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PREFACE

The original analysis report on the gunite tank was issued in July 1994 as SAIC-94/1106. During the review
process, a computer code validation was performed. A cantilever beam was modeled using the GTSTRUDL
program and its eight-node brick “IPSL” finite elements. The result showed that GTSTRUDL significantly
underpredicts the beam deflections and stresses for a certain geometry and aspect ratios of the finite elements.
To confirm the analysis results, it was considered necessary to check the tank stresses using a different finite
element program In addition, the earth loading on top of the dome has been incorrectly applied. Therefore, the
loading was corrected and the analysis was performed using GTSTRUDL and a program named SUPERSAP.
There were no significant differences between the results. It was concluded that GTSTRUDL is applicable for
this geometry and produced acceptable results. The updated analysis results from GTSTRUDL are reported here
and the verification results from SUPERSAP are documented in a revised Appendix C. This work was performed
under Work Breakdown Structure 1.4.12.6.1.06.01.01 (Activity Data Sheet 3306).
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EXECUTIVE SUMMARY

LOCATION

This report documents the structural analysis of the 50-ft diameter underground gunite storage tanks
constructed in 1943 and located in the Oak Ridge National Laboratory (ORNL) South Tank Farm, known as
Facility 3507 in the 3500-3999 area. The six gunite tanks (W-5 through W-10) are spaced in a 2 x 3 matrix at
60 ft on centers with 6 ft of soil cover.

GEOMETRY

Each tank (Figures 1, 2, and 3) has an inside diameter of 50 ft, a 12-ft vertical sidewall having a thickness
of 6 in. (there is an additional 1.5-in. inner liner for much of the height), and a spherical domed roof (nominal
thickness is 10 in.) rising another 6 ft, 3 in. at the center of the tank. The thickness of both the sidewall and the
domed roof increases to 30 in. near their juncture. The tank floor is nominally 3-in. thick, except at the juncture
with the wall where the thickness increases to 9 in.

CONSTRUCTION

The tanks are constructed of gunite (a mixture of Portland cement, sand, and water in the form of a mortar)
sprayed from the nozzle of a cement gun against a form or a solid surface. The floor and the dome are reinforced
with one layer of welded wire mesh and reinforcing rods placed in the radial direction. The sidewall is reinforced
with three layers of welded wire mesh, vertical ¥z-in. rods, and 21 horizontal rebar hoops (attached to the vertical
rods) post-tensioned to 35,000 psi stress. The haunch at the sidewall/roof junction is reinforced with 17
horizontal rebar hoops post-tensioned with 35,000 to 40,000 psi stress. The yield strength of the post-tensioning
steel rods is specified to be 60,000 psi, and all other steel is 40,000 psi steel. The specified 28-day design strength
of the gunite is 5,000 psi.

PENETRATIONS IN THE DOME

Penetrations in the dome were made at different stages. The size, number, and location of the penetrations
varies from tank to tank. In one case, five 24-in. and one 30-in. penetrations exist on one tank. This analysis
considered a conservative structural model (Figure ES-1) with seven non-symmetrical penetrations (Figure ES-2).
The assumed penetrations include one 24-in.-diameter hole in the center, four 24-in.-diameter holes along a 20-ft
radius circle, one 30-in.-diameter hole and one 12-in.-diameter holes along a 22-ft radius circle. The actual
penetrations are reinforced with concrete pads. For simplicity, the structural model did not include the pads nor
any penetrations smaller than 12-in. diameter.

ANALYSIS

Engineering analysis of the tanks in recent years was carried out in 1986 and an additional report on further
evaluation of the results was published in 1993. In 1995, a simplified calculation performed by Hanskat reported
that the tension in the dome ring reinforcement steel has exceeded the code allowable stresses. The 1986 analysis
had a limited scope and, as a result, simplified finite element model of a partial tank was used. The 1995
simplified calculation provided safety factors against buckling but not against tensile failure on the dome ring



which is the controlling failure mechanism. This current report uses 3-D finite elements (eight-node bricks) to
model the entire tank (Figure ES-1). The liner inside the wall is observed to have partially deteriorated in two of
the tanks (W-5 and W-6) and has limited structural strength. Therefore the liner is not included in the structural
model.

STRUCTURAL LOADINGS

Static and dynamic loading are considered in this analysis. Dynamic loading is applied to the structure as
equivalent static loading. Loads considered are dead load, static soil pressure, static hydraulic load, tank
earthquake load, dynamic seismic soil load, and dynamic seismic hydraulic load.

The scope of this report does not include miscellaneous loads such as equipments on the super structure,
occasional live loads, etc. Buoyancy effects analyzed previously by Martin Marietta Energy Systems, Inc.
concluded uplift was an unlikely event.

SEISMIC HAZARDS

As aresult of a hazard screening, the South Tank Farm was placed in the general hazard category. Therefore,
following the guidelines of UCRL-15910, the methodology used is a static-equivalent seismic analysis on a three-
dimensional model representing the entire tank. Seven however, the tanks have a high safety factor against
buckling in both the dome and the vertical wall. Seismic-induced stresses range from 7 to 12% of the maximum
static stresses. The maximum principal compressive stress is 642 psi, which is a low value compared to the
allowable compressive stress of concrete having an £¢=5000 psi. The maximum directional tensile and shear
stresses, and the maximum principal stresses from three typical sections of the model are presented in
Table ES-1. Maximum stresses at the top of the wall are presented in Table ES-2. These typical sections are
situated at 0°, 90°, and 180°, with respect to the direction of seismic loading. Total stress was due to static load
plus seismic load. Loading case 4 represents the case of earthquake applied to an empty tank. It can be seen that
the earthquake increases the stress levels by approximately 10%.

For all loading cases considered, the concrete at the top of the tank wall has a high potential to form
horizontal cracks on the exterior face according to the maximum principal tensile stress theory. The vertical
reinforcement at the top of the wall is insufficient to satisfy flexural requirements and this region of the tank wall
is not in compliance with ACI 318, for resisting moments. However, reinforcement is adequate to withstand the
hoop tensile forces in the wall and the dome ring as required by ACI 318, ACI 334, and ACI 344R. Another area
not fully in compliance with these ACI codes is a 3-ft wide band at the edge of dome adjacent to the dome ring.
This region is noncompliant in that the reinforcement cross section provided is not sufficient, by itself, to resist
the tensile load on the gross cross section. However, the concrete tensile stress in this area is smaller than the
allowable tensile stress limit for flexure in plain concrete and much smaller than the modulus of rupture, therefore
cracking is not expected to occur in this region of the tank dome for the load conditions considered.

Openings in the dome do not induce significant stress concentrations. The maximum principal stress, 524
psi, is high, but less than the maximum principal stress, 689 psi, at the top of the wall. Any additional openings
larger than 30-in. diameter may induce higher stresses. Further analysis of openings larger than 30-in. diameter
is recommended.. Reduction in section at the top of the wall may induce cracks under all loadings. At elevations
2 ft below the top of the wall, a reduction of the wall thickness from 6 in. to 5 in., does not increase the concrete
stress beyond the rupture stress limit. At 3 ft below the ring, a 2-in. reduction in wall thickness does not
overstress the concrete. Deflections from all loading combinations are less than 0.1 in.



It is the conclusion of this analysis that the gunite tank is structurally stable with respect to the load
conditions considered. This analysis shows that the dome shell exhibits a safety factor of 51 against buckling.
This factor is considerably larger than safety factor of 4 to 6 recommended by ACI 344-70. The structural
stability of the tank dome is, however, dependant on the peripheral confinement provided by the dome ring. The
dome ring is primarily subjected to tensile loading which is resisted by embedded reinforcement having a yield
strength of 60 ksi. This analysis shows the dome ring reinforcement exhibits a capacity to demand ratio of 1.88
with respect to the recommended ACI 318-89 working stress tensile allowable of 24 ksi for prestressed
reinforcement (reinforcement resisting all tension in the cross section). With respect to yield, the ring
reinforcement exhibits a capacity to demand ratio of 3.5. The cylindrical wall exhibits a safety factor of 44 against
buckling.

Some horizontal cracking is expected to occur in a narrow band of the tank wall just below the dome ring.
Cracking will primarily be confined to-the exterior surface of the wall. The narrow band at the top of the wall
below the dome ring was one of two regions of the tank found not to be in compliance with applicable ACI codes.
A 3 ft. wide ring at the edge of the dome adjacent to the dome ring was also found to be non-compliant with
respect to ACI 344 requirements for tensile reinforcement. With respect to the former noncompliant finding, it
should be noted that many tanks of this type have been designed with a through wall joint in this location (e.g.
Fig. 2.5.4.2b ACI 344-70). It is evident that should a through wall crack develop in the subject region of the tank
wall, the structural integrity of the tank will be maintained. With respect to the latter, calculations show that the
tensile stress level on the gross section of plain concrete in the subject region is so low that the section will not
crack and the integrity of the section will be maintained when subjected to the load conditions considered.
Noncompliance with respect to applicable codes in these instances clearly does not affect the structural integrity
or stability of the tanks. The confinement capability of the tanks may be compromised by a through wall crack
below the dome ring, however, controlling the elevation of fluids stored in the tanks administratively will mitigate
that potential problem.



Table ES-1. Maximum stresses of overall tank structure (psi)

Static and
Seismic Loads Static Load
Loading | Stress Loading Stress
Type of Stress Location* Node | Case (psi) Case (psi) Ratio**
Directional Sxx 1 8128 6 542 2 488 1.11
Tensile and
Shear Syy 5 4071 4 549 1 489 112
Stresses ‘
Sz 3 8592 4 833 1 781 1.07 ']
Sxy 6 4071 4 544 1 491 1.11
Sxz 4 8903 8 453 3 410 1.10
Syz 6 41 4 523 1 488 1.07
Principal Tension 6 4071 4 689 1 621 1.11
Stresses
Compression 2 8595 4 642 1 597 1.08
Tmax 6 4071 4 467 1 420 1.11
NOTES:

Stresses shown above are finite fiber stresses for an uncracked section. Stresses may have been recast in calculations in order to evaluate

reinforced cross sections.

*Locations 1:  30-in. opening, bottom surface

2:  30-in. opening, middle surface
3:  30-in. opening, top surface

4:  Edge of dome, bottom surface
5: Bottom ofring

6:  Top of wall, exterior surface

**Ratio = Stress due to static plus seismic load/stress due to static load



Table ES-2. Maximum stresses at top of wall (psi)

Static and
Seismic Loads Static Load
Type of stress at Node 4071 (Loading Case 4) (Loading Case 1) Ratio*
Directional Sxx 215 196 1.10
Tensile and
Shear Stresses Syy 200 189 1.06
Szz 250 249 1.00
Sxy 544 491 1.11
Sxz 1 1 1.00
Syz 7 10 0.70
Principal S1 689 621 1.11
Stresses
S2 250 249 1.00
S3 -246 =218 1.13
NOTES:

Stresses shown above are finite fiber stresses for an uncracked section. Stresses may have been recast in calculations in order to evaluate
reinforced cross sections.

*Ratio = Stress due to static plus seismic load/stress due to static load.



SUGGESTIONS

The structural integrity of the dome ring is very important. As long as the ring is intact, the tank will not
collapse regardless of localized spalling in the vertical tank wall. Presently the ring has a reserve capacity of
more than 80% with respect to tensile working stress code allowables and a capacity to demand ratio of
approximately 3.5 with respect to ultimate tensile capacity. Provided the ring maintains its integrity, the dome
has a safety factor of 51 against buckling for the load conditions considered. The cylindrical wall has a safety
factor of 44 (assumes hinges form at the top and bottom of the wall, i.e. worst case boundary conditions). The
most likely path to failure is that the stiffening ring becomes overstressed due to additional dome loading or
severe reduction of the dome ring reinforcing steel cross section, cracks develop in the dome ring and the tank
wall immediately below, followed by large deformations in the dome ring in both radial and circumferential
directions causing the dome shell to loose edge constraint, eventually the dome collapse follows. Therefore the
integrity of the dome ring must be insured. The following precautions are recommended:

Drilling in or near the ring should be avoided as such activity could cause severe weakening of the structure.

The dome roof should not be subjected to any additional soil or equipment load without engineering
evaluation. If cracking in the tank wall below the dome ring is acceptable, the dome will accommodate a good
deal of additional load.

Any additional openings larger than 30-in. diameter in the dome should be evaluated on a case-by-case basis.

xiv
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1. INTRODUCTION

This report documents the seismic analysis of the underground gunite storage tanks located in the South
Tank Farm at the Oak Ridge National Laboratory (ORNL). The South Tank Farm, known as Facility 3507, is
a storage facility located in the 3500-3999 area of the main plant area of ORNL. This analysis was performed
in support of the Gunite and Associated Tanks (GAAT) Treatability Study which is being performed to study
the feasibility of various remedial action techniques.

The analysis does not represent the behavior of any specific tank, but rather is considered a typical analysis
representing a reasonably conservative behavior of the tanks in general. Physical inspection of the tanks was not
possible. Remote inspection (Energy Systems, 1992a) indicates some deterioration of the tank inner liners
especially in Tank W-5. Effects of deterioration were accounted for in the mathematical model and calculation.

The hand calculations are attached in Appendix A. The peer review comments and resolutions are included
in Appendix B. The SuperSAP computer code verification and selection of the finite elements are attached in
Appendix C. The input file for the analysis is attached in Appendix D.

This analysis did not address uncertainties in soil or material properties (e.g. degradation of concrete
strength), undocumented stress risers (e.g. irregularities in penetration cross section), or undocumented abrupt
changes in cross section (e.g. wall spalling). Some simplification in the math model was required due to model
size limitations.






3
2. DESCRIPTION OF TANKS

Section 2.1 provides a description of the tanks as they were constructed in 1943. Section 2.2 gives a
description of the tanks based on information obtained more recently during the Sludge Removal Project in 1981
(Fricke, 1993). Section 2.3 discusses the penetrations in the dome. A second video review of these tanks was
made in 1992 (Bechtel, 1992). There has been no apparent deterioration of the tanks in addition to that visible
in 1981. The details of the condition of the outside of the shell is not known.

2.1 GENERAL DESCRIPTION

Facility 3507 consists of six inactive below-ground waste storage gunite tanks. All pipelines feeding the
tanks have been capped, and the tanks are no longer part of the active LLLW system. They were used to collect
and store the liquid portion of the radioactive and/or hazardous chemical wastes produced as part of normal
facility operations at ORNL. As the tanks were taken out of service, the liquid waste from these tanks was
pumped out, although some residual liquid and sludge may be left in them.

The six gunite tanks (W-5 through W-10), originally constructed in 1943, are located at 60-ft centers in a
2x3 matrix in the South Tank Farm (Ref. UCC-ND Drawing C3E-20539 X006). A limited amount of
information is available concerning details of tank construction. The following data are obtained from Fricke
(1986, 1993). Figures 1 and 2 show the major details of the tanks; these figures are taken from UCC-ND
drawings E-56866 and D-56867, respectively. Each tank has an inside diameter of 50 ft, a 12-ft vertical sidewall
with a nominal thickness of 6 in. (there is an additional 1.5-in. inner liner for much of the height), and a spherical
domed roof (nominal thickness is 10 in.) rising another 6 ft, 3 in. at the center of the tank. The thickness of both
the sidewall and the domed roof increases to 30 in. near their juncture. The tank floor is nominally 3-in. thick,
except at the juncture with the wall where the thickness increases to 9 in.

The tanks are constructed of gunite (a mixture of Portland cement, sand, and water in the form of a mortar)
sprayed from the nozzle of a cement gun against a form or a solid surface (Fricke, 1986). The floor is reinforced
with one layer and the dome with two layers of 4 x 4 - W2.1 x W2.1 welded wire mesh and 3/8-in.-diameter
reinforcing rods placed in the radial direction. The sidewall is reinforced with three layers of welded wire mesh,
vertical 1/2-in. rods, and 21 horizontal rebar hoops (attached to the vertical rods) post-tensioned to 35,000 psi
stress, The haunch at the sidewall/roof junction is reinforced with 17 horizontal rebar hoops post-tensioned with
35,000 to 40,000 psi stress. The yield strength of the post-tensioning steel rods is specified to be 60,000 psi, and
all other steel is 40,000 psi steel. The specified 28-day design strength of the gunite is 5,000 psi (Union Carbide
drawing E-56866). Each tank has approximately 8,000 ft* of wire mesh and over six tons of reinforcing steel rods
within the concrete (Fricke, 1986).

Each tank sits on an individual concrete pad. The thickness of soil between tank foundation and top of rock
varies from 0 (near Tank W-6) to 14 ft (near Tank W-9). The concrete pad has a raised rim that forms a saucer
(Figure 3) which directs drainage and any leakage into a dry well and drain system. The tank sidewall has a 3-fi-
thick backfill of crushed stone forming a French drain and providing for passage of groundwater drainage and
any leakage to the dry well and drain system. The rest of the surrounding soil is composed of compacted available
fill, and clay. The tank domes are covered with 6 ft of compacted earth.




2.2 EXISTING CONDITION OF THE TANKS

The existing condition of the tanks is not well known since a hands-on inspection is not permitted. The
details of the condition of the outside of the shell are not known.

As part of the Sludge Removal Project (Fricke, 1993): 1) Schmidt Rebound Hammer readings, to estimate
concrete strength, were taken of the dome of all tanks except for W-9, 2) core samples were taken from the dome
of Tanks W-5 and W-10 at various locations and cylinder strength tests performed on the cores, and 3) a
television camera was lowered into each tank where black and white videotapes and photographs of the interior
of the tanks were made. The Schmidt Rebound Hammer test results indicate that the concrete strength (for the
dome) varies between 4,700 and 6,400 psi. The cylinder tests of the cores from Tanks W-5 and W-10 show
concrete strengths consistently higher than those obtained from the Schmidt Hammer tests; the cores produce
strengths between 5,500 and 16,000 psi (10,200 psi average). Since the construction techniques were similar,
it is reasonable to assume the walls have the same strength as the dome. A compressive strength of 5,000 psi for
the concrete was specified in the design drawing and is assumed for this analysis.

It is obvious from the photographs and the videos of the tank interiors that the existing condition of the tanks
varies (Fricke, 1993). Tank W-5 is in the worst condition of the six tanks; parts of its inner 1.5-in. liner appear
to be so thin that, in some areas, the wire mesh is exposed; in some areas, the wire mesh has folded back on itself
(probably at overlap boundaries where the inner liner is thin). There are also indications that there may be more
extensive deterioration of the walls of Tank W-5, such as areas of discoloration indicating possible holes or
erosion. The past history of the six tanks indicates that Tank W-5 has been used more extensively as a holding
tank for chemicals and has been, on several occasions, exposed to highly acidic liquids, which probably accounts
to a large degree for its present condition. Tank W-6 shows similar, but less deterioration. The video tapes and
photographs of the remaining four tanks do not reveal deterioration like those found in Tanks W-5 and W-6.
None of the other tanks have exposed wire mesh, holes, or discoloration (Fricke, 1993).

2.3 PENETRATION IN THE DOME

Penetrations in the dome were made at different times in the life of each tank. The size, number, and location
of the penetrations varies from tank to tank. In one case, five 24-in. and one 30-in. penetrations exist on one tank.
This analysis used a conservative structural model with seven nonsymmetrical penetrations. The assumed
penetrations include one 24-in. diameter hole in the center, four 24-in. diameter holes along a 20-ft radius circle,
one 30-in. diameter hole, and one 12-in. diameter hole along a 22-ft radius circle. The actual penetrations in the
field are reinforced with concrete caisson of additional thickness and diameter. For simplicity, the finite element
model did not include the caisson nor any penetrations smaller than 12-in. diameter.

e ———————p ot e . — a e e — e e ——— e e e —————— =
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3. ANALYSES

This section discusses the methods used in the analysis of the typical gunite tank. Section 3.1 summarizes
the methodology, while Section 3.2 discusses the seismic hazard level used in this analysis. Sections 3.3 and 3.4
describe in detail the finite element model and the structural loads applied to the model. Section 3.5 discusses the
various loading combinations required to describe the state of stress in a tank accurately.

3.1 METHODOLOGY

The finite element technique was used to perform this study. This approach was selected for modeling the
tanks and the loads because it can easily handle complex structures with varied material properties, geometric
configurations, and boundary conditions. The computer program selected was GTSTRUDL (GTICES Systems
Laboratory, 1991) which is available on the ORNL-RISC computer workstation.

A nonlinear soil-structure interaction (SSI) is beyond the scope of this study. Therefore, only the tank
structure is included in the mathematical (three-dimensional finite element using solid elements) model of the
system. An equivalent static analysis was performed for the evaluation of the dynamic effects of the surrounding
soil.

3.2 SEISMIC HAZARD CLASSIFICATION

The only non-standard industrial hazards associated with the South Tank Farm are a radiation source
hazard and a toxic hazard associated with the radioactive liquid waste. Resulted from a hazard screening (Energy
Systems, 1992b), the South Tank Farm was placed in the general hazard category. The DOE seismic requirement
(UCRL-15910) for a general hazard category structure is to withstand an earthquake with return period of 500
years using the static-equivalent seismic analysis procedures specified in Uniform Building Code (UBC 1994).
As shown in Figure 4, the Oak Ridge Site Specific rock PGA for a 500-year return period is 0.08g (Beavers and
Hunt, 1994). To account for different site geology and soil characteristics, UBC code specifies a soil and site
correction factor S established from substantiated geotechnical data. In locations where the soil properties are
not known in sufficient detail to determine the soil profile type, as is the case in this analysis, UBC codes
recommends a soil profile factor of S = 1.5. This analysis conservatively used a PGA of 0.14g. The tank structure
is therefore subjected to static and seismic (dynamic) loads induced by a 0.14-g horizontal and a 0.09-g vertical
ground accelerations. (The vertical earthquake component is typically defined to be two-thirds of the horizontal
component.)

3.3 FINITE ELEMENT MODEL

The gunite tanks are upright cylindrical tanks having domed roofs and buried 6 ft underground. A three-
dimensional model of the full-size tank, as shown in Figure 5, was constructed of eight-node elements using
GTSTRUDL's tridimensional "IPSL" elements. Since local stress conditions around the various openings in the
tank dome are required by Energy Systems, the entire tank has been modeled. The bottom of the tank was not
modeled completely as it contributes little to the stiffness of the tank. The tank wall and the modeled portion of
the tank floor were modeled one layer thick. Because of uncertain structural strength and integrity, the inner liner
of the wall was assumed to provide no additional structural capacity and was not included in the model.



6

The dome was modeled as being two layers thick, as shown in Figure 6, with the bottom of the upper layer
connected to the lower layer via rigid space trusses (mathematically equivalent to a gap element that transfers only
compressive axial force to the lower dome). The dome was modeled in two layers because the original 5-in.-thick
dome was thickened after original construction by the addition of a 5-in.-thick over-layer. Available drawings (see
list at the end of Attachment A) indicate that a cold joint exists between the two dome layers. The two 5-in. layers
of dome may behave like a single 10-in. layer of dome, but uncertainties remain, and it is conservative to assume
the two 5-in. layers configuration. The model consists of 8,424 elements, 2,392 rigid links and 16,120 joints. The
model is axi-symmetric except for seven openings in the dome (as shown in Figures 7). The tank model is
restrained in all translational directions at nodes along the bottom face of the tank floor. All other nodes are free
to translate and rotate in three directions.

The material property of the finite element represents uncracked concrete strength. the strength of the
reinforcing steel is not included in the element but considered in hand calculations after the stresses in the finite
element are reported by the computer. The tank floor, wall, and dome elements are assumed to be homogenous
and isotropic (ACI Committee 344, 1981). Wall elements are modeled as being 6-in. thick, dome elements as
being 5-in. thick (each layer), and floor elements as being 3-in. thick. Floor elements within a 4-ft band near the
wall thicken in the radial direction from 3 in. to 9 in. at the inside face of the tank wall. The stiffening ring at the
edge of the dome was represented by a cross section of 15 finite elements. The finite element model is axi-
symmetric except the seven openings in the dome are not located axi-symmetrically. See Figure 8 for detailed
configuration.

The selection of the 8-node elements over 20-node elements was based on computer capacity, computing
time, accuracy of results, and effort required to interpret the results. Detailed assessment of element applicability
and accuracy is reported in Appendix C. The most critical stresses used in the analysis are the maximum principal
stress and Syy. The maximum principal stress was used for screening purpose. The direction stress Syy is used
for the evaluation of vertical wall strength below the haunch. These stresses are almost identical between two
programs. It is concluded the results predicted by GTSTRUDL are adequate and compatible with the results
obtained from the program SuperSAP.

The model consists of 104 identical pie segments representing the entire tank. Earthquake induced dynamic
soil and fluid pressures were treated as static loading conditions. Soils were considered as loads, not as a part of
the finite element model. Group behavior due to tank-to-tank interaction during a seismic event was not
considered in the model, but was later evaluated (see Appendix A) and found to add only 3% to the maximum
combined stresses.

3.4 STRUCTURAL LOADING

Static and dynamic loading considered in this analysis. Dynamic loading is applied to the structure as
equivalent static loading. Loads considered are dead load (DL), static soil pressure (Hy), static hydraulic load
(Fs), post-tensioning in reinforcing steel (T;), tank earthquake load (E), dynamic seismic soil load (H ), and
dynamic seismic hydraulic load (Fp).

The scope of this report does not include miscellaneous loads such as equipment on the super structure,
occasional live loads, etc. The uplift from buoyancy effects was analyzed previously by Energy Systems and was
determined to be unlikely.




3.4.1 Static Loads
Static loads applied to the structure include:

Dead Load (DL) Structure self-weight is accounted for by GTSTRUDL. The unit density of the gunite
(0.0868 1b/in’) is input and GTSTRUDL computes unit weights by applying the
density to the element volume at 1 g. Element weight is distributed to structural joints
in proportion to tributary volume.

Static Soil Pressure (Hy)  Consists of dome pressure (Hgp) and wall pressure (Hgy) :

Dome Pressure (Hs,).  The 6-ft.-thick soil overburden on the dome is applied to the model as a surface
pressure on dome elements. Soil dome pressure is computed based on a unit
weight of soil of 110 Ib/ft>. The soil overburden is applied in the vertical (global)
direction as an element surface load.

Wall Pressure (Hgy,).  Lateral at-rest earth pressures are applied externally and normal to the tank walls.
The load diagram is trapezoidal, being 1.604 psi at the top of the tank wall and
5.306 psi at the bottom.

Hydrostatic Pressure (Fg) Hydrostatic pressures from stored fluids are applied to the interior face of the tank
wall based on a fluid having a specific gravity of 1.25 (Fricke, 1986) for the full
(11-ft fluid depth) and the half full (6.2-ft fluid depth) conditions. Hydrostatic
loading is applied internally and normal to the tank walls. Hydrostatic loading is
investigated for both the full (Fs) and half-full condition (F,,).

Post-Tensioning (T) The hoop reinforcement in the tank walls and the confinement ring at the edge of
the tank dome are fabricated from steel with a 60-ksi yield. (ACI Committee
344,1981) recommends that, unless precise methods are used to determine
prestress losses, 32-ksi losses should be assumed (Friction loss was compensated
in the construction stage to achieve the design prestress). Fricke (1986) predicts
that 90% of pretension has been lost. This analysis assumes that all prestress has
been lost.

3.4.2 Dynamic Loads

The dynamic loads considered include seismically induced soil pressure, hydrodynamic pressure, seismically
induced sloshing, and structural inertial forces. Dynamic loading is applied to the tank model as a set of
equivalent static loads. In each case, the equivalent static loads are derived from the estimated peak dynamic
loading. The tank is very stiff with respect to lateral loading (height to diameter ratio = 0.25); similarly, in the
vertical direction the walls and the dome (as a result of its geometry and applied load distribution) are also stiff.
This analysis accounts for that stiffness by neglecting dynamic amplification and damping effects of the structure.

Inertial Loads (E) Equivalent static loading is determined by multiplying model element mass by Design
Basis Earthquake (DBE) peak ground accelerations. In reality, the inertia load (E) acts
in the opposite direction to the dynamic soil loads (Hp) discussed below. In this
analysis, both inertia loads and dynamic soil loads are conservatively combined as if
both loads acted together in the same direction.
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Dynamic soil loading (Hy) Dynamic soil loading is determined as though the tank were a retaining wall. The
methods of Prakash (1981) are used to determine lateral dynamic pressures.
Dynamic soil pressures also act along the direction of seismic motion and are
distributed to the structure according to proportion of mass acting on each element
in that direction. The resulting pressure bulb in plan is crescent shaped at a given
elevation above the tank. Vertically, the dynamic earth pressure distribution is
non-linear. The resultant in a typical vertical slice is located 0.6 of the wall height
(h) from the bottom of the tank. This analysis uses an equivalent trapezoidal
stress distribution. Horizontal pressures are distributed over the wall height with
pressure intensities in a vertical slice being zero at the bottom, increasing linearly
to a maximum value at 0.5h, remaining constant to 0.8h, then decreasing linearly
to 0 at the top of wall. The resultant from this equivalent distribution is located
at 0.56h = 0.6h.

Dynamic soil pressures on the "leeward" side of tank are neglected. The 6-fi-thick soil blanket is treated as
dead weight and accelerated vertically at peak ground acceleration.

Hydrodynamic Loads (F;;) When subjected to random vibrations, confined fluids develop inertial forces due
to ground acceleration and sloshing forces due to wave action. This analysis uses
the methodology of Newmark (1971) to develop equivalent static loadings for
both loading types. Newmark's methodology determines the magnitude of the
equivalent static forces and their location with respect to the bottom of the tank.
These equivalent static loadings are applied to the interior face of the tank shell
as a surface pressure on a horizontal band of elements at the elevation of the force
center determined by the Newmark method. Distribution of the equivalent load as
an equivalent localized pressure is conservative (local stress levels near the loaded
elements are overestimated), but is computationally expedient.

Hydrodynamic fluid pressure acts along the direction of seismic motion. The hydrodynamic pressure in each
pressure band is distributed to the face of each tank wall (band) element in proportion to the fluid mass acting
dynamically on the element. Because of the geometry of the circular tank wall, the resulting pressure bulbs are
crescent shaped. Pressures are maximum at the center of the pressure band (e.g., at the 0° azimuth of the tank
in plan), tapering off to zero at the pressure band extremes 90° and 180° azimuths). Hydrodynamic loading is
investigated for both the full (Fp,,), half-full condition (F,p,) and in-phase with the earthquake soil pressure
and for (Fp) and (F; ) out-of-phase (against) the earthquake soil pressure direction.

When the inertia force and the sloshing force are in phase, the forces exert on the same direction against
the same wall. When the forces are out-of-phase, they were exerted on opposite sides of the tank wall.
Observation indicates that the total loads on the tank wall are more conservative when the forces act on the same
side of the tank wall. In this analysis, the inertia force is added to the sloshing forces as if they act in-phase with
each other.

3.5 LOAD COMBINATIONS

The purpose of this analysis is to determine whether the tank has the capacity to resist the DBE for the
ORNL site. During a seismic event the probability that the hydrodynamic and dynamic soil loading will occur
simultaneously is remote. Structural response to these loadings should be combined probabilistically (e.g., Square
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Root of the Sum of the Squares). This analysis conservatively combines responses algebraically. Loading
combinations analyzed by the GTSTRUDL program include:

Static Load Cases:

L D T P Empty Tank

D T o T A Full Tank

K D T PO T Half-full Tank
Dynamic Load Cases:

4, DL+Hgp+Hg +E+Hp ..ottt iiiiiiieeeennnnnn Empty Tank + Earthquake

5. DL+Hgp+Hgw +E+Hp+Fs+Fy, oo Full Tank (in-phase) + Earthquake

6. DL+Hg+Hg +E+H +Fg+F, ..ol Full Tank (out-of-phase) + Earthquake

7. DL+Hg +Hgy+E+Hp+F s+Fyp, oot Half Tank (in-phase) + Earthquake

8. DL+Hgp+Hgy +E+Hy+F s+F p ..ol Half Tank (out-of-phase) + Earthquake
where

DL = tank structural self weight

Hg, =  static soil top pressure from earth over dome

Hg, = static soil lateral pressure from earth adjacent to tank wall

E = tank structural force induced by earthquake

H, = dynamic soil loading

Fs = hydrostatic liquid pressure of full tank

F,s = hydrostatic liquid pressure of half-full tank

Fp, = hydrodynamic liquid pressure of full tank that is in-phase with the earthquake

| =  hydrodynamic liquid pressure of half-full tank in-phase with the earthquake

Fp. = hydrodynamic liquid pressure of full tank that is out-of-phase with the earthquake

F.p. = hydrodynamic liquid pressure of half-full tank out-of-phase with the earthquake

3.6 BOUNDARY CONDITIONS AND ASSUMPTIONS
3.6.1 Tank Foundations

The soil boring log (Geotech, 1978) reveals that the soil layer beneath the tanks varies from 0- to 14.5-ft
thick. It is very unlikely that fill concrete extends 14.5 ft. below the tank bottom. This analysis evaluates the
behavior of the tanks in general. All tanks are considered as supported on soil. In accordance with the
methodology of the Uniform Building Code (UBC) and this assumption a higher value, 0.14g, of the peak
ground acceleration was used in this analysis.

3.6.2 Structural Integrity
Video inspection shows deterioration of concrete walls in Tanks W-5 and W-6 (Bechtel, 1992; Energy

Systems, 1992a). The domes are in good condition. For the finite element analysis, wall section thickness without
the inside liner is used. Then, evaluation of the wall sections with further deterioration is hand calculated.
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3.6.3 Openings in Dome
Openings in dome vary from 3/8-in.-diameter small pipe penetrations to 30-in.-diameter manholes. The
number and location of the openings are not uniform in all tanks (Appendix A). A configuration of one 30-in.,

five 24-in., and one 12-in. openings is used (Figure 7). All smaller openings (3/8 in. to 6 in.) are ignored; stress
concentration around smaller openings is assumed not to be a problem.

3.7 MATERIAL PROPERTIES
f! = 5,000 psi, compressive strength of concrete
f, = 40,000 psi, yield strength of non-prestressed reinforcement

£, = 60,000 psi, yield strength of prestressed reinforcement

f, = 18,000 psi, allowable tensile stress in non-prestressed reinforcement for static loadings with 33%
increase for static loading plus seismic loading

f. = 1,900 psi, allowable compressive stress of concrete

f. = 300 psi, concrete tensile stress limit in terms of maximum principal tensile stress (S,)

The yield strength of the post-tensioning steel £, is specified to be 60 ksi in the original design. The steel
was tensioned to 30 to 40 ksi. The stress loss can be as high as 32 ksi (ACI Committee 344, 1981). The post-
tensioning steel behaves essentially as regular steel, assuming loss of the entire pre-stressing capability.

3.8 ACCEPTANCE CRITERIA

The underground reinforced gunite tank is evaluated as a shell structure. There is no record indicating the
tank has been exposed to elevated temperature nor will be subjected to temperature higher than 150° F. Guiding
criteria are from the work of ACI Committees 344 (1981& 1970), 318 (1989), and 334 (1982). High tensile
stress areas in concrete are determined by the maximum principal tensile stress theory. Von Mises criterion was
also considered, but it was dropped because the Von Mises stresses were driven by a large compression value,
and not tension,

The acceptance criteria used in this analysis are based on the working strength design (WSD) design
philosophy for design of reinforced concrete (ACI Committee 334 (1982). WSD is the reinforced concrete design
criterion in general use during the time in which the tank was constructed.

Crack potential of the shell is determined by comparing computed maximum concrete tensile stresses to the
tensile stress limit of concrete.

3.8.1 Tensile Stress in the Concrete
In this analysis, allowable tensile capacity for the comparison with principal tensile stress is taken as the

concrete tensile stress limit recommended by Chen (1982) viz., £, = 4vf'c, or approximately 300 psi. This tensile
stress is only used as a screening criteria to determine whether a cross section is prone to cracking.
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3.8.2 Compressive Stress in the Concrete

The compressive stress in concrete is limited to the WSD-bearing stress allowable for bearing on the full
cross section, i.e., 0.38f'c or 1900 psi (ACI 344-70).

3.8.3 Tensile Stress in the Reinforcement

Ultimate tensile capacity is generally limited to the yield strength (Fy) of that grade of steel from which the
reinforcement is fabricated. ACI Committee 344 (1981), however, suggests that the allowable tensile stress of
the non-prestressed steel be taken as 18,000 psi with 33% increase for seismic loadings regardless of yield stress.
The rational for this seemingly non-conservative treatment of reinforcement is that flexure is not the primary
behavior in thin shells, Because of the geometry of the shell and the load distribution on the shell, stresses in shell
structures are generally compressive or tensile (ACI Committee 318, 1989). ACI 344 (1981) and ACI 334 (1982)
recommend that tension in shell structures be carried entirely by the reinforcement and that the reinforcement be
sized accordingly. The low allowable stress is conservative for sizing steel in pure tension, however, in flexural
situations sizing steel according to this guidance can ultimately lead to brittle behavior. Shell structures generally
do not exhibit a large degree of flexural behavior (ACI Committee 334, 1982; ACI Committee 344, 1981;
Billington, 1982). The gunite tank in question exhibits bending behavior at the top of the cylindrical wall.

For prestressed reinforcement, the allowable tensile stress is taken as 24,000 psi with 33% increase for
seismic loadings.
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4. ANALYSIS RESULTS

This section discusses the stresses, displacements, effects of holes in the dome, permissible overloads on
top of the dome, permissible reduction in the wall section, tank stability, and structural integrity.

4.1 STRESSES

Of all the load cases considered, the empty tank during earthquake (load case 4) (with no internal hydrostatic
pressure to provide counterbalance force to resist the external pressure from the soil) caused highest stress in the
tank. The maximum principal stress distribution plot of tank top surface for load case 4 is shown in Figure 9. The
stresses for different portions of the tank are discussed in the following paragraphs.

4.1.1 Dome Top Surface

The center portion of the dome is in compression. The maximum principal compressive stress is 642 psi (at
midsurface not visible from the plot), which is a low value compared to the allowable compressive stress
in concrete (1,900 psi). No further evaluation of compressive stress is needed. There is no significant stress
increase near the hole openings. The perimeter of the dome is in tension with stresses less than 150 psi.

4.1.2 Dome Ring

The detailed dome ring stress distribution of Figure 9 is magnified in Figure 10. The dome ring is in tension
with stresses ranging from less than 250 psi (in Figure 9) at the top surface to 350 psi at the bottom of the
ring in (Figure 10), with an average tensile stress of about 300 psi. The highest principal stress above 650
psi occurs, in a highly localized region viz., at the junction between the dome ring and the top of the wall.
The stress decreases very rapidly as the location drops below the dome-wall junction.

4,1.3 Tank wall

As shown in Figure 9, the tank wall is in compression primarily at locations four feet below the top ring-wall
junction. The bottom junction with the floor displays slight tensile stress, less than 150 psi, due to flexure
caused by lateral earthquake motion.

4.1.4 Dome Ring Bottom Surface

As shown in Figure 11, the center portion of the dome is in compression. Similar to the dome top surface,
at locations closer to the edge of the dome, the stresses become tensile. The principal stresses increase to
about 200 psi.

4.1.5 Penetrations on Dome

The close-up view of stress distribution around the holes shown in Figure 11 is magnified in Figure 12. The
stresses are intensified at the edges of the penetrations. The stress increases around the hole intensify more
rapidly at hole locations closer to the dome perimeter (dome ring). The stresses at the bottom edge surface
of hole E increase from less than 100 psi to more than 250 psi. The Inner surface of hole E has stress well
above 300 psi. Figures 13, 14, and 15 depict the global stress of Sxx, Syy, and Szz respectively. The stress
intensification around the holes influences only areas within approximately 1.5 diameters of the hole. It can




14

be seen that when additional holes are drilled, the impact on dome structural integrity can be minimized if
the holes are spaced at least three diameters away from other hole center and one diameter away from the
dome ring.

4.2 MAXIMUM STRESSES DUE TO TOTAL LOAD

Maximum stresses due to static and seismic loads are presented in Table 1. The directional stresses for node
4071 of element 2126 where stress is maximum are show on page 73 of Appendix A.

For all loading cases, concrete at the top of the wall has a high potential to form horizontal cracks on the
exterior surface according to the maximum principal tensile stress theory. The vertical reinforcement at the top
of the wall is not in compliance with ACI codes for resisting moments. However, reinforcement is adequate to
withstand hoop tensile forces in the wall, dome ring, and stresses in most of the dome as required by ACI-318,
ACI-334, and ACI-344. Another area not fully in compliance with the ACI codes on the requirement of
reinforcement is the 3-ft band at the edge of dome; however, the concrete tensile stress in this area is relatively
low failure is not expected to occur. Figures 16 through 18 show the distribution of stresses.
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Table 1. Maximum stresses of overall tank structure (psi)

Static and
Seismic Loads Static Load
Loading | Stress Loading Stress
Type of Stress Location* Node | Case (psi) Case (psi) Ratio**

Directional Sxx 1 8128 6 542 2 488 111
Tensile and
Shear Syy 5 4071 4 549 1 489 1.12
Stresses

Szz 3 8592 4 833 1 781 1.07

Sxy 6 4071 4 544 1 491 1.11

Sxz 4 8903 8 453 3 410 1.10

Syz 6 41 4 523 1 488 1.07
Principal Tension 6 4071 4 689 1 621 1.11
Stresses

Compression 2 8595 4 642 1 597 1.08

Tmax 6 4071 4 467 1 420 1.11

NOTES:

Stresses shown above are finite fiber stresses for an uncracked section. Stresses may have been recast in calculations in order to evaluate
reinforced cross sections.

*Locations 1:  30-in. opening, bottom surface

2:  30-in. opening, middle surface
3:  30-in. opening, top surface

4:  Edge of dome, bottom surface
5:  Bottom of ring

6:  Top of wall, exterior surface

**Ratio = Stress due to static plus seismic load/stress due to static load
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Table 2. Maximum stresses at top of wall (psi)

Static and
Seismic Loads Static Load
Type of stress at Node 4071 (Loading Case 4) (Loading Case 1) Ratio*

Directional Sxx 215 196 1.10

Tensile and Shear
Stresses Syy 200 189 1.06
Szz 250 249 1.00
Sxy 544 491 1.11
Sxz 1 1 1.00
Syz 7 10 0.70
Principal Stresses S1 689 621 1.11
S2 250 249 1.00
S3 -246 -218 1.13

NOTES:

Stresses shown above are finite fiber stresses for an uncracked section. Stresses may have been recast in calculations in order to evaluate
reinforced cross sections.

*Ratio = Stress due to static plus seismic load/stress due to static load.
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4.3 DISPLACEMENTS

All displacements are small. Displacements are listed below and are illustrated in Figures 19 and 20.
Although temperature change and shrinkage effects are not included in the analysis, these small displacements
indicate that no further evaluation is needed. They also reveal that monitoring the displacements of the dome will
not give adequate indication of any potential overall structural failure.

Maximum
Displacement Loading
(in.) Location Element Node Combination
Vertical 0.093 Center of 58 152 5
dome
Horizontal 0.023 Top of wall 20 41 5

4.4 EFFECTS OF HOLES IN DOME

The maximum principal tensile stress around the 30-in. manhole is 316 psi. The stress is not high compared
to other locations. It is reasonable to conclude that any additional openings smaller than 30-in. diameter and not
located within three diameters of another opening or the edge of the dome ring can be made in the dome without
inducing stress concentration problems (Timoshenko and Goodier, 1951). Any openings larger than 30-in.
diameter should be evaluated on a case-by-case basis.

4.5 ADDITIONAL DOME LOADS

Additional soil or equipment load on the dome may cause horizontal cracks on the exterior surface of the
wall in a narrow band just below the dome ring. However, stresses exceeding the cracking strength of the concrete
only exist in localized areas. The stability of the tank is not threatened since the stresses in the remainder of the
tank wall and the dome ring are not high.

Further analysis should be performed to determine the effects of additional soil load and large concentrated
loads on the dome (e.g., platform columns and footings).

4.6 REDUCTION IN SECTION

The 1.5-in. gunite liners on the interior surface of the wall in Tanks W-5 and W-6 show some degree of
spalling, patches of welded mesh wires are exposed. Inspection did not show any deterioration in other tanks.

Deterioration at the top of the wall can be a problem. After exposure to the chemicals, the quality of gunite
becomes uncertain. The maximum principal tensile stress, already at the code stress limits, may be intensified
and additional cracking may occur. No reduction of the wall thickness in the top 2 ft is desirable. A reduction of
1in. is acceptable for the portion of the wall 2 ft below the top. If the section reduction is located at 3 £ or more
below the top of the wall, then a reduction of 2 in. in the wall thickness is acceptable.
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4.7 STABILITY

This analysis shows that the dome shell exhibits a safety factor of 51 against buckling. This factor is
considerably larger than safety factor of 4 to 6 recommended by ACI 344-70. The structural stability of the tank
dome is, however, dependant on the peripheral confinement provided by the dome ring. The dome ring is
primarily subjected to tensile loading which is resisted by embedded reinforcement having a yield strength of 60
ksi. This analysis shows the dome ring reinforcement exhibits a capacity to demand ratio of 1.88 with respect to
the recommended ACI 318-89 working stress tensile allowable of 24 ksi for prestressed reinforcement
(reinforcement resisting all tension in the cross section). With respect to yield, the ring reinforcement exhibits
a capacity to demand ratio of 3.5. The cylindrical wall exhibits a safety factor of 44 against buckling.

4.8 STRUCTURAL INTEGRITY

It is the conclusion of this analysis that the gunite tanks are structurally sound and are adequate to
perform the functions they were designed for. The structural stability of the tank dome is dependant on the
integrity of the dome ring. For the load conditions considered the dome ring exhibits a capacity to demand ratio
of 1.88 with respect to working stress limits and a demand capacity ratio of approximately 3.5 with respect to
ultimate strength limits.

The hoop tension capacities in both the ring and cylindrical wall are more than adequate to resist the loads
considered by this analysis.

Vertical tensile stresses at the top of the wall on the exterior face are high and reinforcement is not adequate
to prevent surface cracking. The interior face of the wall in this region of the tank wall is in compression and
should prevent both in and out leakage of liquids at this level. The tank will not loose its structural stability even
if plastic hinges are formed along the top of the wall below the dome ring.. Historically, many tanks have been
constructed with structural hinges between the dome and wall and have performed satisfactorily.
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5. RECOMMENDATION AND SUGGESTIONS

These recommendations are presented as guidelines for future studies of the tanks and to reduce the chances
of accidents during work in the area of the tanks.

5.1 CORE SAMPLING AND OPENINGS

Core samples should not be taken from the dome inside the three foot wide circumferential band adjacent
to the dome ring or within three penetration diameters of an existing penetration. Core samples should not be
taken from the wall in the two foot deep circumferential band adjacent to and immediately below the dome ring.
Cores should not be taken from any location in the dome ring cross section. The integrity of the thickened ring
must be maintained to prevent an overall structural failure.

Core samples may be from all other areas of the tank, however, main reinforcement steel should not be cut
without approval of the cognizant engineer.

5.2 FINITE ELEMENT MODELING

For future analysis, a finer grid may be used to model the top 3 ft of the wall and in the areas within 3 ft of
the dome edge where the high stresses exist. The finer grid will allow the evaluation of reduced thickness in the
deteriorated portions of the wall.

A dynamic SSI analysis, if desired, can be performed on a 2-D slice of the tank and surrounding soils. A
3-D dynamic SSI analysis can be performed on a coarse-grid, simplified model in light of limited computer
capability.

5.3 GROUP BEHAVIOR OF TANKS

The 50-ft tanks in the South Tank Farm are located 60 ft apart, center-to-center, and thus the clear distance
between tanks is less than 10 ft. The behavior of a tank is modified by adjacent tanks. Different assumptions are
made about soil and tank conditions when a single tank is considered than are made when a group of closely
spaced tanks are considered. This analysis performed a limited investigation based on a study of the behavior of
a group of tanks (Xu et al. 1994). The study found that the maximum stress increase due to tank-to-tank
interaction is about 3% over the combined stress of a single tank and does not change the overall structural
assessments. However, it is suggested that this phenomenon especially for groups of concrete tanks, be further
investigated.

5.4 ADDITIONAL LOADING ON DOME
The dome roof should not be subjected to any additional soil or equipment load without engineering

evaluation. Limited additional loads will cause cracking below the dome ring before buckling occurs, if the
cracked tank can still meet the functional requirements.
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5.5 SOIL SAMPLING AND TESTING

The existing soil boring log gives only limited information on soil; consequently, only conservative
assumptions are used in the current analysis.

Standard Penetration Test (SPT) with blow counts, ground water level information, and lab index testing
are all required for any important engineering evaluation.

If SSI analysis is attempted, then some additional lab testing of undisturbed soil samples is needed.

5.6 INSTRUMENTATION

It would appear to be ineffective to monitor the deflections of the dome for the detection of impending
collapse of the tanks. The analysis shows that deflections are very small under all loading conditions. Monitoring
the circumferential displacement or strain of the dome ring will be an effective method to predict impending
dome failure.

Video inspection of the interior of the tank, concentrating on the areas near the top of the wall, offers the
best chance for detecting structural deterioration.

5.7 OTHER CALCULATION METHODS

A hand calculation on the tank stress was performed by Hanskat (1995) based on design formula in ACI
344 (1988). The tensile stress of the dome ring reinforcement was reported to have exceeded the code-allowable
stress of 32,000 psi. This method served well as a conservative design tool and provided favorable comparison
of the finite element analysis. The overly conservative design approach does not provide sufficient information
about the factor of safety needed to assess the existing dome-ring stress condition under current loads. The
calculated safety factors against tank buckling are consistent with the finite element results.
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Eric C. Drumm, P.E.
1239 Forest Brook Road
Knoxville, Tennessee 37919
(615) 584 - 9296

June 2, 1994

Mr. Tony Chung
SAIC

301 Laboratory Rd.
OCak Ridge, TN 37830

RE: Structural Analysis of Underground Gunite Tank
Dear Mr. Chung:

I have completed the requested peer review of the analysis of the underground buried gunite
tanks. This review concentrated on the analysis assumptions and the estimation of lateral earth
pressures acting on the tank.

It should be kept in mind that dynamic lateral earth pressures are difficult to estimate, and
most methods assume cohesionless backfill materials. In this case, very limited information was
available on the backfill soil. The crushed stone and clay material could have a wide range of
properties depending upon the amount of clay, ranging from behavior expected of pure clay to that
expected of pure gravel. This material was treated as crushed stone in the analysis, which is
consistent with available design methods for estimating lateral earth pressures.

The calculations I reviewed were well organized, complete, and well documented. My review
yielded the following comments which are listed by page number in the calculations:

ppl Dynamic loadings - only horizontal dynamic soil pressures were used in the analysis. While this is
perhaps appropriate, statement about vertical dynamic pressures is misleading.

pp2 UBC provisions for lateral forces yield 0.065g. On pp 12 and in subsequent calculations, horizontal
acceleration of 0.14g was used. This is a reasonable value, and presumably was given by owner. It
should be stated if this was an assumption.

pp7  Angle of internal friction for crushed stone and clay backfill assumed to be 40 degrees. Seems high if
significant clay content, but conservative for static earth pressures.

pp8 Is "SURFACE FORCE PLANAR" command for uniformly distributed pressure (stress), with units of
psi?

pp9 Dynamic earth pressure - assumption of flexible wall is valid. Rough check with characteristic length
from beam-on-elastic foundation yields same conclusion. Calcs state that only active earth pressure is
considered. In fact, at-rest pressures were used which is appropriate.




pp 10

pp 12

pp 17

pp 19

pp 26

Dynamic earth pressure - the dynamic lateral earth pressures on the tank dome were neglected,
assuming the "soil is self-supporting for horizontal earth pressure.” The height of the dome is about half
the height of the tank walls. Perhaps these pressures should be investigated. Lateral pressures on the
dome are likely to induce significant stresses in the tank. However, this condition could be neglected
if it is assumed that the induced stresses would be confined to the dome area, and hence would not
affect the containment function.

Dynamic soil pressure was applied to one half of the tank as an independent loading condition. A
reduction of the at-rest static pressures on the opposite side of the tank was acknowledged, but not
considered since amount of reduction is unknown. Perhaps conditions with both static and dynamic
pressures applied to one side and zero pressure to other side would govern, since the dynamic loading
could reduce or remove static pressure. (Nice treatment of vertical and radial distribution of dynamic
earth pressures.)

Dynamic earth pressure - assume ground acceleration of 0.14g (Same as pp 2 comment.) Is this OK?
Dynamic earth pressures based on at-rest pressures are appropriate.

Computed earth pressures were compared with those from an alternative method (Richards et al. 1990).
This method yields dynamic earth pressure coefficients equal to at-rest coefficients (0.35) provided the
acceleration ratio, tan 6, is below 0.295, where:

a, For a, = 0.14g, and assuming a, = 0.67 a,, tan 6 = 0.13. This would yield
Pou = 135 P, which compares with P, = 140 P_,,, used in analysis.

1 -2 Reference: Richards, R., Elms, D.G., and Budhu, M. (1990) "Dynamic
Fluidization of Soils" Journal of Geotechnical Engineering, ASCE, Vol. 116,
No. 5, pp. 740-759.

Static and dynamic fluid pressures based on specific gravity of fluid = 1.25. Is this conservative, or
representative of actual conditions? Was analysis conducted with no fluid? Do results support use of
heavy fluid?

Hydrodynamic pressures - assumed hydrodynamic pressures act on tank walls only, neglected pressures
on floor. Appropriate assumption perhaps, but it should be stated.

Hydrodynamic pressures - Applied pressures for the full tank case appear to be about 15% low, based
on my understanding of the approach. Attached page shows sum of element stresses*contributory
element area yields force of about 52 kips, when assumed force is 61 kips. Mistake could be mine, but
this should be checked. Similar approach was used for loading due to half-full tank.

Most of these comments pertain to documentation of the calculations and the relevant

assumptions, and therefore do not impact the calculations. However, the comments related to pages
10 and 26 should be reviewed. In spite of the comments above, this was a very well prepared series
of calculations. If you have any questions about my review, please contact me at 974-7715 or 584-

9296.

Sincerely,

e &P

Eric C. Drumm, P.E., Ph.D.
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SAIC tank analysis, June 2, 1994
Hydro dynamic pressure check

theatan Area

check 90 226.50
88.27 226.40
84.8 225.57
81.3 223.89
779 221.47
74.4 218.16
70.9 214.03
67.5 209.26
64 203.58
60.6 197.33
57.1 190.17
53.6 182.31
50.2 174.02
46.7 164.84
43,3 '~ 155.34
39.8 144,98
36.3 134.09
32.9 123.08
29.4 111.19
26 99.29
225 86.68
19 73.74
15.6 60.91
121 47.48
8.65 34.07
519 20.49
1.73 6.84

for 2 sides of tank

compare with 61300 Ibf

Ele stress
270.7

10.4
10.34
10.18

9.96

9.66

8.31

8.91

8.42

7.9

7.34

6.77

6.14

5.52

4.9

4.28

3.65

3.09

2.52

2

1.852

1.11

0.76

0.46

0.24

0.08

0.01

total
x2

full tank, rigid part

Ele Force
61313.55

2354.53
2332.37
2279.24
2205.82
2107.39
1992.63
1864.50
1714.12
1558.91
1395.88
1234.23
1068.46
909.92
761.16
620.54
-489.43
380.16
280.20
198.58
131.75
81.85
46.29
21.84
8.18
1.64
0.07

26039.66 pounds
52079.32
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Eric C. Drumm, P.E.
1239 Forest Brook Road
Knoxville, Tennessee 37919
(615) 584 - 9296

July 21, 1994

Mr. Mike Kelly
SAIC

301 Laboratory Rd.
Oak Ridge, TN 37830

RE: Peer review of the analysis of the underground buried gunite tanks

Dear Mr. Kelly:

I have completed a review of the SAIC response to my peer review (comments of letter
dated June 2, 1994) of the analysis of the underground buried gunite tanks. Each of my concerns
has been adcguately addressed in the response and revised calculations.

If there are further questions about my review, please contact me at 974-7715 or 584-9296.

Sincerely,
—

QA’; C, D'M
Eric C. Drumm, P.E., Ph.D.
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Computer Code Verification

In order to confirm that the computer program GTSTRUDL used in this analysis
produces reliable results, another finite element program SuperSAP was used to
duplicate the same problem and compare the predicted stresses at critical structural
locations. The program SuperSAP, maintained and enhanced by Algor, Inc. of
Pittsburgh, Pennsylvania., is a commercial version of SAP-IV (Structural Analysis
Program). The following are the eight load cases that were analyzed by GTSTRUDL
program and reported in the main text.

Static Load Cases:

1. ) P o P Empty Tank
2. DL + HSD + st+ FS .......................................... Full Tank
3. DL + HSD + st + Fﬁ § t e s s s e e e s st s es et acas e s a0 Half-full Tank

Dynamic Load Cases:

4, DL+Hgp+Hgw+E+Hp ..ol Empty Tank + Earthquake
5. DL+Hgp+Hgyw+E+Hp+Fg+Fp, oot Full Tank (in-phase) + Earthquake
6. DL+Hgp+Hgw+E+Hp+Fs+Fp . oovoniint Full Tank (out-of-phase) + Earthquake
7. DL+Hgp+Hgyw+E+Hp+Fug+Fup, «oovevnnnn. Half Tank (in-phase) + Earthquake
8. DL+Hgp+Hgyw+E+Hy+Fyg+Fyup ...o.... Half Tank (out-of-phase) + Earthquake
where:
DL = tank structural self weight
Hsy, = static soil top pressure from earth over dome
Hew = static soil lateral pressure from earth adjacent to tank wall
= tank structural force induced by earthquake
Hp = dynamic soil loading
Fs = hydrostatic liquid pressure of full tank
F.s = hydrostatic liquid pressure of half-full tank
Fo, = hydrodynamic liquid pressure of full tank that is in-phase with the earthquake
F.o, = hydrodynamic liquid pressure of half-full tank in-phase with the earthquake
Fo. = hydrodynamic liquid pressure of full tank that is out-of-phase with the
earthquake
F.p. = hydrodynamic liquid pressure of half-full tank out-of-phase with the
earthquake
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To minimize the duplicated analysis efforts, only six load cases are analyzed using
the SuperSAP program. The 6 load cases are:

Static Load Cases:

1. DL + HSD + st ............................................ Empty Tank
2- DL + HSD + st+ Fs .......................................... Full Tank
3. DL+Hgp+Hew+Fyg coeeeeie i e Half-full Tank

Dynamic Load Cases:

4, DL+Hgp+Hsw+E+Hp. ..o Empty Tank + Earthquake
5. DL+Hgp+Hgw+E+Hy+Fg+Fp, ............. Full Tank (in-phase) + Earthquake
7. DL+Hgp+ How+ E+Hp+Fypg+Fpp, -vvvvnnn. .. Half Tank (in-phase) + Earthquake

The applied loading conditions and the exaggerated defiections for each loading condition
are presented graphically in the pages that follow (Figures D-1 to D-16). In each of the
graphic presentations, only one slice-cross-section view of the tank is shown. The uniform
normal pressure, derived from static soil/fluid pressure to the element surfaces, is scaled
and represented by an arrow head pointed perpendicular to the element surface. The nodal
forces, derived from dynamic soil/fluid pressure, are scaled and represented by horizontal
arrow heads. The deflections are exaggerated to show the direction of deflections.

Figure D-17 shows the predicted maximum tensile stress Syy distribution along the
vertical direction at the haunch during load case 1, empty tank during gravity load only. The
maximum tensile stress occurs on the exterior surface just below the haunch.

Figure D-18 shows the predicted maximum tensile stress Syy distribution along the
vertical direction at the haunch during load case 4, empty tank during earthquake load. The
maximum vertical tensile stress of 549 psi occurs on the exterior surface immediately below
the haunch.

Figure D-19 is the comparison of predicted wall lateral (Z-direction) deflections by
GTSTRUDL and SuperSAP.

Figure D-20 is the comparison of predicted tank dome (Y-direction) deflections by
GTSTRUDL and SuperSAP.

Figure D-21 is the summary of stress predictions by GTSTRUDL and SuperSAP.
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Comparative results from the two programs are summarized in the following paragraphs.
Deflections:

The maximum lateral wall expansion predicted by SuperSAP is 0.024 in.
GTSTRUDL predicted the maximum displacement is 0.019 in. SuperSAP predicted
the wall will cave in 0.009 in. GTSTRUDL predicted the wall will cave in 0.005 in.
The point of curvature reversal predicted by both programs are at the same wall
location. The vertical deflections predicted by both programs are about the same.
However, the deflected curvature predicted by GTSTRUDL exhibits the
characteristics of a stiffer structure.

Principle stress:

SuperSap program predict higher minimum principal stress (compression) by 50%
. The maximum principal stress and shear stress are about the same.

Von Mises Stress:
SuperSap predicted higher Von Mises stress by 30%.

Directional Stress:
SuperSAP predicted overall lower shear stresses (Sxy, Sxz, and Syz) by 40%. and
lower radial stress (Szz) by 50%. The vertical stress Syy are about the same
between GTSTRUDL and SuperSAP program.

Location of maximum stresses:

The general location of maximum stresses predicted by GTSTRUDL and SuperSAP
are very close when the stresses are similar (e.g. maximum principal stress and

Syy).
Conclusion

The most critical stresses used in the analysis are the maximum principal stress and Syy.
The maximum principal stress was used for screening purpose. The direction stress Syy
is used for the evaluation of vertical wall strength below the haunch. These stresses are
almost identical between two programs. It is concluded the results predicted by GTSTRUDL
is adequate and compatible with the results obtained from the program SuperSAP.
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Gunite tank, finife element model by SuperSap
Load case 1, empty tank with gravity load only
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Figure D-1. Load case 1, empty tank with gravity load only



Gunite tank, finiie element model by SuperSap
Y Load eage 1, empty tank with gravity load only
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Figure D-2. Load case 1, deflection of empty tank with gravity load only
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Gunite tank, finite element model by SuperSap
Y Load case 2, full tank with gravity only

Figure D-3. Load case 2, full tank with gravity load only
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Gunite tank, finiie element model by SuperSap
Load casge 2, full tank with gravity enly
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Figure D-4. Load case 2, deflection of full tank with gravity load only



Gunite tank, finife element model by SuperSap
Y Load cage 8, half tank with gravity only
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Figure D-5. Load case 3, half tank with gravity load only




Gunite tank, finiie element model by SuperSap

Y Load case 8, half tank with gravity osnly
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Figure D-6. Load case 3, deflection of half tank with gravity load only
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Gunite tank, finite element model by SuperSap
Y Load cage 4, empty tank with carthquake

X

Figure D-7. Load case 4, empty tank with earthquake (East) load,
slice angle = 90 degree from East direction
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Gunite tank, finiie element model by SuperSap
Y Load case 4, empty tank with earthquake

Figure D-8. Load case 4, empty tank with earthquake (East) load,
slice angle = 0 degree from East direction
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Gunite tank, finiie element model by SuperSap
Y Load casgse 4, empty tank with earthquake
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Figure D-9. Load case 4, deflection of empty tank with earthquake (East) load,
slice angle = 90 degree from East direction
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Gunite tank, finife element model by SuperSap

Y Load case 4, empty tank with carthquake
Z ) 0
3 ) o ~~} ) Tt 1}

Figure D-10. Load case 4, deflection of empty tank with earthquake (East) load,
slice angle = 0 degree from East direction
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Gunite tank, finiie element model by SuperSap

Y Load case 6, full tank with carthquake
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Figure D-11. Load case 6, full tank with earthquake (East) load,
slice angle = 90 degree from East direction
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Gunite tank, finite element model by SuperSap
Y Load cage 6, full tank with carthquake

o
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Figure D-12. Load case 6, full tank with earthquake (East) load,
slice angle = 0 degree from East direction
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Gunile tank, finile element model by SuperSap
Y Load ease 8, full tank with carthquake

X

Figure D-13. Load case 6, deflection of full tank with earthquake (East) load,
slice angle = 0 degree from East direction
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Gunite tank, finile element model by Super8ap
Y Load case 6, full tank with earthquake

"Figure D-14. Load case 6, deflection of full tank with earthquake (East) load,
slice angle = 0 degree from East direction
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Gunite tank, finile elemen! model by Superbap

Y Load case 7, half tank with ecarthquake
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o n =

Figure D-15. Load case 7, half -k with earthquake (East) load,
slice angle = 0 degr. - from East direction
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Gunite tank, finiie element model by SuperSap

Y Load cage 7, half tank with earthquake
z L
i B I
- \

................ ™

Figure D-16. Load case 7, deflection of half tank with earthquake (East) load,
slice angle = 0 degree from East direction
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Figure D-17. Load case 1, stress contour of Syy at the haunch,
empty tank with gravity load only
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Figure D-18. Load case 4, stress contour of Syy at the haunch,
empty tank with earthquake load
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Tank wall lateral deflections, in

-0.005 -

-0.010

Gunite Tank Side Wall Deflections
Gravity load only
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Figure D-19. Load case 1, tank side-wall deflections,
predicted by GTSTRUDL and SuperSAP,
emptly tank with gravity load only
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Vertical deflection, in

Gunite Tank dome deflections
Gravity load only
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Radius from dome center, in

—v— predicted by SuperSAP —=— predicted by SuperSAP

Figure D-20. Load case 1, tank dome deflection,
predicted by GTSTRUDL and SuperSAP,
empty tank with gravity load only
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APPENDIX D
GTSTRUDL Input File
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