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1.0 Introduction and Objective

The U.S. Department of Energy (DOE) Office of River Protection has determined the :
understand the structural integrity of the single-shell tanks (SSTs) on the Hanford Site in V
state. To address this need, Pacific Northwest National Laboratory (PNNL) with support {
Engineering hast  ormed an SST Analysis of Record (AOR) for Washington River Prote
(WRPS). Completion of this work supports the Hanford Federal Facility Agreement and Cuusuin wiua
and the Tri-Party Agreement Milestone, M-45-10-01.

The primary objective of the SST AOR Project is to perform a comprehensive structural AOR for the
SSTs  orderto stand the existing SST structural integrity as a result of past usage and potential
future natural hazard phenomena. Seismic analysis is included to assess the structural integrity of the
tan in the event that a design basis earthquake oci s in the future. PNNL has performed the atic
analysis of !  hermal and operating loads while Becht Engineering was subcontracted to perform the
seismic analysis ¢ 1e SSTs.

The first phase of the SST AOR Project, preliminary analysis documentation, conducted an  ensive
review of SST reports, specifications, drawings, and supporting documents, followed by  nite ewcinent
model development, exploratory calculations, and benchmarking resulting in recommendations for
subsequent phases. Phase II of the SST AOR project is to perform detailed analyses of the thermal and
operating loads and the seismic loads for each of the four tank types. The analyses described in this
report document the structural integrity assessment for the Type I (55,000-gal storage capacity) SSTs.

This report summarizes the AOR detailed modeling results for the Type I SSTs. The Hanford Type I
SSTs are located at the B, C, T, and U Tank Farms. Acceptance criteria and recommendations g. . .1
Johnson et al. (2010) guided the modeling effort. The AOR evaluates the structural consequences o
the static and seismic loads. Attachment 1 contains the Type I SST seismic analysis report in its entirety.
The combined TOLA and seismic demands are evaluated in the body of this report.

1.1 Quality# irance

The PNNL Quality Assurance Program is based upon the requirements as defined in DOE Order
414.1D, Quality Assurance and 10 CFR 830, Energy/Nuclear Safety Management, Subpart A -- Quality
Assurance Requirements (a.k.a., the Quality Rule). PNNL has chosen to implement the following
ASME-NQA-1 (ASME, 2000) consensus standards in a graded approach in the Quality Assurance
Program Description (QAPD):

o ASME NQA-1-2000, Quality Assurance Requirements for Nuclear Facility Applications, Part 1,
Requirements for Quality Assurance Programs for Nuclear Facilities.

o ASME NQA-1-2000, Part II, Subpart 2.7, Quality Assurance Requirements for Computer Software
for Nuclear Facility Applications.

* ASME NQA-1-2000, Part IV, Subpart 4.2, Graded Approach Application of Quality Assurance
Requirements for Research and Development.

1.1
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Figure 3.3. Typical 55,000-Gallon Single-Shell Waste Tank and Riser Configuration for Type I
Tanks 241B, 241C, 241T, and 241U.
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4.0 Guidance

This chapter summarizes the guidance documents and design input used in the detailed finite element
(FE) models of the Type 1 single-shell tanks.

4.1 Acceptance Criteria

The Evaluation Criteria report by Johnson et al. (2010) provides the acceptance criteria, codes and
standards  d the recommended analysis methods for application in the SST structural integrity
evaluations. Subsequent sections of this chapter describe the material properties, loads, and load
combinations considered in the Type I tank analyses in this report.

411 Material opert

Material property data for concrete, soil, and reinforcing steel are provided in the Evaluation Criteria
report (Johnson et al. 2010). Best estimate, lower bound, and upper bound concrete strength an
modulus are provided as a function of temperature. Elastic modulus versus temperature is prov
the reinforcing steel. Best estimate, lower bound, and upper bound values are provided for the c.......
stiffness properties of Hanford soils. The nominal concrete density of 145 Ib¢ft’ used in the analysis is
representative of unreinforced Hanford concrete. The added weight of the rebar was accounted for by the
ANSYS software in the reinforcement layers. However, the steel volume is a small fraction of the total
tank section volume so this has a very small effect on the overall density of the reinforced concrete.

Rinker et al. (2010) conducted material property sensitivity studies to develop the recommended
TOLA run matrix for the detailed analyses of record. The matrix covered the uncertainty in concrete
strength and modulus and the soil modulus. This material property sensitivity matrix was updated in the
Type II report (Rinker et al. 2011a) based on the literature review and reviewer recommendatic  on the
use of concrete tensile strength in finite element models. Table 4.1 shows the TOLA run matrix used in
the Type II SST AOR. Table 4.1 was further updated for the SST Type I analysis based on initial
screening cases that showed the structural demands versus section capacities to be lower than those of the
larger tanks. The final Type I TOLA run matrix is presented in Section 5.6.

4.1
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6.0 Seismic Analysis

Becht Engineering was subcontracted by PNNL to perform the seismic analysis of the Type I si-~'-
shell tanks (SSTs) for the Analysis of Record (AOR). The seismic model is described in a separate - ____.
from Becht entitled, “Hanford Type I Single Shell Tank Seismic Analysis.” Attachment I cont s tl
seismic analysis report in its entirety. Chapters 6 and 7 of Attachment 1 give the modeling details of the
seismic analysis.

6.1
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The shear D/C ratio plots, Figures 7.6, 7.10, 7.14, and 7.18 consistently show D/C ratios near 1.0 in
the vicinity of section 19, the first ACI section in the slab. This provides the motivation for the detached
slab analysis mentioned above and described in Chapter 7.7. Details of the shear D/C ratios, however,
may be obscured by the volume of data in the 3D plots. Figure 7.20 is a 2D plot showing the ACI D/C
ratios in shear for sections 18 (bottom of wall), 19 (first slab section), and 20 (second slab sectit k
temperature. This plot clearly demonstrates that section 19 is the only section experienci  ele :
ratios. Figure 7.21 is also a 2D plot showing all 22 ACI sections along the 60-degree slice (the x
the h:  est D/C ratio) at peak temperature. Once again, this plot clearly shows that only sectior. ._, ...
first section in the slab, experiences the high D/C ratio.
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Figure 7.20. Run 2, Sections 18 — 20 Shear ACI D/C Ratios at LC9
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Figure 7.39. Run 4, Section 19 ACI Shear Demand and Capacity at LC9
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Figure 7.40. Run 4, Section 19 and 20 Meridional Moment at LC9
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8.0 Seismic Results

The seismic model is described in a separate report by Becht Engineering entitled “Hanford Type 1
Single Shell Tank Seismic Analysis.” For completeness this report in its entirety is included in
Attachment 1 of this document. Within this separate report, Chapter 8 presents the major tank demands
resulting from the seismic modeling,

8.1
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9.0 Combined Static and Seismic Results

This chapter presents the demand to capacity ratios for the tanks subjected to the ACI LC4 demands.
First the procedure for applying the LC4 unfactored TOLA plus seismic demands is reviewed. Then the

demand to capacity ratios are presented.

9.1 JLA and Seismic Combination Procedure

From Section 4.1.3, load combination LC4 is the only applicable ACI load combination that contains
seismic demands. The seismic analysis report (Attachment 1) demonstrates that the lowerbi 1 soil, full
tank, section A-A hatchway config  tion was the bounding case and could be used as a “representative”

seismicca  The Ismic demands from this analysis m

( ds. TOLARun?7 ident :dasthe. |

)

be combined with the appropriate TOLA

Because the earthquake ground motions are reversible, the seismic forces and moments must be
combined with the TOLA forces and moments in both a positive and negative way. This leads to four

combinations for ACI LC4 for both the meridional and hoop demands:
o F+M+: TOLA force + seismic force and TOLA moment + seismic moment

e F+M-: TOLA force + seismic force and TOLA moment — seismic moment

F-M+: TOLA force — seismic force and TOLA moment + seismic moment

F-M-: TOLA force — seismic force and TOLA moment — seismic moment

The highest D/C ratio of these four combinations for both meridional and hoop directions is reported
as the D/C ratio. Figure 9.1 shows an example P-M diagram with these four demand combinations as
well as the TOLA-only demand. The upper right point in this case would have the highest D/C ratio
based the demand and capacity definitions defined in Figure 7.3. In addition, the through-wall shear
capacity depends on the meridional force and moment values. Again, four through wall shear D/C ratios

are calculated and the highest values are reported in the next section.

9.1
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Figure 10.3. Equivalent Uniform Surface Load Calculation

In Figure 10.3, the “analysis” data is the displacement response of the roof centerline (relative to the
top of the wall) as *»~ uniform surface load is increased on the slice model with undegraded lov  bound
concrete. The 0.0..-.n. relative displacement at zero load reflects the in-situ displacement of the roof
under the effects of gravity on the roof and 11.45-ft soil overburden. A “linear fit” is established through
the initial portion of the load-displacement data. The slope of this lineis  ected by both the soil
overburden depth, concrete stiffness (i.e., elastic modulus), and load distribution (uniform surface vs.
local). The “analysis” data are then extrapolated using this slope to “zero displacement.” The 19.3 psi
load at the 0.0-in. intercept is defined as the equivalent surface load for this case.

This procedure was repeated using the hatchway model for the local load distribution case. The
equivalent local load calculation is illustrated in Figure 10.4 The equivalent local is 813 kips.

10.3
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Figure 10.5. Load-Displacement Response under Uniform Surface Load
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11.0 Concrete Shell Buckling Analysis

This chapter presents the concrete shell buckling analysis for the Type I single-shell tanks. Only
buckling of the tank wall is considered because the flat roof supported by the hatchway would fail by
limit loading not buckling. The analysis shows that the tank wall is also very stable and would fail first
by compressive crushing rather than buckling.

Buckling occurs when a structure is subjected to a compressive load and a small increase in the load
causes a large increase in the deflection of the structure or a large change in the equilibrium configuration.
e mode of buckling may be characterized either by a split in the equilibrium path to an adjacent
uilibrium configuration (bifurcation) or by a sudden jump to a new equilibrium configuration (snap-
through) as the applied load is increased infinitesimally. In general for thin-shell structures, the
m of the | oadde = or or ry y Tes! pro
and the type of load. 'I'he effects of large displacements and geometric imperfections are important
considerations in correlating experimental results with theoretical analyses. For concrete shell structures
like the SSTs, the effects of inelastic behavior, creep, reinforcement, and cracking  d to be considered.

There are two interacting buckling modes that must be addressed for the cylindrical tank wall: (1)
buckling under uniform axial compression and (2) buckling under external lateral pressure. Paran rs of
potential si_  ficance to the buckling capacity of the tank roof and the cylindrical tank wall include the

following:

e Type of loading: uniform, concentrated, axisymmetric, or asymmetric

Post-buckling behavior

e Initial geometric imperfection

e Creep

e Cracking and the amount and type of reinforcement

Nonlinear behavior of concrete in compression.

Chapter 19 of ACI 349-06 (ACI 2007) requires the investigation of thin shells for instability,
including consideration of the possible reduction in buckling capacity caused by large deflections, creep
effects, temperature, cracking, and deviations between the actual and theoretical shell geometry.
Referring to the commentary in Chapter 19 of ACI 318-05, ACI 349-06 identifies ACI SP-67, Concrete
Shell Buckling (ACI 1981), as a source of approaches for determining the critical buckling loads of
reinforced concrete shells. A practical procedure for determining critical buckling loads of reinforced
concrete shells, as given by the International Association for Shell and Spatial Structures (IASS) Working
Group No. 5, Recommendations for Reinforced Concrete Shells and Folded Plates, is discussed in the

ACI SP-67 document (ACI 1981).
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The theoretical buckling pressure of the cylindrical wall loaded by external lateral pressure is given
by Flugge (1960) as:

; E
PbL""=mJ12-k-<pcr (11.5)

where:

[ve(a-2)°+3(n-2)"-m’ .

+(4-v)'(n'7»)2 m* +m®

[(n-x)2+m2]4—2

(1-v)-(n-2)* +k

+2-(2-v)-(n-A)*-m? +m*
Py =— - (11.6)

m? -[(n'x)2 +m2]2—m2 ~[3-(n-x)2 +m2]

R
A=T- T (11.7)
2
k=12-R2 (11.8)
n = the integer describing the half wave buckling mode along the length.
2m = the integer describing the half wave buckling mode along the circumference.

Whereas the critical buckling load for external lateral pressure is determined for a uniform
distribution along the le1  of the cylindrical wall, the actual distribution of p ire is line. 7 varying
from a minimum value at the top to a maximum value at the base of the wall. Seide et al. (1979) identify
theoretical results for a pressure distribution that varies linearly in the longitudinal direction. The critical
equivalent uniform pressure is found to be the length average of the positive pressure di:  yution. If the
lateral pressure is entirely positive along the full length of the cylinder, this corresponds to the average
lateral pressure. Therefore, the at-rest soil pressure at the mid-height of the tank wall was used in the
buckling calculations.

11.2 Buckling Load-Reduction Factors

The buckling load-reduction factor, a;, accounts for the imperfection sensitivity (i.e., deviation
between the actual and theoretical shell geometry) of the structure. Seide (1981) develops alowert nd
correlation equation as a function of radius-to-thickness ratio based on experimental buckling data for
axially loaded cylindrical shells. The use of this lower bound correlation is appropriate when
imperfections are unknown. Experimental values presented for axially compressed cylindrical shells,
while exhibiting considerable scatter, indicate that the discrepancy between theory and experiment tends
to increase as the R/t of the shell increases. Seide attributes this phenomenon to decreased bending
stiffness of the relatively thinner shells, which renders them more susceptible t¢ * perfections during
construction. Seide (1981) presents the following conservative design formula as a lower bound
representation of the experimental data:

11.3
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12.0 Conclusions

The structural analyses discussed in this report do not reveal any significant deficiencies with the
structural integrity of the Type I Hanford single-shell tanks. Very minor rebar yielding (0.05% strain)
was predicted at the edge of the flat roof as the tank thermal history was applied. However, this yielding
did not increase under application of the LC1 (factored static load) or LC4 (unfactored static plus seismic)
load combinations. The analyses represent 67 years of use. The loads imposed on the finite element tank
model are more severe than any service loads to date or currently planned for the future. The analyses
treated the most severe combinations of soil and concrete stiffness and based the structural evaluation on

lower bound concrete strength.

The soil overburdenis = ° ¢’ " 7 777 “helargest contributor to the static ta:
d v S : y el " mal res i nt
in the slab and lower wall where the temperatures were highest (250°F). The material combination of
upper bound concrete modulus and lower bound soil modulus increased the concrete section demands
compared to 1 oaseline case with best estimate material properties.

The Type I tank model was subjected to a 142-kip concentrated load on the soil surface, a 40 1b/ft®
uniform surface load, a 284 inch waste load at 1.7 specific gravity, 11.45 ft of soil overburden, and a 67-
year thermal history that peaked at 250°F. The reinforced concrete structure was evaluated in the manner
required by ACI 349. Load combinations 1, 4 (which includes the seismic load), and 9 of the ACI codes
were evaluated for each variation of soil and concrete properties. The force and moment pairs in the
meridional and hoop directions were evaluated on the force-moment diagrams for each individual cross-

section.

The ACI 349-06 code evaluations show that tank demands are lower than the capacities for all
locations in the roof, upper haunch, and wall for all load combinations. The peak non-seismic ACI 349-
06 load demands are 52%, 22%, 33% of the meridional, hoop, and shear capacities, respectively, in the
roof, upper haunch, and wall. In addition, the maximum tank section forces and moments over the time
history were extracted from the seismic model and combined with the non-seismic forces and moments to
evaluate the ACI seismic load combination. The seismic ACI evaluation results indicate that tank
demands are lower than the ACI 349-06 capacities for all locations in the roof, upper haunch, and wall.
The peak seismic ACI load combination resulted in demands that were 45%, 26%, and 32% of the
meridional, hoop, and shear capacities, respectively, in the roof, upper haunch, and wall. The seismic
loads are small, representing only about 10% of the section capacities. This increases the maximum D/C
ratios for the unfactored thermal and operating loads from 0.35 to 0.45.

Tank-to-tank interaction effects were considered but not specifically evaluated for the Type I tanks
because the 50-ft center-to-center spacing gives 3 radii of soil between adjacent tanks. Furthermore, all
the D/C ratios are significantly less than 0.8, so adding the maximum AD/C=0.2 for tank-to-tank effects
would still result in D/C ratios well below 1.0.

The TOLA analyses and the combined case of TOLA and seismic loads do show several locations in
the bottom slab where section demands are predicted to be higher than capacities. This indicates that
cracking of the slab likely occurred from radial thermal expansion followed by contraction under the
bounding thermal history. However, cracks in the slab do not affect the structural stability of the tank

12.1
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