanding to anomalies in the '.,ad history of shear and moment at the
base of the wall, indicated in §_.tion 4. 4.

The structural analysei. described 1n 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 sxpect that the radial-expansion response of the cylindrical
shell wall is like that of a wembrane., The calculation of such response is
straightforeard and uncevtainties attributed to tihe proportions or strengths
of the materials composing the wall are minimal (Section 2.2). Therefore,
differences betweesn measured and calculated response indicators can be
attributed more to errors in wmweasurement than to errors in analytical
modeling. The second analysis model (axisymmetric nonlinear analysis,
Cection 5.3) is used to ald the interpretation f behavior from measured
data. The wall and basemat interaction is complicated: attempts to interpret
their behavior exclusively from data leave several questions unanswered
(Section 4&4.4). One tool to assist behavioral {interpretations is an
analytical model composed of structural elements for each of which the load
responss {8 known. As the parameters for each element are varied, the
calculated response of the aggregate model can be compared with the measured
response o1 the wall and basemat. Favorable comparisons provide a basis for
explaining the behavior at the wall-basemat junction. This second type of
analysis is based on the premise that while the real structure {s complex and
its response to load is complicated or not understood, the mathematical model
of the structure is contrelled, a’lowing for a straightforvard interpretation
of its behavior.

5.1 Hoop Response Bencomarks

A force-deformation relation for a structure composed of several elements
might illustrate distinct stages in behavior brought about by changes in the
response of its constituent elements, For example, the ylelding 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 points of
experime..tal data.

Flots ot load-deformation data presented in Chapter 4 {mply that the response
of the containment model was monitored continuously. Although only 76 data
scans at discrete pressure values (Tables 3.2, 3.3) were wade, it 1is
justifiable to Interpolate response between readings and to connect data
points on a plot with a continuous line. Comparison of data with calculated
response to determine the reliability of the measuremen’s must he conducted
efficiently. The model selected for the analysis should be capable of
representing expected responsz trends yet should not be so detailed that more
information about the response is generasted by tle calculation than was
measured during the experiment. Shell membrane theory, integrated with a
rationalization of the stress strain characteristics of the various element:
conposing the wall, is selected as being appropriate for the analysis, The
concrete, liner, and reinforcement layers are evaluated in turn for their
contribution to the load cari,ing abilicry of the wall with regard to
effecting a change in the slope o. plotted force-deformation data. MHoop
response calculations are made at these benchmarks. Unlike the mearured
data, interpolation between calculated benchmarks is 111 a. vised because the
benchmarks are defined at changes from one behavior stage to the next and
response between each benchaark may not be linear. A finite element analysis
with incremental loading was not considered for the analysis because it is
belleved that greater accuracy at pressure levels coincident with the
benchmarks would not be afforded. The goal was tu select an analysis method
that minimizes modeling error so that credibility in the measurements could
be established.

After a brief outline of genera! features of the analysis, the benchmarks in
radial expansion of the cylindrical shell wall 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, ylelding of the liner, and ylelding of circumferential and
diagonal reinforcement. Comparisons of data with calculated response, for
hoop strain and for radial displacement, near the mid-heigh® 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 {s 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 small in relation to the thickness. These
assumptions preclude the ability of tne 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
di ~ctions indicated in Figure 5. 1. Neglecting dead lecad and considering
only load due to internal pressure, the resultant hoop force and vertical
force are determined as N, = pR and N, = pR® / (2R + t), vrespectively,
vhere p signifies internal pressure, R the internal radius of the cylinder,
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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 lead and
internal press re cender net vertical force zero -t a pressoze of
approximately 3 psig. The weight of the dome Is approximately 70 kips and
the weight o ' il is approximately 8.7 kips per foot in height. This
suggests that deaJ load may be ig ored without loss in accuracy in vertical
force calculations.

Ir. the folloving sections membrane theory is applied to the cylindrical shell
for the calculation of 'oop 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
elastic constants of various elements composing the wull are assumed so that
pressure equilibrium mav be determined for each hoop strain defining the
benchmark. For all calculations Poisson’'s ratio for intact concrete is
assumed to be zero and reinforcing 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 farce because of
cross-axis coupling caused by the diagonal reinforcement ar.. 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
calcvlated from hoop strain at the 132-in. inner wall radius.
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e 9.7% in. Thickness of concrete

t, 0.068 in. Thickness of liner

A, 0.80 in? Areo of circumferential reinforcement
A, 0.40 in? Area of vertical sinforcement

Mg 0.20 in® Area of diagonal reinforcement

LTS 4.5 in Spacing of circumferential reinforcemas st
., 45 in, Spocing of vertical reinforcement

L 8.25 in. Spocing of diagonal reinforcement

Not Shown:

R' 132. in, Inner rodius of wall

A, 11.60 in? Transformed section ares in circumferential

direction. (modular rotio = 8.0%5)

Fig. 5.2 Dimensions and Geometry of a Wall Section

5.1.2 doop-Stress Cracking

Hoop-stress cracking of concrete, resulting in vertically oriented crack:, is
defined when the stress in concrete reaches {ts effective tensile strength,
f.. Strain at hoop cracking is determined by e, = f,/E. where E,Z is Young's
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 e, is likely to
be nonlinear. The uncertainty in estimating e, could be greater than 100X of
the calculated value. Since the strain at cracking is quite small compared
with hoop strains at other ben _hma. (Table 5.1), inaccuracies in 1its
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Table 5.1 Hoop Response Benchmarks

Defined Event Hoop Strain Radial Displacement Pressure
(inches) A{psig)
Concrete hoop cracking 0.00027 0.0092 22.V
Yielding of the liner 0.0015 0.20 97.5
Yielding of circumferential 0.0022 0.29 127.
reinforcement
Yielding of diagonal 0.0029 0.39 13k,
relnforcement

determination for comparison with measured data are trivial. The assumed
value for effective tensile strength of concrete is <50 psi (3.2 Jf;). The
value for concrete modulus is taken as 3.6 x 10° psi (see below). Internal
pressure at hoop cracking is determined by p = A, f,/R;, where A,, is the
area of a transformed section, per unit height, and R, is the inner radius of
the wall. The dimensions and geometry rf n wall seciion 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 (Fig. 2.7) to be
approximately 450 psi (5.7 vf.). Restraint presented by reinforcement hinders
free shrinkage. Including the )iner, the circumferential reinforcement ratio
amounts to 2.9 percent. If the average restrained shrinkage strain ot 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 “+sts is evpected 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 /f. [Ref. 5.2) for
normal weight concrete, resulting in 4.4 x 10* psi for f, = 6000 psi. The
lower value used in 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° psi.

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 uniaxial 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 pl. . 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.cical
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strain to hoop strain.” Thess assumptions with Hooke's law allow calculation
of hoop strain to be 0.00154' 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:

8y = .9 (.h + lv) (51)

where e, = circucferential strain
¢, = vertical strain and
ey = strain i1 diagonal reinforcing bars.

Internal pressure at co.set of liner yielding is determined from the following
equation:

( Ay fa v Ay B v b By e
‘h L

P = (5.2)
Ry

where Ay, = total circumferential bar area over spacing s,
s, = spacing of circumferential bars

Ay, = area of one diagonal (seismic) bar
84 = spacing of diagonal bars (measured perpendicular to bar axis)
t, = liner thickness
f,, = stress in circumferential reinforcement (E, e,)
f,a = stress in diagonal reinforcement (E; e,)
fyi o1t = effective yield strength of the steel liner, 56.5 ksi and
R; = inner wall radius.

The calculated pressure corresponding to ylelding 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 ksi (Table 2.1). Elastic
components of strain in the liner are assumed unchanged from those at
ylelding, implying that liner hoop stress is maintained at its effective
yield stress (fy, o¢¢ = 56.5 ksi). Strain hardening is not considered because
the liner strains at this benchmark are small. Hoop 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, 127 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.

! The hoop strain value is obtained by solving simultaneously the plane stress
equations of Hooke's Law, ¢, = (0, - vo,) / E and e, = (0, - vo) / E, with
the ven Mieses's yield criterion, (0,,4)% = 6, - 6,0, + 0,%, and the assumed
relation between vertical and hoop strain, e, = ' e,.
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e, = f,/E, to be 0.0022, where f, is the reinforcement yield strength. Strain
in diagonal reinforcement is determined from Eguation (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:

( A, 1, t A fa vty e
Sy, 84

P (5.3)
RA

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

5.1.5 Yielding of Diagonal Reinforcement

Assumptions identical to ylelding of circumferential reinforcement apply to
define yielding of diagonal reinforcing bars. Hoop stress in the liner is
assumed unchanged from yielding. The .agnitude 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
tg = £f,/E, to be 2qual 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:

Ah fz + Ad f! + t‘t f)t off
Sy 84
P- (5.4)
R,

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 (Brl9, 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 wall (132 in.), and are compared in
Flgure 5.4 to radial displacement data frow four gages (DS&, 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 Comparison of Measured Response Before and After Concrete Cracking

In this section the relative changes in apparent stiffness caused by concrete
cracking in the wall and basemat are quantified. This data is necessary to
establish a bacis for estimating the effects of cracking on calculated
response. The data is used in the nonlinear analyeis model in Section 5.3 to
gulde 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 stiftness.
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
strain gages were considered. Gages on the dome or those that recorded the
deformatiun of hatches or their surrounding areas were excluded from this
study. Each daia plot was examined to determine a ratio of apparent
stiffness before and after cracking. The data were separated, by gage
location, into three groups according to whether the likely effect a gage had
responded to was membrance behavior of the cylinder wall, bending at the base
of the wall, or basemat bending and uplift, 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 first 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 Wrl52, 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, The
figure shows an idealized plot of applied load versus deformation for a
section of reinforced concrete. 1: 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 cn measured data. The portion of the plot shown is in the
region where the load produccs 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 srructural section due to an applied
load. The line defined by points A-%-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 thie 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, tn confirm the presumed cracking.

If the concrete in this idealized structure was such that after cracking all
ability to carry load or te affect response stiffness was negligible, the
measured response weuld 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 Lhe
yieid 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 pgages. Because a majority of the
strain ¢nd 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 ylelding, is lowest just before yielding. Gages that did indicate
ylelding 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

Stiain and displacement gages located within 2r un the cylinder wall and
e /ay 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
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 this
wall mid-section are considered representative of membrane resporse. The 24
radial displacement geges within this elevation range and the five vertical
displacement gages (which reccrd average vertical strain) between elevations
7 and 24 ft are also considered representative of membrane response.
Apparent stiffriess 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 determinsd for
each is provided i. Appendix A, Table A.1. A histogram of the ratio of the
apparent stiffness before crackiag to the cracked-section apparent stiffness
for sembrane vesponse 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 pgages 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 ft {llustrates 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 ft 6 in, and 2 ft 8 in were selected to represent the effect of
flexural cracking at the base of the wall. Stiffness values before and after
cracking were determined for each gage.

Flexural responre 1is characterized by 4 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
partizular layer of reinforcem : . For this reason, the stiffness ratioc
vhich takes into account bendi., of the wall was calculated as a ratio of
uncracked to cracked flexural stiflress. Flexural stiffness is commonly
defined as the bending moment required to produce a unit rotation, M/6. When
the curvature of a structural member is integrated 7 ong 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/¢. Curvature at a section can be written as the difference
in strain at two locations divided by the separation distance: ¢ = (&,,,iqs -
Coutside) /4. The gapes on vertical reinforcement on the inside of the wall,
layers 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 resultea.
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 dctermined according to the following:*

(1/Ke,1nndo i 1/Ke,ouuuh)
Retexurss = (5.5)

\I/Ku. inaide ~ I/Ku.outlldo)

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

* hquation (5.5) was derived from the expression (M, /¢, / (M./é.). The
apparent stiffness for a strain gage i{s the ratio of pressure to strain, eg.
Ki instde ™ Po/®c insige: FPrior to flexural yielding the ratio of bending moment
to pressure is assumed to be constant, M, /p, = M./p.. This is not unrealistic
considering the estimated bending moment at the wall base, Figure 6.4,
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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 5.7 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 primasily 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 o cracking
of the wall may be determined by considering the mechanics of reinforced
concrete sections. The axial stiffness of & uncracked section may be
approximated by EA, [1 + p (n - 1)] where E; 1s the concrete modulus, A, is
the gross section area, p is the ratio of the total area of reinforcement to

, 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 stifiness that results
ir the pgreatest deviation from tho uncracked-sectiun stiffness, This
estimate of cracked-secti.n stiffness eliminates rthe influence of the
stiffening etfect of concrete (Section 5.2.1). The cracked-section axial
sti{fness may then he estimated bty EA,pn so that & 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 '.auge ir memdbrane stiffness
of the wall due to cracking is approximately 5. Thi: is reflected by the
data for membrane response of the wall (Fig. 5 /).

A measure of the change in flexural sciffness due to cracking may be obtained
from a ratio of the gross-section to cracked-section moment of {nertia
(Igrons 7/ 1) 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 1., = M / E ¢, wh re M is a
bending moment associated with a curvature, ¢.,. Both M and 4, may be
determied through a moment-curvature calculation (Section 6.1.2)., Taking
the results of one such calcularion (Fig., 6.6) for the wall at an internal
pressure of 120 pslg (M = 65 kips, ¢., = 0.00055/in., E, = 3600 ksi) gives an
estimate for 1., of 32 in? The ratio obtained for Tgroas / ler 18 voughly 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).

5.3 Analysis of Mali-Basemat Interaction

In this sectio.. an analysis model 1is describe that is useful to the
interpretation of behuvicrr from response measurements. In contrast to the
membrane anal /sis moc:l ahove (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
containment. Similarity in calculated and interpreted (from data) behavior
allows one to infer the interactions of sections of the analytical model
(cracking or ylelding of a plate) to the response of the elements of the
containment structure (the basemat, for example).

Evaluation of measured response in Sections 4.3 and 4.4 found events in the

load history response for radial shear and fo: hoop moment which could not be
explained solely from data observations., When the basemat cracked and began
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to deflect upward at its edge at 75 psig the rate of shear transmitted from
the wall te 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 i{s 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 iun flexure.

The analysis modei defined below is used to esvimate 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 th» wall and _he basemat are selected. The
equations are then solved in t cms of shear per unit presrure or moment per
unit pressure. A value for s ear, moment, or -iplift "s caiculated 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 break
peints are connected by straight 'ines so that a rough indication of the
cange 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 elastic modulus of various parts of the structure are reduced at each
stage in the analysis from their initial values. Once the model is defined,
it will be shown that an important task Iin the analysis is appropriate
selections of the elasti moduli at each stage. The selected modulus values
must accurately reflect e 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 hasemat. 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 conventicn for the internal
forces are indicated in the figure. In addition, the figure presents
flexibility equations for r1otation and for radial displacement at the base of
the wall written in terms of internal pressure, and the "sought after" moment

and shear fore = The basemat is modeled as circular plate simply
supported at «ige. It is loaded by a uniforuly distributed pressure
load =an edge anr und a radially directed in-plane force (wall shear).

The influence of tune foundation is approximated by neglecting from the
flexibility equations the contribution to rotation at the junction, pR?/8D,
(Fig. 5.8), by the internal pressure. The effect of this approximation is
that as pressure increases, the (simply supported) basema def'ects 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. The
total dead weight of the ~tructure presents a uniformly distributed lcad to
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., Dita from track-mounted displacement gages indicated that the
basemat rotation at the base of the wall was outward (Fig. 4.3 - 4.5),
meaning that the basemat exhibited reverse curvature from the center to the
edge of the slab. Alternate modeling schemes were considered for elastic
analysis of the basemat: plate on an elastic foundetion, plate supported at
its edge te which is given a small deflection above a rigid foundation,
circular plate with a hole (annular plate), circular plate with shearing
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deformation included, and represencations of the circular plate as an
equivalent beam, sim.ly 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
contributicn to edge rotation of the simply supported plate is neglected.
The term indicating the contrib.tion of the edge moment to rotation, #7T/0,
(Fig. 5 8), 1s not neglected. [he magnitude of ‘dge rotation it adds to the
calculation is small (approx’mately one-e’ghth) compared to the contributio
by internal pressure. Ar equatiun for uplift at the edge of the basemat
written in terms of {i.tr.nal pressure and edge toment {s presented in Figure
5.8,

Variation of parameters for the analysis is treated in two ways. They are
either held constant or are varied with each analysis stage. The goanetry
and Polssun's ratie for the sectlions of the structure considered are
constanc, having values 1’/sted in Figure 5.8, The values of elastic modulus
for the wall iu the houp direction, Ey,,, and in the vertical direction, E .,
end the value of e¢lastic modulus for the basemat, E,,,,, vary with successive
analysis {terations. The moduli are reduced from the'r initial values .t
each of four stages (cdefined below) as internal pressure increases.

The vhickness of the basemat in the analysis is taken as 58 in. This
includes the 40-in. reinforced cuncrete 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 «lab, on tep, which was the effective floor of the
containment struct. 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 uplift compared
favor-bly to megsurements only with the total 58-in. slab thickness.

Poisson's retios for the shell wall and basemat are taken as zero since both
portions of the structure are - & state of liaxia) tension and cracking
occurred Iin each during applic ‘n of load. Even though Poisson's ratio for
the wall is assumed zero it would be noted that cross-axis stiffness
coupling does exist in the real rtructure through the diagonal reinforcement
and tiis liner., %asemat reinforcement basemat placed on an orthogonal u:'d
also provides some¢ coupling between the Yoop and radial directions.

The wall is modeied a~ an orthogonal shell ecause there were differences in
the change in stiffness due to c.acking when cracking was caused by membrane
or by bending stresses (Section 5.?) and becau ¢ the reinforcement rat’:cs in
the hoop and vercivcal directions diffe.sd (Fi, 2.3), Excluuing the iiner,
the (membr.ne) 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 shell analysis model uses parameters based
on pross section dimensions. Tnis implies that the stiffness properties in
the hoop and vertical directions are identical. To simulate a difference in
hoop and vertical stiffress, and to ceatrol the variation of the elastic
properties in each direction, different values for E,, and E,. are used.
The initial value used for all three modull (Eyyop Eyere, and Ep,) is 4.4 x
10% psi, from the ACI equation for concrete modulus [Ref, 5.2] at f = 6000
psi.
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Calculated deformation of the wall due to wembran~ forces makes use of bath

an? E,,,, valur. whereas the calculsted deformations to bending forces,
wi Poluson & ratio zevo, makes use of only E,,. In this analysis the
variation of K, 1s nat influential on the assumptions for the wall membrane
response because verticul wall stretch Is not calculated and because
Poisson's ratio for the wall is assumed zero., Membrane hoop deflection is a
part of the flexibility equations in tt . analysis for radial deflection at
the wal! brse. Even .hoigh meubrane response i{s two-dimensional, in the
following discussions the variation of E,,, only {s associated with membrane
response of the wall and E,,,. 's usocciated with bending response of the wall.

5.3.2 Variable-bLtiffness Model

The assuaptions tor the variacion of che elastic modulus parameters are
based, in part, o the ratjos of upparent stiffness before and after cracking
for various regions of the structure (described in Section 5.2). They are
based, also, so that target values for measured basemat uplift, and for
ca'culat:d bending moment, could be estimated at each stage., Use of the
mode]l procesde throvgh the folluwing steps: 1) assume values for the three
el stic wodulus parameters at a pressure level; 2) solve the flexibility
equations for shear and moment; 3) calculate basemat uplift; and 4) compare
| the calculatad velues for moment and for uplift with their targets. These
steps are repeatnd for etach of four pressire levels (stages). It was found
that at each pressure level several {terations of this procedure are
necessary to achieve the desired target values ‘based on data, defined below)
and to {mitate the ratios of the changes in apparent stif{fness due to
cracking for ppropriate portions of the structur-. S$Since there are three
alastic moduli that are varied, and the analysis equa ions are solved for two
unknowns, the e ¢ould be more than one set of paramet:rs which fit a given
set of target values., But by considering also the relacive changes in
apparent stiffness of the containment, the selection of he elastic moduli is
constrained to reflect the ohserved trends,

The calculation is performed at four pressure level: (break points)
corresponding to pressures initiating cracking and yielding wi!thin the wall
or basemat. These break points are summarized in the following:

20 psig Initial response (uncracked).

75 psig ¢¥2sponse of the wall after cracking; initial (uncracked)
response of the basemat. Values of E,,, and £, for the
wall are reduced from their initial valves and E,,,, remains
at its initial value.

120 psig Wall at the onset of flexural yielding, Response of the
basemat after cracking. All three parameter values, E ..,
Epoop, and Ep,,,, are reduced as necessary from their values
at the previous step,

145 =sig Yielded response of the wall in flexure and

I
: circumferentially over most of the height of the wall,
unvielded 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
f, hi/6 to bn 4 kips, with the concrete tensile strength, f,, equal to 250
psi, based on assumptlons for concrete strength described in Section §5.1.2,
and the wall thickness, h, of 9.75 in, This moment is assumed to be present
in the wall at 2u psig internal pressure, just before flexurel cracking.
Yield moment at 12C 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 analysis is to find a realistic set of
values for the elastic modulus parameters where -~he 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
a4 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.
5 Calculated shear and mrment is presented in Figure 5.10.

Using the target values for moment and basemat uplift, it is found that

reducing E,,,, 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 wall 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,,, values at 120 psig from their
initial value. Values of these two parameters at 75 psip are determined so
that moment increases along a straight line from 20 to 120 psig. After
several analysis iterations it i. found that at 75 psig when E,,, is reduced
"y a factor of 2.7 and E,,,, is reduced by a factor of 2, the moment calculated

18 on a straight line mid-way between the values at 20 and 120 psig (Fig.
5.10),

Two sets of values for E,,, and E,,, parameters at 145 psig are shown in
Figures 5.9 and 5.10. Assuming that a- the wall yields above 120 psig, the
relative values of E,, ., and E,,, retain a ratio of 1/3 to 1/2, the shear,
moment, and uplifct wilI increase along the solid lines in the plots. The
actual values of E,,, and E,,, used in the calculation are 1/12 and 1/8,
respectively, of their initlial values. Calculated shear and moment are
essentially the same for other values of the two mdvli as long as the ratio
of Epoop t0 Eye 18 two to three. Assuming that but) parameters are equal,
reduced hy 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
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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 *he
decrease in hoop stiffness of the wall and to the decrease in the stifficss
of the basemat. As pressure increases from 75 to 120 psig the rate of chear
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 dircction 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 hoon 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 nsig, 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 used and
compared. The first set (En, = 1/12, Ey = 1/8, Eyye = 1/5) finds that
shear increases above 120 psig at a rate greater than below 120 psig and that
moment increases as well. The second set (Eyop = Eyepe = 1/10, Eypye = 1/9)
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 limitetion of this analysis model
after the wall yields in flexure. The mod2l cannot be used to calculate a
moment which does not increase with pressure and be used simultaneously to
calculate a shear which increases at = 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-
mo nted displacement gages (Fig. 4.3) show *hat 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
ylelding 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 hoop-
direction yielding of the wall at its mid-section and the flexural ylelding
of the wall at its base orcur 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 FORCES AT THE WALL BASE

In this section cstimates are presented of moment and shear a: tie base of
th wall on the basis of the measured strain data. It is concluded thit the
vall had yielded in flexure at the wall-basemat junction at the end of the
test. The maximum unit yleld 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 Vf)), 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 t¢ rise with increases in

pressure above 145 psig.
A

M
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Fig. 6.1 1Illustration of Calculation for Momer . 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 tl.e nowinal area of
each bar. The compressive force in concrete is determined from the
difference between the net vertical (statically determined) force due to the
pressurization and the force in the steel. This compressive force is located
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within the center of a uniform strass block at the exterior of the wall
section (Fig. 6.1).

Cages Wr281, Br2, Wr225, Br7, Brl481, Brl4, Wrl4, 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 (Sectlon 4.3). Measured strains are converted to stress
eocording 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
. 3sumed 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)
at the wall-base is given by N, = (pR* - W/x)/(2R + t), where W is the
weight of the cylinder wall and dome (270 kips), R is cthe 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 in

Figure 6.3. In this calculation, the compressive forces carried by
reinforcement layers 5, 7, or B (Fig. 4.15 - 4.17) are included with the
concrete force, Strains recorded by pgages 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).
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The location of the concrete force is determined by assuming that the force
is transmitred through a uniform stress block haing a stress equal to
0.85f, [Ref. 5.2) for all pressure levels. The plastic centroid for the wall
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.

78



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
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'l is uncracked in this range and, since part of the concrete carries
-ension stresses, the location of the force attributed to concrete is
uncertain. It is interesting to note that as fl.xural ylelding occurs at 118
psig, the 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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Fig. 6.5 Hognestad Stress-Strain Curve for Concrete
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Filg. 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 der .ved in detail by Pfrang, et al. [Ref. 6.1).

section of the wall consic :d is discretized by defining slices at various
depths (through the wall thickness). Strain i{s assumed to have a linear
variation with deptli, 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
vhen 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 combinaticns of moment and curvature given a constant
applied force normal to the section. The 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 ylelds, 2t 118 psig internal pressure, is 65 kips.
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concrete within the compession region. Strains me-sured on layers 5, 7, and
8 are nonlinearly distiibuted through the wall thickness. Location of a
neutral axis can be assumcd te he given by linear interpolation of data from
gages on lavers 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 2quivalent uniform stress block method using
the expression C, / p,0.85f  to locate the neutral axis, where p, = 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
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.

The unit force attributed to concrete, C., is applied to the location of the
centroids of the two strain distributions considered for the two different
neutral axis depths. The four moment estimates calculated by these alternate
procedures are compared with the uniform stress block moment estimate in
Figure 6.8. Unit yield moments deteimined 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 ah

indicate the maximum amount Ly which they can affect the estimated yi.
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moment. Calculation of the combired 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 would ~hange due to the uncertainty divided by the

¢stimated unit yield moment (64 kips). Data for the calculation are
presented in Table 6.1, The total uicertainty in moment expressed as a
c.o.v. is 5.2 percent. The . ximum likely uncertainty (two standard

deviations) in calculated unit yield moment is 6.6 kips.
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direct shear or through dowel action. The shoar carried by concrete in the
wall cannot be determined frow strains measured on reinforcement.

The radial force in the basemat is similarly composed of the unit force in
reinforcement T, , and the unit force in concrete, C,. The force C, cannot
be determined since the total radi-] force is unknown, Data i) Figure 6. 11
indicate that throughout most of @ test the top of the basemat at the
eleven foot radius was in tension the bottom was in compression. At
pressures above 138 psig, however, gap Vr5 on a No 6 bar at the bottom of
the hasemat recorded tensile strains. The mae~imum 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 struciure is
0.007 percent (Teble 5.1). At the maximum test pressure the entire thickness
of the basemat is assumed to be cracked; tensile strain recorded by gage Wrll
on a No. 5 bar at the top of the basemat was approximately 0.10 percent at
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this pressure, The radial compressive ferce in concrete is therefore
negligible at the maximum test vressure. This allows an estimate of the
total wall shear at pressures greater than 138 psig from force T, only (Fig.
6.9).

The shear stress in the wall is estimated to be 450 psig or 5.7 /I, 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 /f)). 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
reinforced concrete containment structures (Section 7.2).

86




.“ ‘"""Y"r"'"‘1""‘Vﬁifyﬁﬁv"vw1vv*vf‘vV‘v‘vfﬁT-r-V'*w

180

140 v~ ‘ /”\

o ? o T

'S onenr Reiniarer o w’ .
-~ or Reinforcement . from Bosernat Padial

120} Swroin Dota (Fig 6.10) ,* o' Strain Dote (Fig. 6.11)

110 4 .
2 F | !

100 H .

. .

¢ %0 "' .

14 . o

. .
70 r s
: .
[ 1¢] . .
. .

50 " ..0
! [ e ee
- %0 LY

.- -~

WE, A"

20 .10‘" VCN“

1wt

OA.AAIAAAA__LA i EETIETT (S e | IPTRST-TE EPLITRET T [NCTUPTINT 7 IR IORE R e |
0O 80 100 180 200 250 300 350 ano 450 s00

Unit Shear Stress (psi)

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 discussion which follows, all forces or stresses mentioned
existed at a critical section defined bv the junction of the wall and basemat
and occurred at the maxiaum test pressure, 145 psig.

som statici, the unit vertical force was 9.0 kips/in. in tension. The
vertical comionents of unit force carried by reinforcement in the wall summed
to 16.2 kiys/in. (Fig. 6.3), implying the=t concrete carried a unit
compressive force of 7.2 kips/in. Becaus * wall was in flexure the
concrete force was distributed about an » near the exterlor of the

section.

Strain data on reinforcement layers 7 and R suggest that the neutral axis wae
1,67 in. (+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 wil! at the begimnning of the SIT to the
final value at the maximum HPT test pressure (Fig. 4.18, 6.7). As pressure
vas increased, reduction of the neutral axis depth decreased the area of

concrete in compression.

The variation of total shear stress with pressure is 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 transmitted by reinforcement was 240 psi,
Strain data used to compute the shear carried by reinforcement (Fig. 6.10)
indicate that the No. & inclined (layer 11) bar had yielded and that the No,
3 stirrup had stopped developing strain, The stirrup developed a maximum
stress of approximately 17 ksi. The portion of total shear carried by
concrete either directly or in dowel action was 210 psi or 2.7 /f]. Based on
the strain data, the radial shear carried by shear reinforcement in the wall
is not expected te increase with further increases in the total applied
shear, if pressure were to be Iincreased above 145 psig.

The stiffness of the basemat 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 dinensions the initial valus of the total
shear stress, V,.,,, is determined from [Ref. 5.3):

Veross = P (B/h 7 (32 - v ¥ (6.1)

internal pressure

the wall radius

the wall thickness and

Poleson's ratio, which is taken as zero (Fig. 5.8).

where P
R
h
v

This calculated shear is shown as V., in Figure 6.12 at pressures below 20
psig. Projection of the V.., line to greater pressures indicates that the
total wall 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 assumptions for the fixity of a connection are commonly
thought to he conservative.

At the maximum test pressure the wall had ylelded in the hoop direction over
most of its height (Fig. 4 .3). Ar internal pressure increases, increments of
radial force resisted, before ylelding, by circumferential reinforcement are
carried by selsmic and vertical reinforcement to the dowe and basemat. The
total wall shear is estimated from measured data only at pressures greater
than 138 psig. The slope of the total shear (curve T, ) in Figure 6.12 in
this pressure vange is 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 inciease 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 /f)). 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 concrete, either directly or in dowel action, would be 350
psi or 4.4 VT, Methods for evaluating the shear capacity of this section are
presented in Chapter 7.

6.2.3 Uncertainty in Shear Estimatz
Three sources of the possible variation in the estimated uni. shear stress at

the maximum test pressure are considered.
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limited by the flexural cepacity of the lower portion of wall liner. An
upper bound to this (unit) force is determined through a limit analysis
presented in Appendix C to be 153 1b/in. This equates to a wal! shear stress
(gross section) of 16 psi. The row of studs considered is approximately &
in. above the section at which the 450 psi wall shear stress s estimated.
Within this distance hoop reinforcement (Fig. 6.13) and the concrete relleve
some of the shear force. The additional 16 psi shear stress at the levol of
the first row of studs 1s not likely to produce a shear stress there greater
than at the section defined by the wall-basemat juncture,.

A post-HPT inspection of the interior of the containment structure found that
the basemat liner had deformed plastically at the ou.er & in. of the floor.
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 Hoop Reinforcement

Figure 3.6 {llustrates all reinforcement visible {n 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 ft 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 radial force in the basemat at 11 ft is equated to
the unit wall shear force. The basemat was found to produce a radial
extension at the maximum test pressure which i3 estiuwated 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
1b/in. 1f this unit radial force in the hoop bars was subtracted from the
estimated tensile force in the basemat, T, , (Fig. 6.12) the estimated wall
shear stress would decrease by approximately 16 psi.

(¢) Stress-Strain Curves for Steel

The wall shear stress estimate is based on strain data from three gages
attached to a No. 4, No. 5, and Noe. 6 bar. Twenty samples of No. 4 bar and
four samples 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 wvariation of th~ strength for all reinforcement of 2 percent, the
uncertainty in the ‘imate of the maximun 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 shesr estimate identified above only
the latter two affect the estimated wall shear stress. The radial Lhear
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 wall-basemat junctures. 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 estimated wall shear stress equal to 415 and 450 psi at the
maximum internal test pressure of 145 psig.
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7. EVALUATION OF RADIAL SHEAR STRENGTH

The region near the base of the wall of (he contalnment model is one of the
critical locations about the structure from the viewpoint of structural
resistance. At the maxlmum test pressure the unit shear stress estimate
there 1s 450 psi (5.7 /). This occurs with a large normal tensile stress
of 920 psi (11.7 {f). The stress combinatiun is greater than the expected
shear capacity, based on methods In design codes for estimating shear
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
below.

In this chapter methouds are presented by which the radial shear strength at
the base of the wall may be estimated, Estimates of the strength of
reinforced concrete members in shear are based strictly on structural
experiments. The word "methads” above should not be misconstrued to indicate
all is known about the strenpgth in shear of reinforced concrete sections.
Experiments have shown that shesr strength, unlike flexural-yleld capacity,
cannot be determined from the principles of mechanics with consideration of
the strengtts of the individual components (concrete and steel) at a section.
Test data on beams that have failed because of the effects of shear are
subject tc a great deal of scatter. For example the range in the ultimate
capacity of four ldentical beams (no web relvforcement, span to depth ratio
of 3) tested by Taylor, [Ref. 7.6) which failed due to shear, was 20 percent
of the meun of the four strength values. Frojection 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 parameters of the specimens that
provide 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 contaimment 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
Aoyagl, et al. [Ref. 7.1]. Based on the wall-basemat connectior experiments
by Acyagl, the procedure estimates a radial shear capacity in terms of
internal pressure of between 59 and 73 percent of the ultimate pressure
required to cause a shear compression failure in the tested specimens. The
strength of one of the 1/12-scale wall -basemat connectlons is then compared
to the Sandia 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 fallure of the 1/12-scale connection. Calculations
suggest that at an {nternal pressure of 185 psig there is an extreme
possibility for a radial-shear failure of the containment model.

Section 7.1 pvegins with a sursey of code equations for estimating the shear
strength, as found {n the reinforced concrete provisions of the ASME Pressure
Vessel Code [Ref. 2.4) and the ACI Building Code [Ref. 5.2]. 1In Section 7.2
a8 review of experiments of structu.al 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 1is noted. Because the shear strength of
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connections in full-size reinforced concrete containments is of primary
interest, Section 7.3 contains information on modelling considerations that
affect the projection of shear strength of structures deternined from tests
of scale models. The proposed method for evaluating shear strength plus an
analysis of potential modes of shear fallure at the wall base {s described in
Section 7.4, The caleulation procedure is applied to the 1/6-scale
contaimnment model and to the 1/12-scule wall -basemat connection specimens in
Section 7.5,

7.1 Survey of Code Equatiouns for Estimating Shesr Strength

The ASME Boller and Pressure Vessel Code [Ref. 2 .4) conta.ns provisions for
determining the allowable radial shear strength at ultimate load conditions.
The provisions allow the contributions of concrete and shear reinforcement in
resisting radial shear to be considered separately according to:

Vg =V, 4V, (7.1)

whete v, = total nominal shear strength
v, = nominal shear strength of concrete and
v, = nominal shear strength of reinforcement.

The contribution of reinforcement to shear svrength is determined by taking
the radial ccauponent of force Iin each bar that crosses a presumed failure
plane with the stresses in the bars equal to the steel yleld strength,
Assuming that failure conld ocour aleng the horizontal construction joint
between the '~rsemat and the base of the wall, one No. 4 bar at 45°
fazlination aud one No, 3 stirrup at approximately 40° inclination, both at
4.5-in, spacing, would comprise the total shear reinforcement The unit
radial shear capacity of ihese bars 1s determined to be 3.2 ki /in. er 330
psi unit shear strength based on the 9.75-in. wall thickness.

The contribution of concrete to shear strength is influenced by the axial
tension and meridional bending at the base of the wall. The net force in the
wall will be tensile as the ultimate load is approached. In this case the
Code [Ref. 2.4] specifies that the nominal shear strength of concrete shall
be determined from:

Ve = 2.0 V! (1 + 0.002 N/A,] (7.2)

where f. = the compressive strength of concrete in psi
N, = the force (tension negative) acting on section A, and
A, = the gross section area.

This 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 maximum test pressure achieved during the HPT (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 from the strength of the shear reinforcement only, The total radial
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specimens subjected to shear pius moment or shear plus axlal tension across
the faliure plane, In the following sections, the experimental
investigations are described and the applicability of their results teo
evaluation of shear strength at the wall-baremat connection {s 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: vesenting a 45 sector of a shell wall and
basemat connection of a relniuiced concrete containment structure were tested
by Aoyagl, et al. [Ref. 7.1]. Each specimen consisted of a 500-mm (197-in,)
thick basemat, anchored to a floor and a 15.-em (5.7-1in,) thick shell wall
which extended 150 em (59 in.) above the base (Fig. 7.1). The walls were
provided with 10-mm (0. 39-in.) dia. veitical and circumferential
re,. arcement; one of the six specimens had 6-mm (0.24-in.) dia. shear
stirrups. The specimens were ioaded by applying tension to vertical
reinforcement 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 reinforeing bars were monitored so
that shear forces and hoop #oments at the wall base coulu be determined.

The Aoyagl specimens simulated the loading ard configuration at a wall-
basemat connection of a 3.dimensional containment structure.® All specimens
falled in shear-compression at the wall base: crack patierns showed the
fallure surface was created by horizental flexure cracks, formed at the inner
wall surfacy. which propagated along a curved iine, radially outward and
downward, toward the wall toe (Fig. 7.1). These specimens have potential for
gulding strength estimates of the Sandia 1/6.-scale model contalnment or of
similar contalrnments. To extrapolate results of these tests to the Sandia
model or to other containments consideration of the following design details
nust be made: the specimens did not include selsmic 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 wall-basemat connectionn with a skirt, a sloping
transition or haunch between wall and basen .t, of a typical prestress: .
concrete containment structure was tested < the Construction Technology
Laboratories (CTL) (Ref. 7.15 « 7.17]. The specimen (Fig. 7.2) was plenar,
not curved as a tiue shell, with the following dimensions: overall width 84
in., wall height 162 in., wall thickness 32 in., skirt thickness at basemat
Junction 44 ia., and basemat thickness 60 in. Vertical (meridional) wall
reinforcement, shear stirrups in the wall, an orthogonal grid (cage) 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 contairment model.
However, in Section 7.3.3, speculating on the effects of basemac uplift on
radial shear strength of the wall, it is suggested that the Lasemat of a
full-size containment 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 reinfoicement and liner at the vop 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 & confined
rubber bladder in contact with the liner at the wall-skirt-basemat region.
The basemat was restrained vertically by a beariig pad located approximately
20 in. from the inner skirt-basemat corne~. The loads produced significant
shear forces and hoop moments at the wall-skirt and skir®-basemat juncuilons,

The ‘nternal force conditions for hoop moment and radial shear were similar
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 fallure was
accompanied by 1.25-in. wide flexural cracks at the inner portions of the
wall, which did not propagate to the wall exterior. Thc 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 fallure exhibited in this test occurred at a
wall-basemat connection, however, because the contribution 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 contalnment exhihiting

J-dimensional behavior. In this specimen the entire radial load on the wall
was transmitied to the basemat as & radial shear a. the wall Lase. In the
specimen tesrved by Aeoyagli (Fig 7.1) or in an actus’) containment most of the
radial load on the wall is carried by circw erential reinforcement

Moreover, seismic reinforcement and inclinsd shear reinforcement anchored in
the basemat were not provided

7.2.1.3 Stone and Vebster Engineer. - Co.

Two full-scele sections of a reinforced concrete containment wall were tested
by Stone and Webster Engineering Co. (S&WE) (Ref. 7.9, 7.12, 7.18, 7.19].
The tests were perfrrmed te determine the overall performance, cracking and
splitting behavior of thy concrete, and the load transfer to the
reinforcement at loads resembling the design internal pressure for a
containment. The thickness, height, and width of the first speciven was 4 ft
6 in., 4 ft, and 10 in., respectively, and dimensions of the second specimen
were 4 ft 6 In., 5 ft W in., and 6 in. (Fig. 7.3) [Ref. 7.12), The specimens
were each provided with three No. 18 vertical reinforcing bars, two at (he
inverior and one at the exterior wall surface, and with 3/8-in. liner plate
attached to the inside wall surface by studs. Shear reinforcement was
provided in the form of steel plates (4 ¥ 3/4 1n. or specimen one and 4 x 1
in. for specimen two), (nclined at 45°, arc welded to the exterior vertical
No. 18 bar and to one interior bar The specimens were loaded by applying,
at the top and bottom of the wall, vertical forces which were offset to
induce (radial) shear, axial tension, and (meridional) bending stresses
across a section through the wall thickness. Neither specimen was tested fo
failure. The specimens were loaded so that the highest stressed reinforcing
bar was at 90X nf {ts yield st ength., The induced unit radial shear stress
at the end of tu. _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 desipns of {ull-.ize containment walls.
With the exception of the magnitude and method of loading, their performance
may be cnsidered to be closely representative of containments subjected to
overpressurization. The tests demunstrated the capacity of the wvalls to
carry the high loads at the design pressure without significant cracking of
the concrete. The angle of the cra &s was approximately 20° from horizontal.
The second of the two spicimens was instrumented with strain gages on the
reinforcing bairs and the shear-resisting steel bars. The data indicated that
the inclined steel bars were stressed to approximately 9 ksi at the end of
the test and that only 38% of the rotal radial sheair was resisted by these
bars, with the remainder assigned to concrete and to dowel effects. The
tests did not provide a complete Iindicacion 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
assenbly which most likely added considerably to the overall shear strength
and helped to confine the concrete.

7.2.2 Tests of T-Beams
A series of sixty T-beam specimens were tested by Haddadin, et al. [Ref,

7.20, 7.21) at the Universit f Washington to study the ~[fectiveness of web
reinforcement in members subje:ted to tensile or compressive axial forces.
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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 aswount of web reinforcement (stirrups).
In beans with a small amount of web reinforcement, failure was by dliagonal
tension cracking which caused the stirrups to yleld as a crack propagated up
inte the flange, toward the load point at the top face of the beam. In beams
with larger amounts of web reinforcement fallure was by shear compression of
the flange and then ylelding of the stirrups. All beams produced ylelding of
stiri. s 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 falli.g in diagonal tension than in beams falling in shear
compression of the flange. These tests of T-beams svggest 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 appliec to a containment structure for
several reasons, but chiefly because of the dissimilar c. uss-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" spocimens
were conducted to study the interface-shear transfer strength of reinforced
concrete with moment 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
each specimen, These specimens had a 10-in. long by 6-in. wide failare plane
interspersed by reinforcement perpendicular to the section. The remaining 9
specimens were shear-tension te-ts: a shear force was applied on eirher side
of and parallel to the failure plane while tensile forces were appliec ¢t the
two adjacent portions inducing jrormal tensile stresses across the critical
section. These specimens had a 12-in. long by 7-in. wide failure plane that
was also interspersed by transverse reinforcement.

The tests by Mattock, et al. provided fundamer .al insight Into the capability
of reinforced concrete to transmit shear across a potential failure plane
while simultaneously resisting normal tensile stress, or in the case of
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 B8(0 31, 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 chear transfer strength. In the second group of specimens net
tensile stresses ocross the shear transfer plane reduced by an amount equal
to the norma! tensile st.ess acting on the section the reinforcement
parameter, pf,, which is belicved to be proportional to the shear transfer
strength. Althcugh 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 .dequate representation of the internal force conditions
present in a pressurized contaimment. A ccmparison of thise specimens to &
containment can by made roughly only on the basis of similarity of unit
stresses. The losulng conditions of a containment and of the push-off
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specimens are different. Furthersore, these specimens canno, account for the
distribution of reinforcement, including relnforcing bars inclined from a
potential shear plane, which was not studied in tnese tests, or account for
the three-dimensional nature of the problem when circumferential stresses in
& contalrment are considered.
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Flg. 7.6 Aggregate Interlozk Specimen Tested by Paulay and Loeber

7.2,3.2 Aggregate Interlock Strength of Cracked Concrete

A total of 44 "push-off" speciminez wert ‘ested by Paulay and LocYer [Ref.
7.23) to study the nature of shear transior across prepaved cracks by the
Aggregate interlock mechanism. The plane on which shear strusses were
transmitted was 7.5 in. long and 4.5 in, wide (Fig. 7.6). Ne reinforcement
was provided across the shear plane. External restraint was provided
transverse to the failure surface to maintaln crack widths to a constant
vidth. Load was applied on either sile of and parallel to the fallure plane
s0 that shear stresses could be transmitted across the shear pla '« 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 mean ratio of
shear force to restraining forco was 1.7, These tests are useful in gulding
an estimate of radial shear strength of & containment structucs only to
demonstrate that it {s physically possible to transmit high shear stresses
across cracks, given an appropriate degree of restraint. In the 1/6-scale
contalnment model the vertical uplift force at the buse of the wall due to
internal pressure equals the dead load of the wall and dowe at approximately
6 psig. A full-size contalnment would have preportionately a much greater
dead load, which could provide the restraint required to develop, to some
degree, aggregate interlock shear capacity.

7.2.4 Swmary of Experimental Data

0Of the several experimental rtrests described ahbove, tue wall-basemat
connection experiments by Aoyagl, 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 Aoyagl specimens are used '
Section 7.5 to illustrate a calculation procedure for shear strength due to
the compression force in flexure.

The CTL test of a wall-basemat connection and the S&WE tests of full-size
contairnment walls do not Include the eff~r of the clrcumferential
reinforcement. Aoyagl [Ref, 7.1) states th. e fallure mode of the six
specimens he tested was ductile and not brittie or sudden, even though they
did fall in shear compression at the tus of the wall. Aoyagi notes that this
ductile behavior observed with ghear failuie of the wall s due to the
presence and influence of circumferential reinforcement.

The T-boams 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 s less han half of the net tensile
stress present .t the wall base of the 1/6-scale containment model at the
maximun test pressure. Additlonal push-off tests with axial tension across
the sectimn closer to the 920 psi axial tensiuvy 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 cont: cment wall base junction,

7 3 Medeling Considerations

Tle effects of size must be considered in applying the results of tects on
reduced scale reinforced concrete specimens to the full-size. Evaluation of
shesr strength data obta‘ne! 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 literature pertaining to scale effects [Ref. 7.3 to
7.7) of reinforced concrete members indicates that with preper scaling of all
{gnificant parameters, including the sizes of aggregates in the concrete
+ X, the chear strength of full.-size beams may typically be equal to or less
tian the strength of reduced scale models. It is generally found that shear
strength decreases as the specimen size Increases [Ref. 7.6].

Several factors, all apparently interrelated, affest the extrapolation of
shear strength of scale models to the full-size., Principal among these are
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the overall Jdimensions of the model, the distribution, spacing, and cover of
reinforceme *, the size of aggregates, and the size of samples of material
specimens (cocrete cylinders, rebar coupons) used to determine the strengths
of the materials (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. rs, At least two effecte at the wall -basemat junction in the
1/6-wcale oo tainment were not scaled exactly from typlecal full-size
contalnments: 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 contalnment are discussed
in the following paragraphs.

7.3.1 Maximum Size of Aggregates

The containment model was constructed of normal weight agiregates having a
maximum size of 3/8 in., wvhereas, its prototype would have a maximum
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 s ries of tests by Taylor [Ref. 7.6) on "true to scale model 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 f{u.) deep beam is
likely to be B0 to 90 percent the strength of a similar beam 250 mm (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 beam 1s then approximately 90 percent of the
strength of a 250 mm (9.8 in.) deep beam. Similar findings were presented by
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 o
show primary and secondary modes of failure quite different from those of the
prototype. In a somevhat different view Alami and Ferguson [Ref. 7. 3)
conclude that vhile scaling the maximum size of aggregates does improve the
accuracy of models, aggregates with a maximum size as close as possible to
the required sire may be used without influencing the results to a great
extent. They found that the strength of larger beams was approximately $
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 eftective depth and maximum aggregate size on diagonal cracking
strength Their proposed equation suggests that v, for a full-size
containment would be approximately 30 percent less than the diagonal cracking
strength for the Sandia model, based on the given maximum 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 maximum aggregate size in the
contalinment 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 902 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 sine, but the shear streng*h of all larger «pecimens
tested was less than the strength of scaled models.

7.3.2 Ancherage of Stirrups

The model containment was provided with No. 3 inclined stirrups tha. were
hooked b+ 135 degree bends to the inner and outer layer vertical
reinforcement (layers 2 and 5). This s in accordance with code provisions
[Ref. 2.4) but shear -.inforcement In sowe 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, rectangula:
bars at 45* inclination srewelded 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 contalnment, 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 ratios 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 varlevs azimuths were instrumented with strain gages.
With the exception of one bar (data from an apparently faulty gage) the
readings vere close. The maximum strain recorded was approximately 0.0007,
less thin one-third of the yleld strain for the bars. In reference to the
effectiveness of stirrups in deep beams with shear span ratios 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 polor 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 {nclined (layer 11) dowels, which extend into the basemat
(Section 4.3.2), this cannot be ascribed entirely t. slippage of the bar. In
Section 7.5.2, shear strength evaluation of the wal' ocasemat 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
wvall at reglons where bending Is expected.

7.3.3 Influence of Basemat

Fxcept 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 weight of the model ([Ref. 2.1]. Forces in scale models
decrease according to the scale factor squared, Because gravitatisnal forces
decrease (volumetrically) according to the scale factor cubed, the effects of
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the pressurization would have resulted in uplift at the slao edge and hoop
moment at the wall base that would be much higher than {f gravitational
forces had scaled by the scale factor squared. (he thlicker basemat was
selected on the basls of pre-test analyses so that calculated moments at the
vall -basemat intersection would be scaled, approximately, correctly from a
full-size containment [(Ref, K 2.1].

Evaluation of the load history for moment at the base of the wall (Section
6.1) suggests little influence of the basemat as it cracks at spproximately
15 psig and begins to 1ift off its foundation at the edge. The behavior of
the radial shear force (Flg 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 phenomens, the
analytical model of the wall base is simply transiforming from a fixed-end
condition to an end condition 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 redis)l shear increase with pressure, while the rate of moment
in  sase remains the sa e, Is that flexure cracks in the wall open slightly
as the bas mat cracks and 1ifts reducing the shear transmittad across the
cracked interface. The crack opening 2peculated here is principally due to
the geometry of the edge uplift ard thickness of the wall., Extending the
explanation to a full-size containment {s perilous even 1f it could be proved
true for the model. Data on crack widths and lengths in concrete structures
is usually accompanled by a great deal of scatter., If a similarly loaded
full-size contalnment cracks near the edge of its basemat .t approximately 75
pul, the resultant uplift will be approximately 3 times the uplift observed
in the model. Since the full-size containment wall thickness 1is
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. 7This suggests that the postulated opening of flexure cracks will
be less in a full-size contalrsant resulting 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 strau. on shear reinforcement just as the basemat cracks and
uplifes,

To clarify the reasoning in this argument it is necessary to point out that
behavior similar to what has been described could not be found in a column
and girder comnection. The base of the cylindrical shell wall has not yet
ylelded 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 .n 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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7.4 Pregedure for Evaluating Shear Sctrength from the Compression Forge iu
Elexure

7.4.1 Shear Fallure Modes

Two likely mechaniems 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 fallures were observed
in the tests by Aoyagl (Ref. 7.1), This wodeé is considered to be the wmost
likely failure mode 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 fall in shear at this location. In the following
descriptions, the shear-spun ratio is defined as the ratio of moment to shear
at the fallure load, at a oritical section, divided by the effective 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 Fallure

At a relatively lovw internal pressure level cracks due to flexur.) stresses
occur initlally acioss a horizontal plane at the 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 nesr mid-2epth of reinforced concrete beams. The rate at which
the flexure cracks propagate or the load level at which flexure-shear cracks
occur are not well defined in terms of the critical parameters. The
trajectory and rate of develonment of flexure-shear cracks are influenced by
many factors, including the internal stress distribution in the concrete, the
shear-span 1atio, the amount and distribution of longitudinal and shear
reinforcement, and the characteristics of the concrete, such as aggregate
slze 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.
Fallure may occur due to concrete crushing as a result of the combined normal
compressive stresses and shearing stresses acting across the failure plane.
Shear compression failures have been observed in beams having shear span
ratios in the range of | to 2.5 [Ref. 7.2).

7.4.1.2 Interface Shear Sliding Failure

The connection of the wall and basemat is a construction joint. Becau.. of
the confinement provided by vertically oriented reinforcement and vy shear
reinforcement, radial shear stresses can be transmitted by the concrete
across the joint through the irregular interface (roughened concrete). As
the two surfaces of a construction joint attempt to slide relative to one
another, irregularities on the surfaces cause the joint to open and induce
forces in transverse reinforcement. The tensile forces in reinforcement in
turn create a clamping force, arresting the lmminent slip. S$lip due to shear
force 1s a possible mode for failure at the wall base i{f the available
clamping force of steel, wmultiplied by & coefficient of friction for the
surface, is less than the acting shear load. Design for a failure by this
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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-bass model for the wall
(Section 6.2..). Above the maximum pressure, the appiied unit shear force is
expected to increase at a rate greater than given by the fixed-base
celculation because the circumferential reinforcement (n the wall had
ylelded. A simple means to compute the unit radial shear, Q, is to use the
fixed-base calculation wup to the pressure required to yield the
circumferential reinforcement, p,, and at greater pressures add half the
additional unit radial force due to the pre sure acting on the cylindrical
wall, That is:

Q=p KA /(30 « v ™ for p < P, (1.7
Q = Qlpy) + % (p - py) H/h for p > p, (7.8)
where R = the cylinder radius
h =« the wall thickness
H = the total cylinder wall height
v = Poisson’'s ratio for the concrete and
Q(py) = the radial shear calculated with Equation (7.7) at pressure p,.

The pressure required to yield circumferential reinforcement is determined

from:
Py = pof H/R (7,9)

where Py = the net circumferenti. ! reinforcement ratlio and
f, = its yield strength.

The calculation for Q at pressures greater than p, assumes that the uvome and
basemat resist equal Increments of radial shear after the circumferential
reinforcement nas 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
displacemcnt over most of the wall height exceeds the calculated displacement
(Table 5.1) at yielding of the liner, hoop, and diagonal reinforcement.

C-model Limiting Poessure

Once che variation with pressure ¢f the total unit shear strength, V,, ., and
the applied unit radial shear, Q, are known (Equations 7.6 - 7 9), they are
plotted versu. pressure on a graph tu locate their intercept (I'ig. 7.10,
7.11). This p.ocedure s 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
of Viga1 @nd Q marks the pressure at which radial shea: may be res.sted at a
coefficient ot friction equal to 1.0. Pressures sustained that are greater
than the calculated limir imply that the effective coefficient of friction at
the wall-Lase is less thua 1.0,

113



I — S R P R I R R R R R R

7.5 applicatiou of Shear Strength Evaluation 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 fallure rressure predicted
could be found by a limit-analysis with a kinematically ads ssible mechanism,
One limit for the 1/6-scale containment is at approximately 180 psig with all
reinforcement in the wall yielded. The wall-basema*t connection experiments
by Aoyapi [Ref. 7.1) are evaluated for radlal shear strength by the C-model
first, to illustrate the accuracy and limitations of the calculation,
Following this, the procedure i{s applied to the 1/6-scale containment model.

7.5.1 Aoyagl 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
111 reinforced concrete containment vessel, as shown In Figure 7.1. Radial
pressuve was applied to the wall surface by a pressurized bag. Vertical load
was applied by tensile forces on the vertical reinforcing bars at the top of
the wall. Forces in circumferential reinforcement were monito.ed by load
cells. The experimental setup allowed the applied radial shear to be
deterauned at all pre sure levels from the difierence between the total unit
radial force due to the lateral pressure and the sum total radial components
of force measured by the load cells

Baric da'a for the Aoyagi specimns are presented in Table 7.1 and selected
experimental results, including maximum pressure sustained, are presented in
Table 7.2, Of the six specimens tested four were loaded to simulate internal
pressurization conditions: wertical unit load was proportional to radial
prescure 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 Aoyapi Specimen Design Data

Design pressure, py 1.05 kg/cm?

Inner radius, R 166.6 cm

Wall thickness, h 15 cm
e Mall height, (H/2) Woem

Wall reinforcement

Yield strength 1973 kg/em?

Ultimate strength $900 kg/cm?

Cireumferential ratio (10 mm dia. bars) 0.0088
—Vertical gxatio (10 mm dia.  bars) 0.0111

Shear reinforcement'!’
Yield strength 3400 kg/cm?
Ultimate strength 5380 kg/cm?
0.0115

H imly specimen No. & was provided with shear reinforcing bars. Specimen

No. 6 was provided with 2X by weight steel fibers.
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Table 7.2 Summary of Experimental Results for Aoyagl Specimer:

[Ref. 7.1}

Specimen number ] 2 3 4 5 6
Concrete Properties (kg/cm®) ok
compresaive strength 218 218 365 366 184 224
tensile strength 17.4 17.4 1.1 1.1 15.8 20.5
Young's modulus 203,000 203,000 251,000 251,000 171,000 171,000
Vertical load'V PR dpRY oW dpR spR pR
Pressure at Observed Events (kg/cm?)
Yield of vert bars 2.52 . 5.11 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
Lt Vertical wunit load was proportienal to pressure for specimens
indicated.
L Load for specimen 2 was constant, equal to the vertical load at the
design pressure, py.
& Specimen 3 was not loaded vertically,
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o 10 20 10 40 S0 60 70 a0 90 100
[ 1 3%0
~
~
N 2 ~
(E) = /‘/( 1300 §
\20 } No. 3 —@- , o a
2 ’ -
b No. & —e % 12%0 o
e | No. & —@- : s
v NO. 6 i 1200 &
(‘n‘ Fallure x k
10 {1 150 g
g i
0
£ 1100
0 | v
. 0
S0
s ]
o
& " . P v o o
3 4 s & 7

Lateral Pressure (kg/em?)

rFig. 7.8 Base Shear Stress vs, Preesure for Aovagi Specimens
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Stress in Circumferentiol Reinforcermnent (ksi)
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Fig. 7.9 Stress in Circumferential Reinforcement at 98% of Ultimate Pressur2

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 circumfere-tial reinforcement is shown at a pressure equal to 98X
of the ultimate pressure sustained by each specimen. The abscissae units on
the plot are multiples of wall thickness. It is in :resting to note that the
circumferential reinforcement within the lower three wall thickness distance
was stressed to less than yleld strength at 981 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 and 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 1limit pressure is presented in Table 7.3, A plot
{llustrating 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 the stress-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, C;, and
correspondingly the estimated failure pressure. The effects of strain
hardening of circumferential reinforcement decrease the applied radlal shear
stress at the wall base and result in an increase in the estimated failure
pressure. The value of p. (Table 7.3) for specimen No. & does not include the
shear capacity of the steel fibers added to the concrete mix.
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Fig. 7.11 C-Model Shear Strength Evaluacion for Sandia 1/6-Scale Containment

contribution to shear strength by the inclined No. 4 Lar is 206 psi, based on
gross sections, The contribution by the stirrups is 128 psi giving a total
v, of 334 psi., The calculated curves for C,, the shear capacity due to the
flexure clamping force, the total shear capacity, V.., = C; + v,, and the
applied radial shear ._ress, Q, are presented i~ Figure 7.11. The estimated
pressure at whicli the applied shear exceeds the available resistance is 160

psig.
7.5.3 Strength Comparison of Aoyagi Specimen No. 4 .ad Sandia Model

The C-model calculation prc-ides 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 pertirent data are preserrted for Aoyagi specimen No. 4 and the
Sandia containment medel on the size. wmaterial strengths, and reinforcement
rativs of the two wall-base connect® sns., 11 quantities are in pound and
inch units. Also listed in th . table are pressurcss observed Jduring 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 ‘he Sandia containment suggests that the Aoyagi
specimen would be approx’ vwately one-half the size »of the Sandia model.
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Table 7.4 Sire Comparison of Aoyagi Specimen No. 4 and Sandia Containmer

Aoyagi No. & Sandia Containment
Scale Factor 1/12 1/6
Design pressure 15 psig 46 nsig
Inner radius 65,5 in. 132 in,
Wall thickness 5.9 in, 9.75 in.
Concrete strength, 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 16 psig 118 psig
Yielding of Hoop Reinforcement 50 psig 127 psig
Final Pressure 90 psig 145 psig
C-model limit pressure 65 psig 160 psig
Final Radial Shear Stress 155 psi 450 psi

(4.9 /) (5.7 VF)

However, the dusign pressure of the Aoyagi specimen was app oximately omne-
third that of the Sandia containment model. This is reflected in the design
of each by the difference between the circumferential reintorcement 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 yielding of
circumferential reinforcement of the Aoyagi specimen was 36 psig whereas
ylelding 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 experimenta. Aoyagi specimen No, 4 failed at
a shear stress of 355 psi (4.9 /f, £ = 5200 osi) whereus the shear stress
estimated to have occurred at the maximum pressure sustained in the Sandia
containment is 450 psi (5.7 /f, f. = 6200 psi).

Table 7.4 presents quantitetive information indicating that the Aoyagi
specimen was not as strong as the Sandia containment, This is {llustrated
graphically in Figure 7.12 by a cvomparison of the C-mndel calculation for
both specimens. The stallar size and lower strength of the Aoyagi specimen
do not allov for a direct comparison of the results of the C-model.

A plot of normalized values for radia' shear stress and internal pressure is

presented in Figure 7.13. The horizontal axis is the ratio of internal
pressure to p,, toe pressure at which ylelding of circumferential
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Fig. 7.12 Direct Comparison of Aoyagi Specimen No. 4 anu Sandia Containment

reinforcement is initiate”? The vertical axis in the plet is the ratio of
shear stress to tle shear stress calculated at p,.

The C-mode: assumptions for applied shear stress employ a linear elastic
fixed-base model for the calculation of shear atress before yleliing of
2ircumferential reinforcement. The circumferential reinforcemeat yield
pressure for each svecimen is shown in Figures 7.10 - 7.12 as p,. abouve this
pressure the radia. 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.

Tt. eircumferential reinforcement yield pressure, p,, and the radial shear
stress at this pressure, Q(p,), are used to scale the results of the C-model
calculations for the Aoyagi and Sandia connections (Fig. 7.13). Shown in the
figure is the r.timated radial shea. stress, Q, for each specimen. The
difference in ..ese lines above a pressure ratio (p/p,) of 1.0 is due to
difference: in the wall height of each specimen., The lines indicating the
total resistance, V,,, ., are nearly identical on the normalized plot.
Furthermore, the p/p, rutio at the C-model limit pressure is 1.3 for the
Avyapi specimen and 1.25 for the Sandia mode .
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8. CONCLUDING REMARKS

In this report an interpretation was preseanted of the behaviur 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 {ts credibility by comparison to results of
calculations by simple analytical models. The history of the internal forecuas
at the wall-base vas estimated from strain gage data. A comparison was made
of the performance of the containment structure with the resulits of similarly
loaded reinforced concrete test specimens. At the maximum pressure
sustained, the stresses estimated to have .curred at the concalnment model
vall-base are out of the range of paramet(rs of available tests for sections
that have ylelded in flexure and have been loaded simultaneously in shear -+ d
axial tension. For this reason a calculation procedure was developed for
evaluating radisl 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 ~f the state of
knowledge on the strength of wall-basemat connections of reircorced concrete
containments is presented. Conclusions of this study are offered in Section
5.4,

8.1 PRehavio: Interprstation
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 ylelding
was observed in the circumferential direction but not in the veltical
directi.n. An axisymmetric ring model representing a segment of the cylinder
has shown that radial expansion data compared favorably with what may be
calculataua 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 experted for the change in stiffness due co cracking for
reinforced concrete sections subjected to axial tension or to flexure.

8.1.2 Response at Wall-Basemat Junctinn

Strain data from reinforcement in the wall and the busemat (Fig. 4.6-4.17)
were shown to enable qualitative and quantitative assessments of the chear
and moment transmitted at the wall-basemat junction, The rate at which shear
force and merid.onal 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 « = *nding 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 otserved behavior. The model also has shown that the basemat
participated in the response and affected thr history of internal forces at
the wall-basemat connection,

4.2 Evaluation of Radial Shear Strength

8.2,1 Estimation of Internal Forces

Strain data from gages on reinforcement in the well (Fig. 4.10-4.17), at the
wall -hasewat juncticn, 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 circumferentially
over most of its height (Fig. 4. 3) by the end of the test, if additional
units of internal pressure were in ‘oduced to the coentainment, the radial
shear at the wall-base would have increased at a rate greater than whe - would
be predicted from an elastic fixed-base analysis mc”el based on gross
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 /F) axial tension and 450 pei (5.7 VE!) radial shear.

8.2.2 Shear Strength Estimate

Current design procedures for estimating the shear strength of -einforced
concrete sections [Ref. 2.4, 5.2) were found either to underestimate strength
or to be inapplicable to the conditions 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 shear strength of the 1/6-
scale containment. The relatiorship 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 t-sts 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-scule
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
the shear capacity of the 1/12-scale specimens. Ratios of calculated to
observed pressure at failure ranged from 59 to 73 percent. Because the wall-
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basemac connection did not fail, & true capacity of the wall base to resist
shear {. not known. Using the described procedure, at a pressure of 185 psig
the strer. conditions ir the Sandia 1/6-scale containment 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 ¢0 psig because of the limited amount of
data. An evaluation of the observed effects of size in other experiments has
suggested that che shear strength of the wall of its prototype, full-size
containment, would he approxiwately 10 percent lower.

8.3 Assessment of the State of Knowledge on Strengih of the Wall-Basemat
Connection

This study has found that the state of knowledge on the strength of
connectious, 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 otiier reinforced concrete members (beams,
columns, walls). The high level of shear stress in combination with axial
tension at a section which has yielled in flexure is beyond the range of
parameters of available evperimental investigations of similar reinforced
concrels 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 model has shown tha: the results of this test could rot be used
to make reliable estimates of radial sh ar strength with any degree of
confidence greatur than before the test. The interpretation of the tec™ data
herein has shown that the radial shear capacity across a section in tension
and flexure is greater than what could be justified by experimental data.
The stated purpuse [Ref. 2.1] of the containment model test was to generate
data that can be ured evaluate analytical methods for predicting the response
ard mode of failure of reinforced concrete containments. A wealth f
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 pielict a shear failure at
the wa.l base since no such failure was observed during the test,

The two seztions 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 confide -e.
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8.3.1 Iltems Which Could not be Calculated with a High Degree of Confidence

. Shear strrugth at the hase of the wall.

. The effectiveness of stirrups (welded or tied), inclined
reinforcement anchored in the basemat, or vertical (moment-resisting)
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 -~ontcinment to the full-size., Present data on the
effects of .ize on shear strength are principally from tests of
beams. Projection of the vesults of rhese tests to a containment is
made cautiously.

. Tensile strength of ian-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
senples were inconclusive, The apparent tensile strengch estimated

om respouse data was 250 psi (3.2 Vf)).

4.3.2 Items Which Could be Calculated With a High Degree ~f 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 relative chenges ‘n flexural

and nembrane 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 cxperience for guiding an
estimate of shear capacity at the wall-basema: connection is
insufficient.

° Iu applying the experience of tests on reinforcad concrete beams to
evaluate the effect of size on the shear strength of the wall-basemat
connection, it was indicated tnat a full-size containment would be
approximately 10X less strong in shear than tne 1/6-scale
containment, mainly due to scaling of sizes of aggregates.

. A calculat.on procedure for evaluating shear strength, based on the
compression furce in flexurs, was des~ribed 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 SECTINN 5.2

Table A.1 Ap,arent friffness Data for Membrane Response of the Wall

GAGE CHANNEL  ELEVATION FADIUS

ALIMUTH DESCRIPTION (1) SYIFFNESS RATIO

4] Ft In Fr Ir Dog Ku Ke Ku/¥e
Dlis 231 7 4.5 i1 4 2465 .9 WALL RADIAL DISPL 2. 72, A3
Wr22 LLDY ? 2.0 11 1.3 90.0 REBAR LAYER 1 B 63, 1.9
Wr262 1040 7 4.0 11 6.5 455 REBAR LAYER & 185, 72. 2.6
Wrisi 689 7 11.0 11 80 $0.0 REBAR LAYER 7 190 50 3..
D97 216 B 6.6 11 @ 228 .4 WALL RADIAL DISPL 718 248 2.9
Wrl2e 64 6 11.0 1 2.3 0.0 REBAR LAYER ¢ 211. 54 3.9
Wrd66 1044 9 1.3 11 1.3 0. REBAR LAYER : 120, “h 2.7
Wrildé 682 9 6.5 1n 73 46N REBAR LAYER & FFE D 63, 3.7
Wrlds  6e7 9 11.0 11 7.3 0.8 REBAR LAYER 6 AN, 72 ')
Wr2d LLY 110 ML % | 90,0 REBAR LAYER 1 171, 4 .l
wris 462 $ 11.0 11 1.9 270.% REBAR LAYER 1 11%. 67 1.7
Wr13dd €6l i 0.3 11 7.3 269.5 REBAR LAYER & 182, &7 3.9
Wrl2% 647 10 0.5 11 7.3 179.0 KEBAR LAYER & 301, 6k 4.7
Wrlad 668 10 8.% ¥ 7. 0.5 REBAR LAYER 6 160, 68 2.4
Wr277 1065 10 .5 11 9.3 455 REBAR LAYER 8 176. 50 3.5
Wrl30 648 10 9.5 11 2.3 179.0 KEBAR LAYER & 202, 65 34
Wr24 443 it 9.5 - S 8% 5 REBAR LAYYR 1 140, 40 3.5
Wra? 456 10 10,0 i1 1.¢ 270.0 REBA® LAYER 1 140, L k] 6.2
Wridl 669 19 %0.3 11 7.3 c.5 REBAR LAYER 6 144 72 1.9
Wria 563 10 10,5 11 1.5 488 REBAR LAYER 2 196 (1) 2.4
Wridl 649 10 10.8 11 2.3 1790 REBAR LAYER 6 225. [} 2.8
Wri9s 782 10 11.0 i1 8.8 a8, 5 KEBAR LAYER @ 108, s1 B3
Wr237 865 10 11.4 11 7.3 0.5 NEBAR LAYER 6 116, 54 21
Wr238 866 10 11.5 11 7.3 179.0 REBAR LAYER & 169, s2 E % |
D55 174 11 0. 11 0. 356 .9 WALL VEKTICAL DISPL 2166 . 785 2.8
D99 218 11 2.4 11 0 228.6 WALL RADIAL DISPL 669, 267 2.5
Wrils2 720 11 ' 3.8 11 8.0 isz.0 REBAR LAYER 7 208, 70 2.9
Wrl5s 703 11 3% 11 80 171.8 REBAR “AYER 7 241, 62 LIE |
Wri2s 643 11 6.3 13 7.8 99 .4 REBAR LAVE" & 260, 102 2.6
Wria 467 11 6.5 11 1.3 270.8 REBAR LAYER 1 1", 56 2.1
We2s has 11 6.8 11 1.3 89 .5 REBAR LAYER 1 154, 64 2.4
Wride 662 11 2.0 11 7.3 269 .5 REBAR LAYER ¢ 227. 92 2.5
Wrlié 704 11 1.5 i. 8.0 171.8 REBAR LAYER 7 245, 75 3.9
Wrl6d 721 11 7.8 i1 8.0 352.0 REBAR LAYER © 316, 107 2.9
Wr”73 1061 31 7.8 11 8.8 171.5 REBAR LAYER 7 174 64 . 2
ray 200 11 8.0 \1 0. 173.32 WALL VERTICAL DISPL 752. 444
® 77 1049 11 8.0 11 8.3 3s2.0 REBAR LaYER 7 193, 88 2.2
W 448 11 %23 11 1.8 #9.5 REBAR LAYER 1 141, L1 2.9
WLl 468 11 9.5 11 1.2 270.5% REBAR LAYER 1 135, 74 1.8
Wrizé 644 11 10.¢0 11 *.3 89 .5 REBAR LAYER 6 176 95 1.0
wWrilsa 700 i1 10.5 11 8.0 B4 8 REBAR LAYER 7 228, 64 3.8
Wrlas 663 11 11.0 i1 ».3 269.5 REBAR LAYER 6 450, 15¢ .9
Wrlsd 701 12 20 1 8.0 B5.0 REBAR 'AYER 7 195, a7 &1
Wriéo 708 12 2.0 11 8.¢ 264 0 REBAR LAYER ? 253, 88, 2.9
Wrlél 709 12 4.0 11 8.0 2645 REBAR LAYER & 170, 56 . 3.0
Wré0 519 12 9.0 11 1.8 156.8 REBAR LAYER 2 139, 49, 2.8
Br22 1107 12 9.8 1 2.5 1250 REBAR LAYER & 95, 47, 2.0
Brao 1108 12 11.8 11 1.5 134.0 REBAR LAYER 2 461, 95, 4.6
ni0e 219 13 0 11 0 228.6 WALL RADIAL DISPL 951, 261, 3.7
D10% 228 13 0. 11 0 a1s.p WALL RADIAL DISF. 1246, 418 3.0
ba7 206 13 0, 11 4 134.1 WALL RADIAL TISPL 712, 290, 2.5
Wril2i 629 13 0, 11 &3 J48.5 REBAR LAYER & 339. 159, 2.1
Wi 233 861 13 9. ' 1.8 Ik 5 REBAR LAYER 2 15¢ 96. 1.6
Wr23s 863 13 ¢ 11 6.3 349 0 TFRAR LAYER 5 290, 148. 2.0
Wrés 525 13 0. 11 1.5 2€3.0 [EHAR LAYER 2 304, 99. 31
Wre? 526 13 0. 33 1.3 262 .0 REBAR LAYER 2 114 45, 2.5
Wr79 548 13 0 i3 1.8 “48 0 REBAR LAYER 2 245, 178. 1.4
Wel0 540 13 0 11 1.5 400 REBAR LAYER 2 174, 104 1.7
WrAl 560 13 0. 11 1.5 342 .5 REBAR LAYER 2 304 72. 4.2

(1) Note: Stiffness units are psi/inch for displacement gages and ks\ for strain gages.
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Table A 1

RADIUS AZIMUTH

ELEVATION
] re on Fe 1n Deg

WrB2 561 13 e, d 1.8 s e
Wrl03d 601 13 0.3 11 6.3 167.0
Wrios €03 13 0.3 11 6.3 1% ¢
Wredd L1 13 0.3 11 1.8 168 %
Wr2hé Bbe 13 0.5 11 69 169.0
Wrs7 506 13 0.3 11 1.5 168 .0
Wrsh 507 13 0.3 11 1.3 167.5
01 120 13 0.4 i1 0. 0.
Br2l 1106 13 0.5 11 6.3 1345
wWrl2i 640 13 0.8 11 6.2 8.0
Wréh 527 13 0.5 i1 1.3 258 .0
Wrl04 602 13 1.0 11 6.3 168.0
Wrll0 60 13 1.0 11 6.3 254.0
Wril2 620 13 1.0 11 6.3 305.5
Wrl23 641 13 1. 11 4.3 336.0
Wrso 508 13 1.0 11 1.5 162.5
Wz 70 529 13 1.0 3 1.5 305.5
bz22 141 13 1.2 11 0. 180.0
Wrios 606 13 1.5 11 6.3 263.0
Wrioe 607 13 1 8 311 4.3 262.0
Wr4s A87 13 1.5 11 .5 83.0
Wr49 “rs 18 1.5 i1 1.» 82.0
WrS0 A9 13 1.5 1 3.5 8.0
Wroa 5h2 13 1.5 11 6.2 83.0
wWres 583 = O 11 6.3 82.0
Wris 584 33 1.8 11 6.3 74.0
Brl9 1104 13 4.5 i1 3.9 135.0
Wr26d 1041 13 S0 11 6.3 45.%
Bra2a 1109 13 %0 i1 8.0 46 5
D1s 134 13 0.6 11 0, 90.0
Wrizi 2% 14 0. 11 8.8 85.0
Wr273 1063 4 0.5 1l 9.3 85.0
Wrl?2 740 14 20 11 8.8 83 5
Wrias 781 14 2.5 11 8.8 265.5
Wr276 1064 14 3.5 11 8.3 265.5
Frida 762 14 5.5 11 8.8 265.0
WNrl7a Ta 14 2.0 i 8.8 171.8
Wrl3gd 7sé 4 1.0 11 8.8 352.5
Wrlds 767 4 7.0 i1 8.8 351.¢
Wr2?7¢ 1062 ia 7.0 11 8.3 187.5
Wris? 705 14 8.0 i1 8.0 187.5
Wridé 22 It 8.0 11 8.0 7.0
Wrl?e 744 14 8.0 11 8.8 171.8
Wr2?2 1060 i¢ 8.0 11 8.3 7.0
D2 i2i 14 8.4 11 [ 0

Wri?s 740 4« %0 11 &8 171.0
Wrieo Té8 4 %0 11 8.8 asz s
D23 142 14 9.2 11 0 i80.0
D56 1758 s 9.8 11 0. [
Wrise 706 14 10,0 i1 8.0 187 .5
Wrles 23 s 11,0 11 8.0 6.0
wWrisi 789 15 &3 11 &N 480
wri?7 743 15 3¢ 11 8.8 168 .5
Wrisé 224 15 3.8 11 8.0 8.5
Wr1ss 707 18 40 11 8.0 18%.0
wiol 220 15 49 i 0 228.5
wWrle2 784 15 6.5 1 8.8 3465
Wrize J46 18§ 7.5 11 8.8 165.5
D9s 217 is 1.7 11 0 277.6
D11s 234 16 2.6 11 0 L 5.8
Br2s 1120 16 3.¢ 11 8.¢ 45.5
Wri?e 147 i6 7.0 i1 8.3 163.0
WrBs 54 ib B.5 i1 2.¢ &s.0

(1) Note: Stiffness units are psi/‘nch for displacement gages anl ksi for straln gages.
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(1} STIFFNESS

Ku | 3
e 9.
am 132.
23 LD
2% 108,
87, B4
313, 124,
349 L1
1317. 412,
L 102.
263 . 133,
216 87,
295 . .
245 78,
129, .
180, 95.
238 5?7
186, 103,
1430 248
283 181
268, 110,
124 89,
30i. 70.
162, 56,
09, 132
246, 90.
658 L]
114, 47,
280 82
143 52.
1716 (L1 9
340, Th.
369 m
456, 129,
226 83
313 171,
326, 69.
270. 63,
241 104,
326 69,
340, 62.
320, 77.
270, 100,
320 104,
243 68,
1427 436,
316. 58.
257. 83,
1317, 12,
1715, 462
202, 65,
244 8s
279 59
270, 62.
456 91,
534 4%,
631, 10,
285 69 .
182, ia ]
1648 826,
382, 113,
245 49,
19¢C s8
$70 8
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GAGE CHANNEL  ELEVATION RADTUS AZIMUT DESCRIPTION (3) SYIFFNESS RATIO

m Fe In Fe In Deg Ku Ke Ku/Ke
Wrisd " i« 9.5 11 o.¢ 350.0 REBAR LAYER 8 415, 86 ‘8
wr2? ahe 16 11.5 1 .8 1.0 REBAR LAYER 1 (I 45 1.8
pilv 2 17 10.% 1 0. 315.0 WALL RADIAL DISPL 851, 12 2.1
pio2 21 17 111 11 0. 2282 WALL RADIAL DISPL 681, 313 2.2
D104 223 17 116 ¢ S 2230 WALL VERTICAL DISPL 782, 233, 2.3
vs? 174 17 11.6 ! 0. 358.1 WALL VERTICAL DISPL 528. 385, ) Y |
Dse ”n 18 0. 1l 0. ass. 0 WALL RADIAL DISPL 1372. 293, 3.5
D90 209 i 0.1 11 0. 180.0 WALL RADIAL DISPL 1220. LV 2.3
Wr2és 1046 19 0.3 11 2.3 0. REBAR LAYER & 208 $0. ‘2
Wr269 1047 19 0.5 11 1.% 180.¢ TEBAR LAYER 6 140, 42 3.9
Wr2?0 1048 19 0.5 11 7.3 26k, 0 REBAR LAYER & 114 D 28
Wraes 1042 1% 1.5 11 6.5 47,0 REBAR LAYER 5 340 80. “J
Wr2él 1029 19 2% 33 - ¥ 460 REBAR LAYER 6 108, A5, &1
Wr3d L1 1% %.0 11 1.3 137.0 REBAR LAYER 1 166, 82, 2.0
Wrils 623 19 9.4 11 4.3 3.0 REBAR LAYER S 327 90. 26
D9 178 1% 117 11 0 3597 WALL RADIAL DISPL 1718. 381 4.5
Doz 211 20 0. 11 Q. 180.0 WALL RADIAL DISPL 1302 528, : #% |
Wrlla 621 20 0 11 6.3 312.0 REBAR LAYER 5 309, 92. 3.4
Wr?l 540 20 0.5 31 1.3 208.0 REBAR LAYER 2 231, 120 1.9
WeT2 841 20 0.5 11 1.8 312.0 KEBAR LAYER 2 746 230, 3.2
Az 73 542 20 0.5 24 - 3.9 313.0 REBAR LAYER 2 697, 200 3.3
D103 223 20 0.8 11 0. 227 .9 WALL RADIAL DISPL 1222. 362, 3.4
Wrils 422 20 1.0 11 6.3 331.% REBAR LAYER 5 816 2. ey
Dios 225 20 1.1 ) 5 T 289 4 WALL RADIAL DISFL 681, 369 1.8
D107 226 20 1.4 1 0. 304 8 WALL RADIAL DISPL 1220, 438, 2.8
vioe 2?7 20 1.5 11 0. Jiz2.0 W L RADIAL DIIIPL 772. avl, 20
Wrldé 664 20 ¢.5 11 7.8 2140 hoB8A% LAYER & 160 62 2.6
Wrél by 20 6.5 11 1.3 31s 0 REBAR LAYER 1 190. 65, 2.9
Wri3d? e ¢ 7.5 i1 7.5 3148 REBAR LAYER . 160. 54 3.0
Wris 463 20 %.0 11 1.3 135.0 REBAR LAYER 1 299, 60. 3.7

(1) Note: Stiffness units are psi/inch for displacement gages and ksi for strein gages.
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Table A.2 Apparent Stiffness Data for Bending Response of the Wall

10
Wtk 545
wWrise2 760
Wl 545
¥rie? 765
Wr?e 545
Wrldl 749
Wr7é 245
WrlBé 764
Wr?s S44
Wrl82 760
Wy7s a4
Wrid? 765
W78 544
Wrl8l 749
Wr?s 544
WriBé 754
Wr?s 544
Frid 1103
Wr7s 544
Bridll 1134
Wrls 544
Wrig 427
Wr7s 544
Bri2 1087
Brs 1080
Brig 1103
BrS 1080
Brisll 1124
BrS 1080
Wris 427
Brs 1080
Brii 1087
Beld 1080
Bril 1086
BrS 1080
Wrl? 42¢
Brs 1080
Brl? 1102
BrS 1080
WrlB0 748
Bud 1080
Wrigs 763

{1) Note: Stiffness units are k i fer strain
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AZIMUTH

Deg

3.

326

EEH]

as2.

3a2.
aze,

ar2

330,

s

326

3.

2.
32e.

2.
330,

332,
328,

332,
329,

33%,
332

332

332.

332

3N

3a3z.
329,

2.
332.

392.
a32.

332.
33z

J32.
332.

a3z,
327,

3.
331,

EEF]

326.

gages
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RATIO
Ku/Ke

L
=4

1.9

¢1) STIFFNESS
Ku Ke
308 1.
S81. 429,
308, s1.
B9 . b 1% B
305, $1.
616, 3816
308, S1.
FATY 930,
132 43,
581, 429
132 4%
B9, 543
13&. a9
“616, 381s.,
132, AY.
2343 930,
132, AY
~615. 2443
132 (LD
=588, ~04A85
1%2. 4%
196, 80
132. 4
~1142. 221.
122. a5,
~615. FLTR)
122. 45
-505. -348%,
122. A5
196. 80.
122, AS,
~1142. 221.
122. AS.
~854 178.
122. A4S
261, 67.
122. as
~-523. 872.
122. A5,
659, 1129.
122. 4S5,
-320, 541,



1
Wr7s 543
Bril 1086
Wrls 543
Wrl? 426
wrle S48
Bel? 2102
Wrla 543
Wriso 748
Wrld 543
Wrl8s 162
Wred 528
Wrill 0%
Wréd 522
Brie 110
Wr6d 522
Bei0  108%
WrA2 521
Brié 110}
Wréd 521
Brld 1088
Wré2 s21
Bris 1100
Wre2 521
Bry 1084
Bré 1069
Brié 10
Brd 1069
Brl0 1088
Bra 1066
Brls 1100
Brs 1069
Bro 1064
Wrel 520
Bris 1M
Vrél S20
810 1085
Wré) 520
BrlS 1100
Wrél s20
Br9 1084
Wr226  Bad
Wrias 687

o e ~ -

o

11
11,

11

10,

e e e e A

Table A.2
RADIUR AZIMUH
In e In Deg

L] 11 20 a32.6

0 11 6.0 332 8

i1 20 3928

4 11 1.5 D

L] i1 2.0 232.8

0 11 8.8 aar.e

8 1 2.0 a2 e
N 11 8.3 331.¢
L] 11 20 33z.8

% | i1 #.3 326.7
0 11 2.3 308 8
.3 11 6.4 308.8
S i a2z 210.0

0 1 3 2104
" 11 2.3 210,
3 11 6.3 210,0
e - 3) 2100
0 11 %2 210 &
f 1 2.0 2:0.0
3 11 6.3 210.0

© 11 2.¢ 210.0
3 11 v 209.5
0 i1 2.0 210.0

0 i1 5.3 a0
0 T 2.3 210.0

0 i1 ¥.3 210 .4
0 11 29 2100
5 11 6.3 210.0

0 11 23 Z10.0
o | 11 %3 209 .5
0 11 2.3 i10.0
0 11 6.3 310.0
.8 i1.32.% 212.0
0 1 93 210 &
! 1 as 210.0
3 11 6.3 2100
- 11 3.3 210.0
.8 11 9.3 2068
% 1 2.5 210.0
0 11 6.3 210.0
4 11 3.4 20 .7
* 11 8.0 85.%

(1) Note: Stiffness units are ksi for strain gages

(cont )

VESCRIPTION

REBAR LAYER
KEBAR LAYER

REBAR LAYER
REBAR LAYER

KEBAR LAYER
REFAR LAYER

REBAR LaYER
RECAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
RFBAR LAYER

REBAK LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

KEBAR LAYER
REBAR LAYER

REBAR LAYER
REVAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REEAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAF  YER

REBAF R
REBAR LAYER

REBAK LAYER
REBAR ' /U0

REBAR LAYTR
REBAR LAYER

REBAR LAYER
RER.. LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER
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Ku Ke
197, 6.
~854 i7e.
197 67.
261, 67,
192, .
~523, 872,
197, 67
~659, 1129,
197, 67.
=320, fal,
227, 2.
816, 120,
386, 63.
“dee, 9162,
386 63,
-3, 143
29 52,
~380 9162,
229 82,
-3, 143,
229, s2.
~28¢. 99,
228 82,
-$10, 137,
114, Az,
~380 9162,
114, A2,
=N, 140
114, 42,
~206. 99y,
114, 2.
~610, 137
108, 44,
~380 9162,
108, 44
-371. 143,
108. LS
~286 998,
108. LLH
<619, 137,
327. 90.
3429, 1013.

(1) STIFFNESS
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Table A.2 (cont.)

AZIMUTH DESCRIPTION

GAGE CHANNEL  ELEVATION RADIUS (1) BTIFFNESS RaTIO

10 Fu in Fu In Deg Ku Ke Ku/Ke
Wrilé BaA 2 5D 11 3.4 0.7 REBAR LaYER 10 EF 0
Wrire T28 2 %0 11 8.3 LA | REBAR LAYEK 8 ~1856 . 2 a0
Wr22e  Bas 2 %52 11 3. 90.7 REBAR LAYER 10 8ar. w0
Wrsd 581 2 50 11 6.4 930 REBAR LAYER 5 1716. 257. 2.9
Wraie  Bas ¢ s 11 3.4 9.7 REBAR LAYER 10 327, 90
wWre2 580 2 0.8 11 6.4 3.0 REBAR LAYER 5 ~560 322, 1.7
Wrile Baa 2 582 A s S0 7 REBAR LAYER 10 a 920
Wrisabh 68 2 0.8 11 2.8 LU REBAR LAYER 7 ~881. 1611, 1.8
wea? “86 2 83 11 2 8%.2 REBAR LAYER 2 az7 57,
Wilds 687 3 1.8 11 80 B85 .6 RFBAR LAYER 7 BA2Y 1013 8.1
Wrw? 4Bs 2 52 11 2 8.2 REB/Q LAYER 2 27, 87,
Wrllo 728 2 1.0 11 8.3 97 .3 REBAK LAYER @ ~185¢ 2208. L
wWia7 484 2 53 11 2.3 he 2 REBAR LAYER 2 427 87
Wrod 58. 2 50 11 6.4 $3.0 REBAR LAYER & 1716. 257, 7.8
Wrd? “he e 33 11 2.3 89 2 REBAR LAYEF 2 Q7 87,
wrse S80 2 0.8 11 6.4 $3.0 REBAR LAYER S =560 . 322 3.9
Wrd! abe 2 5.3 1 3.9 8%.2 REBAR LAYER 2 427 87,
Wrilsg 680 2 0.5 i1 7.8 8. REBAR LAYER 7 ~281. 1613, 3.4
Wraé LM 2 0.8 11 2.3 a1 REBAR LAYER 2 2, 80
Wr9d L} 2 50 11 6.4 93.0 REBAR LAYER & 1716 237, 1.6
Wrab LA 2 0.8 11 2.3 89 1 REBAR LAYER 2 > B 50,
wWe92 580 & 0.8 11 6.4 3.0 REBAR LAYER § 560 382 1.9
Wrae 485 2 0.8 11 2.2 89 .1 HEBAR LAYER 2 93. 50.
Wrisd 686 2 0.8 11 7.8 88 3 REBAR LAYER 7 -38 1613 1.&
Wrab LLE) 2 0.8 1 2.3 8% 1 REBAR LAYEw 2 90, 50
Briadi 11a2 110.8 11 8.0 8.0 REBAR LAYER 7 ~488. -1299. 1.4
Wrae “as 2 0.8 11 8.3 85.1 REBAR LAYER 2 3. 50,
Brié 1089 110.3 i1 &0 901 REBAR LAYER @8 -109. ~322. 1.4
Wekd ARS 2 0.8 35 3.3 89.1 TEBAR LAYER 2 93 50.
Wrid 423 110.% 11 &3 1.8 REBAR LAYER 11 137, 7. 2.0
Rr2 1067 11023 11 2.2 8.7 REBAR LAYER 2 108, a9,
Wrad sa1 2 50 11 6.4 3.0 REBAR LAYER S 1216, 287, L)
Br2 1067 11073 12 *.3 88 7 REBAR LAYER 2 105 s
wre2 sav 2 0.5 1 A 4 $3.0 REBAR LAYER 5 “560, 322, 2.0
Br2 1067 1189 11 2.3 68.7 REBAR LAYER 2 108, 3%
Wrilad  68e 2 0.9 11 7.8 88.3 REBAR LAYER 7 ~301. 1613, 2.1
Br2 1067 1102 11 22 887 REBAR LAYER 2 105 39
feladl 1122 110.8 11 8.0 8.0 REBAR LAYER 7 -268., ~1299. 20
Br2 1087 110.3 11 2.8 88.7 REBAR LAYER 2 108, 3%,
Bris 1089 1108 11 8.2 9.1 REBAR LAYER @& ~109, ~322. 3.8
Br2 1067 110.3 11 2.3 88.7 REBAR AYER 2 105 39,
Wrla 423 110.5 11 4.3 91.9% REHAR LAYER 11 137. o1, 8.7

(1) Note: Stiffness units are ksl for strein gages.
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Table A.2

GAGE CHANNEL  ELEVATION

RADIUS ALIMUTH
I Fv In Fu In Deg
Wr22% 843 110.8 11 3.4 $0.7
Wr93 L1 2 50 11 6.4 9.0
Wr22s 843 110.8 11 3.4 90.7
Wrs2 580 2 0.8 11 6.4 §3.0
Wr22s 843 110.8 11 3.4 0.7
Wrieg 686 2 0.8 11 7.8 88 3
Wr228 802 110.8 11 3.4 90.7
Brias) 1122 110.8 i1 8.0 8% 0
Wr225 B4 1108 11 3.4 90.7
Brié 1089 1103 11 &.3 0.1
Wr22s  Ra) 110.8 11 3.4 %0.7
Wrild 423 1108 11 43 91.9
Br2 1067 110.3 n 23 88.7
Bris7?l 1101 1 8,0 11 8.0 90.0
Br2 1067 1103 11 2.3 887
Bz? 1082 1 80 11 6.4 3.0
B 1067 1108 11 223 887
Wr.. 422 1 0 1 1.0 91.9
B2 1067 1103 11 3.3 887
Brid 1088 1. 7.3 11 8.3 89.2
W22 Bad 116.8 11 3.4 90.7
Brid7l 1123 1 8.0 i 80 0.0
Wr22as Ba3 ! i10.8 i1 3.4 807
Be? 1082 1 80 11 6.4 93 0
Wr22s 843 110.8 11 3.4 86,7
wWrid 422 1 8.0 11 1.0 $1.9
Wr225 84 110.8 11 d.a 0.7
Brid 1088 32D 11 8.3 89.2
Brl 1066 1 8.2 11 2.0 es?
Brii@l 1122 1 10.8 11 8.0 8%.0
Brl 1066 1 82 1 2.0 88.7
Bris 1089 110.3 1* 8.3 6.1
Url 1066 1 83 11 2.0 8a8.7
Wrls 423 110,95 11 4.3 9.9
Bri 106¢ 1 0.3 11 2.0 88.7
Bria71 1121 1 8.0 11 8.0 90.90
Brl 1064 1 8.3 a1l 3.8 88.7
Br? 1082 1 8¢ 11 6.4 93.0
Br! 1066 1 8.3 11 2.0 88.7
Wri3 A22 1 8.0 1 1.0 51.9
Brl 1066 1 8.3 11 2.0 68.7
Brl3 1088 G % | 11 8.8 89.2
(1 Wote: Stiffress units are ks! for strair gages.
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KEBAR LAYER
REBAR LAYER

REBAP LAY'R
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAJER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

EBAR LAYER
REBAR LAYER

RFBAR LAYER
REBAT LAYED

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYFR

REFAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

REBAR LAYER
REBAR LAYER

10

{1) STIFPNESS
Ku Ke
122 6.
1716, 287,
122 56 .
~560. a2,
122 56 .
~381 . 1613,
122. 56 .
~288.  -1299.
122. 56 .
~109. ~322.
122. 56.
137 17,
105, 9.
~10%58. ~745,
105 39.
~435. 280
108, 39
228 78,
105, 3.
-156. EL AL
122. 56 .
-1058, ~TAS.
122, 56
~A08. 280.
122. 96 .
225, 78,
122. 56.
~156. “La4
97. 4S5
-288. ~12°9.
7. AS.
<109, =322,
$7. 45,
137, 77,
87, A5,
~1058. =745,
97. AS
~433 280.
97, 45,
225. 78.
97. A5
~156, ~h4a

RAT1O
Ku/Ke

1.8



GAGE CHANNEL  ELEVATION
In

Brl
Wrla?

Brl
WrSo

WekS
Briery

Wréd
Br?

Wras
Wrld

Hrds
Brid

Wras
Wrle?

Wras
Wr90

Wra2é
Bria?l
Wr2ia
Br?
Wrz2a
Wr.d
Wrl24
Brid

Wrl24
Wris?

Wril2a
Wr0

1066
685

066
569

404
12

CL
1082

L
422

CLL)
1088

LT
685

LLL}
565

B42
1121

LI}
1032

842
422

E42
1088

Ba2
€85

842
56¢

Ft

RADIUS

41

1
11

11
1

1
18}

11
11

11
1

11
1

11
1

11
1

1
11

11
11

11
11

11
11

11
11

11
1

Lo ]

Table A .2

el

~

§0.0

88.9
3.0

88 .9
1.9

889
29.2

88 .9
90 ¢

88,9
3.0

0.7
90.0

90.7
§3.0

$0.7
19

0.7
L

90.7
0.8

90.7
93.0

(1) Note: Stiffness unite are ksl for strain geges

(cont . )

DESCRIFTION

3 f'
EE R EE B RE

133

£
CF

£
8

£EE £ EE EE £% £ EE [
5 55 95 98 §5 55 S5 S5 BN 5

5
g

£
CF

£
g

LAYER
LAYER

e d

(1) STIFFNESS
ku Ke
97. 45
~370. 1082
L 0 Y
“491, 2:a
182 2.
~10%8. =748,
142, s2.
435 280.
142 52,
228. 78.
142 2.
~156. L)
142, 2.
3% 1082,
142 S2.
~491. 271.
217, 64
~1058, “748.
217, 64
~435. 200,
217, 6k
223, L
217, 64
~156. Ll
an 64
3”e. 1082
217. 64
~49%. 271,

RATIO
Ku/Xe

17,
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Tabls A.3 Apparent Stiffness Data for Bending Response of the Basemet

GAGE UHANNEL  ELEVATION RADIUS AZIMUTH DESCRIPTION (1) STIFFNESS RATIO

1o e In i In Deg | O Ke Ku/Ke
wWrl 400 »3 5.9 3 10.0 938 MERIDIONAL #6 REBAR 111, 5.
Wré 405 1 6.6 2 10.0 89 .4 MERIDIONAL #5 REBAK «1908 . 760 %9
Wil 401 =3 8.9 [ 8.0 2.2 MERIDIONAL #6 REBAR 3816. 137,
Wr? 408 1 7.0 [ 5.0 9.6 MERIDIONAL #5 REBAR 2753, -~1563, 127
Wrld a2 -3 5.9 3 0.0 $2.8 MERIDIONAL #6 REBAR 3273, 106,
wWri “07 1 7.0 8 0.0 81.9 MERIDIONAL #5 REBAR ~12994. 4798 25.2
Wra 403 o | 5.9 10 0.0 $2.3 MERIDIONAL #¢ REBAR 2452, 259.
wre aoe 1 1.9 10 0.0 92.1 MERIDIONAL #5 REBAR ~3919%. 463 “31.1
(2}
Wrs 404 o | 5.9 11 0.0 91 8 MERIDIONAL #¢ REBAR ~1430 ~1088.
Wril 420 b § 7.0 11 0.0 s2.2 MERIDIONAL #5 REBAR Islé. 214 S8
Wrio 409 1 A 10 9.0 887 CIRCUMFERNTIAL #6 REBAR 4911. 1.1
10.1
Wrl2 421 1 6.2 11 5.5 88 .8 CIRCUMFERNTIAL #¢ REBAR azn. 187,
17.%
Dso 16% « 6.5 1 0. 83.7 MAT VERTICAL UPLTFY 7150, (TT
.8
P112 a3 Ly Sy K | 11 0. 00 MAT VERTICAL UPLIFT 28601, 4950,
5.8
Notes:

(1) Stiffness units are psi/inen for displacement gages and ksl for strain gages.
(2) Retio determined from gages Wré and Wr9 are not included in Figure 3.7

(1) Note: Stiffness units are ksi for strain gages.
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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 (Flg. 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.

4 free-body diagram of the bottom of the wall liner is presented in Figure
€C.1. The liner comnects 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 {s represented by F. At this location 1/2-in. long studs, 0.14. in. in
diameter, were spaced at 2 in. on center,

A kinematically admissible deformation for this section is assumed in which
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
the unit plastic moment capacity o,h?/4 for the liner, where o, denotes the
liner yleld stress. Circumferential strains due to the deflection are
assumed to produce a constant unit hoop force, n,, over the deflected region
shown, equal to the unit yield capacity that may be carried in the plane of
the wall, oh. The unit force in scuds, 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 force

in studs is given by F = lgh ‘ E * : ). With given values for the

dimensions (h = 0.068 in., R = 132 in., s = 13/16 in.), and the yileld
strength of the liner given by o, = 50.2 ksi, the unit force in studs is 153
1b/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.

B
L1, F"'1‘\\ m,
“h

A g — "

F

! — -

| o " \VA

Fig. C.1 Wall Liner
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