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1. SUMMARY

The minimum numbers of tendons required for safely supporting the core
cavity pressure cof 845 psig (Reference Pressure, RP) and 1268 psig (1.5 RP)
without breaching the liner of the Fort St. Vrain PCRV have been determined
for: 1) circumferential tendons in the PCRV wall and 2) crosshead and circum-
ferential tendcns in the heads of the PCRV. Hand calculations based on the
concept of ultimate load analysis are used. NoO calculation is performed for
the vertical tencons in this study. Per Ref. 1, the PCRV can resist up to 1515
psig cavity pressure with only the rebars acting, i.e., without reliance on any
vertical prestress.

The results are given in Table 1 and Figs. 1 and 2. These results indicate
that the core cavity pressure of 1.0 RP can be safely resisted with consider-
ably less number of tendons than is actually provided. With 1.5 RP, the number
of head tendons required is still less than that actually provided. The dif-
ference, however, is small if no vertical tendons exist as assumed in the
analysis. Existence of vertical tendons will require less numdber of head
tendons to resist 1.0 and 1.5 RP.

The procecdure used in the study is described in the following sections.
Detailed calculations are given in the appendices.

2. MATERIAL PROPERTIES
Material properties used in this analysis are (Ref. 1):
Concrete:
Compressive strength r'c = 6000 psi
Liner:
Material « SA 537, Gr. B
Yield strength f’y = 60,000 psi (at 0.2% offset)

Tensile strength f', . 80,000 psi (Ref. 2)
Failure strain ¢' = 18% (Ref. 2)

6
Modulus of elasticity E =« 29 x 10 psi
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Tendon Wires:

Tensile strength r', = 240,000 psi

Tield strength f, = 204,000 psi (at 1% strain)

Failure strain e¢' = 4%

Modulus of elasticity E = 27 x 106 psi

Rebdars:

Material = A432

Tensile strength t's = 90,000 psi

Yield strength tsy = 60,000 psi

Failure strain ¢' = 7%

Modulus of elasticity E = 29 x 106 psi
3. DEFINITION OF NUMBERS OF TENDONS

The Fort St. Vrain PCRV has, in addition to 90 vertical tendons with 169
1/4-in. diame*er wires each, 210 circumferential tendons with 152 1/4-in.
diameter wires each, 100 circumferential tendons with 169 1/4-in. diameter
wires each, and 48 crosshead tendons with 169 1/4-in, diameter wires each.

All 210 152-wire circumferential tendons are in the barrel section. Of the
100 169-wire circumferential tendons, 34 are in the top head (the top 15'-6"
section), 34 in the bottom head (the bottom 15'-6" section), and 16 each in the
barrel sections adjacent to the top and bottom heads. Each head has 2% cross-
head tendons.

All circumferential tendons are 180° tendons rather than full circle
tendons (see Fig. E.15-2, Ref. 1). Because of the arrangement of these
tendons, of the 18 circumferential (180°) tendons in a typical five-foot high
wall section, a minimum of 12 pass any cross section. Hence 18 actual circum~
ferential tendons provide 12 "effective" circumferential tendons. Similarly in
the top or bottom head, 34 actual circumferertial tendons provide 22 effective
ecircumferential tendons.

The following definitions are used in this report:
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Ny « Number of effective circumferential tendons in a 5-foot high wall

section (12 in existence).

"c = Number of effective circuzferential tendons in the top or bottom head
(22 in existence).

", = Number of crosshead tendons in the top or bottom head (2% in
existence).

It is assumed that there i{s no broken wire in any tendon and that the
required tendons in each group are uniformly distributed.

4, CIRCUMFERENTIAL TENDONS IN PCRV WALL

For the determination of the required number of circumferential tendons in
the PCRV wall a typical five-foot high wall section was considered. It is
assumed that ultimate conditions are reached at 1.0 RP or 1.5 RP for the
purpose of this analysis. The core cavity liner is anchored to the concrete by
means of studs welded to the liner and embedded in the concrete. The stud
spacings are 7-1/2 in. in both circumferential and axial directions. It is
assumed that, at ultimate, radial concrete cracks would develop at stud anchor
locations and that resistance to the core cavity pressure is provided by the
steel elements acting as multiple structural rings. The steel elements include
the liner, and circumferential tendons and rebars at various radial locations.
With the liner and rebar cross-sectional areas known, the number of tendons
required to provide a total pressure resistance capacity for the core cavity
pressure of 1.0 RP or 1.5 RP, and meeting the selected limit criteria can be
determined from equilibrium and strain compatibility.

The tendon prestress loss at end of life is assumed to be 13.5% (Ref. 1),
and the friction loss is assumed to be 11.5% (Ref. 3) in these calculations.

Two limit criteria are used in this case:
1) Liner stress = 0.9 tsy'
Tendon stresses S f'_  and
Rebar stresses S r's
2) Maximum tendon stress = t'a.

Liner stress < f', ang

Rebar stresses S t's
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Obviously the first criterion is the more stringent and results in a larger
number of tendons being required. The required numbers of circumferential
tendons in the PCRV wall for the above two limit ccnditions are shown in
Tadble 1.

S. TENDONS IN PCRV TOP AND BOTTOM HEADS

The required number of crosshead and circumferentisl tendons in the PCRV
top and bottom heads to safely support 1.0 RP and 1.5 5P without breaching of
the liner boundary are determined by ultimate load analysis of the bottom head.

Four quasi-analytical solutions were originally used in assessing the
ultimate capacity of the Fort St. Vrain PCRV heads (Ref. 1). These are: 1)
bottom head yield line fallure analysis, 2) bottom heac punching shear failure
analysis, 3) bottom head concrete ligament compressive fallure analysis, and 4)
top head analysis by grid system simulation. In the case of 34 circumferential
and 24 crosshead tendons i1 each head and 90 vertical tendons, the yield line
analysis provided the lowest estimate of the ultimate pressure capacity, while
the concrete ligament compressive failure analysis proviced the highest, about
three times as high as the lowest estimate. The top head grid analysis
requires use of a computer program.

Based on the above observations it was decided to use the yield line
failure analysis method for the ultimate load analysis in the current study,
and to check the results using the punching stress failure analysis.

The assumptions and detailed procedure used in the bottom nead yleld line
analysis follow those used in Ref. 1., Based on an assuzed number of crosshead
tendons the resultant pressure which must be resistec by the bottom head
(cavity pressure reduced by the cavity pressure egulvalent of crosshead
tendons, Ref. 1) is first calculated. By assuming formation of a plastic hinge
at the head-to-wall junction (signified by 0.003 in/in maximum concrete strain
and/or yielding of liner and majority of rebars in tension), and a yleld line
pattern (generally radial along concrete ligaments) the unit yleld line moment
required to prevent this particular yield line mode of failure under the given
cavity pressure (1.0 RP or 1.5 RP) can be determined. The number of circum-
ferential tendons required to provide an ultimate moment capacity along the
yield line which is larger than. the required unit yield line moment is then
established. The ultimate moment capacity of the bottcz nead is defined by the
following stress limits (Ref. 1):
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Maximum rebar stress s C.9 t‘y'

Maximum tendon stress S 0.9 rsy. and
Maximum compressive concrete stress S 0.85 r'c

The tendon prestress losses at end of life are assumed to be 12% for both
crosshead and circumferential tendons (Ref. 1) and the friction losses are
assumed to be 10% and 11.5%, respectively for these two types of tendons (Ref.
3). The yield line failure analysis in the current study is based on the
assumption that no vertical tendons exist.

The required number of tendons based on the results of the yield line
fallure analysis are shown graphically in Figs. 1 and 2.

For the punching shear failure analysis of the bottom head the fallure
Plane is assumed to be the one formed by the concrete ligaments connecting the
steam generator penetrations (Ref. 1). Reference 4 provides an equation to
estimate the ultimate shearing strength of PCRV heads as a function of span/
depth ratio and radial prestress. Based on this equation and the number of head
tendons required as determined by the yield line failure analysis, it is found
that the punching shear stress is not critical for either the 1.0 RP or the 1.5
RP cases.

6. CONCLUSIONS

The required numbers of circumferential tendons in the Fort St. Vrain PCRV
wall to safely support the cavity pressure of 1.0 RP anc 1.5 RP are given in
Table 1. The corresponding required numbers of crosshead and circumferential
tendons in either top or bettom head of the PCRV, derivecd under a conservative
assumption of no vertical prestress, are given in Figs. 1 and 2.

From Fig. 2, it appears that under 1.5 RP the permissible reduction in the
numbers of crosshead and circumferential tendons in the heads is small if no
vertical prestressing tendons exist.

7. REFERENCES

; "Fort St. Vrain Nuclear Generating Station. Updated Final Safety
Analysis Report."

2. ASTM, "Specification for Carbon-Manganese-Silicon Steel Plates, Heat
Treated for Pressure Vessels, SA-537."
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TABLE 1

MINIMUM NUMBERS OF CIRCUMFERENTIAL TENDONS IN WALL SECTION

Number of Ten?g&s Percentage of Icndons
Required (Nb) - Requirod(z
Criterion 1.0 gp(3) 1.5 RP 1.0 RP 1.5 RP
Liner Stress 5 9 2% 75%
= 0.9 ray
Max. Tendon 3 5 25% 422
Stress = t's(”)

(1) Number of effective tendons required per 5-foot high section. See the text
for definition of N

(2) Percentage of tendoss currently provided in any region of the PCRV wall. It

is assumed that the required tendons are located uniformly in the region
(3) under consideration.

(1) 1.0 RP = 845 paig.
The liner strain is 0.046 in./in. when the maximum tendon stress is f".
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Figure 2-3 Arrangement of Lower Head Penetrations and Potential Failure Modes
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