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FOREWORD

This report constitutes a portion of the Project
Clarinet-Sanguine facilities research program which was
accomplished through NCEL by contractural and in-house
effort. The facilities research program was sponsored
by the Earth Sciences Division of the Office of Naval
Research (ONR) under their field projects program.
ONR was charged by the Sanguine Division of the Naval
Electronic Systems Command with the general management
of the overall research program for Project Sanguine.

This facilities research program consists of work
units as follows:

Facility System Study
Air Entrainment System
Water Wells
Air System Components
Fuel Storage Containers
Computer Output Display
Hardness of Buried Cable
Vertical Grounds

These work units encompass areas in which improved
technology was needed or in which significant cost re-
duction might be achieved through improvement in extant
knowledge. The research program at NCEL was initiated
in early November, 1968.

General direction of the program was provided by
Dr. T.P. Quinn and his staff of the Earth Sciences Divi-
sion, ONR, with the counsel of Mr. W.J. Bobisch of the
Naval Facilities Engineering Command. Mr. J.R. Allgood of
NCEL served as project coordinator and Mr. S.K. Takahashi
served as contract monitor for the work described in this
report.

For T. Y. Lin and Associates the Project Super-
visor was Mr. W. E. Gates who authored this report.
Contributors to the report were Dr. S. Yaghamai and
Mr. L. P. Prunotto.
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ABSTRACT

This report presents a design procedure and cost op-
timization curves for cylindrical steel tanks with spher-
ical end caps that are buried with their axis parallel to
the ground surface. The fuel storage tanks are designed
to resist high overpressures associated with nuclear air
blast. Internal pressurization has been utilized to min-
imize material and fabrication costs and increase the
buckling capacity of the tanks.

The design procedure is believed to be valid for
overpressures ranging from 10 psi to 3000 psi. The over-
all reasonableness of the design procedure has been con-
firmed by experimental model tests on buried steel cylin-
ders and pressurized tanks in granular materials.
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~Section 1

~INTRODUCTION

liqu-i Background

The safe underground storage of large quantities of! liquid fuel is a key factor in the design of certain de-
fense facilities which must maintain full operation in

the event of a nuclear attack. In high-overpressure re-
gions of a nuclear blast, underground fuel tanks design-
ed according to normal practice will require-thick steel
shells heavily reinforced with stiffeners to prevent in-
ward buckling of the vessels. The material and fabrica-
tion costs of such structures are very high.

Preliminary studies indicated that major savings in
material costs could be achieved by internally pressur-
izing the fuel tanks. In essence, the vessels are pre-
stressed in tension to partially compensate for the high
compressive forces induced in them under nuclear blast.
Internal pressurization also stiffens the vessel, thus
making it less susceptible to buckling.

A program of investigation was set up to achieve
the following objectives:

1. To determine the feasibility of using pressur-
ized flexible tanks buried near the earth's
surface as an economical and blast-resistant
method for storing fuel.

2. To develop design criteria for underground
fuel storage facilities in the high over-
pressure regions of a nuclear blast.

3. To develop a finite element computer program
which was applicable to the analysis of under-
ground liquid storage containers. This pro-
gram would serve as an analytical check on
the design.

It was determined that verification of the above
objectives could most readily be achieved through a
series of static and dynamic tests on model fuel stor-
age containers. The tests were designed to simulate
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the soil-structure-liquid interaction under nuclear blast
loading. Results from the tests were used to:

1. Evaluate the blast-resistant properties
provided by internal pressurization.

2. Establish design criteria for prototype
structures based on the failure modes
of the model and on the use of model
similitude laws.

3. Provide experimental data which could
be used to verify the analytical model
and computational techniques used in
the computer program.

The results of the model tests and the analytical
procedure used in the computer program are presented in
separate reports. (6,17)

1-2 Objective of Report

The first objective of this report is to present a
procedure for the design of shallow buried, internally
pressurized, fuel storage tanks constructed from steel
cylinders and hemispherical end caps. The tanks are
oriented horizontally and located at a depth of one di-
ameter as shown in Figure 1-1. The environmental con-
ditions to which the design procedure must be applicable
are those associated with surface or near-surface nuclear
detonations at ranges which produce overpressures as high
as 3000 psi. In addition, dead weight of soil backfill
and buoyant forces of high water table are included when
appropriate in the environmental loading.

The soil conditions considered are typical of those

known to exist at potential sites for Naval defense fa-
cilities.

The second objective is to provide cost optimiza-
tion data on pressurized fuel storage tanks for various
overpressures as a function of tank volume.

It was required that the design procedure and opti-
mization data be presented in such a form that it could
be immediately useful in a.design office.

1-2
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NUCLEAR AIR BLAST PRESSURE
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WATER TABLE (VARIABLE DEPTH)
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Figure I-I LONGITUDINAL SECTION OF

BURIED FUEL TANK
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1-3 Scope of Report

To pursue the first objective, that of providing a
design procedure for buried fuel storage containers, the
results of' model tests on horizontally buried, internally
pressurized steel tanks and horizontally buried steel cyl-
inders were reviewed. Most of the available test data is
for horizontal steel cylinders in sand (10) unpressurized,
and without end cap constraint. To supplement these re-
sults, theoretical studies on buried fuel tanks were car-
ried out by dynamic finite element methods on a linearly
elastic tank, liquid, and soil system. The model was sub-
jected to a static internal pressure and dynamic external
pressure applied at the surface of the soil. Second order
stiffness terms normally neglected in small deflection the-
ory were included in the analysis in order to approximate
the stiffening effect of internal pressurization upon the
steel shell.

Nuclear blastloading used in the design of buried
structures is adequately covered in numerous references
on nuclear weapons effects (011,12,13 ,14) Thus only a sum-
mary of the pertinent weapon effects is presented in this
manual for the convenience of the designer. Attention is
given to propagation of a surface air blast pressure pulse
downward through the soil and around the tank. Both at-
tenuation with depth and arching effects are considered in
the design procedure.

Particular attention has been given to the problems
associated with high water table since this is known to
be a common occurrence at many of the proposed sites.

The design criteria for determining the wall thick-
ness of the tank is based upon the requirement that the
tank must be capable of surviving repeated nuclear attack
without failure. This limits the maximum combined mem-
brane stresses to the values just under the yield stress
of the tank steel. Experimental data (6) have shown that
there is a significant reserve capacity in the tank to re-
sist loads well above the yield capacity, and failure in
the form of leakage does not occur even after post elas-
tic buckling. Under static loads produced by internal
pressurization the tank is designed with a safety factor
of 2.0.

The design procedure for determining the wall thick-
ness of the tank is expressed as a function of the over-
pressure, weapon yield, dynamic amplification factor,
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internal pressure, soil dead loads, stress attenuation,
with depth, arching factor, hydrostatic loads, depths of
burial, tank diameter, elastic soil properties and elas-
tic tank properties. The procedure is presented as a
detailed step-by-step method that can be used by a de-
signer having only limited familiarity with protective
construction. However, it is assumed that the designer
is familiar with steel pressure vessel design.

To further simplify the designer's task a computer
program was developed which will solve for the tank wall
thickness. The program was used to generate a design
chart giving tank thickness as a function of diameter
and overpressure. (See Figure 1-2).

To achieve the second objective a series of comput-
er solutions were carried out to design and cost evalu-
ate horizontal steel tanks buried at one diameter in
granular soils. Five water table conditions were con-
sidered:

1. No~water present (i.e. water table at 100

feet below ground).

2. Water at 30 feet below ground.

3. Water at 13 feet-below ground.

4. Water at 5 feet below ground.

5. Water at ground surface.

Two steel yield strengths were considered, one 90 ksi
the other 36 ksi. Two cases of internal pressurization
were evaluated, one with pressure the other without. In
all of these design optimization studies tank volume and
overpressure level were variables. The weapon yield and
soil properties were held constant.

1-4 Organization of Report

This report has been organized primarily for the
convenience of the designer. Hence, the body of the re-
port contains only the design procedure, example problem,
optimization curves, and design recommendations. All
supplementary material and supporting data are presented
in the appendices.
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Section 1 contains background information, state-
ments of objective and scope of this report, organiza-
tion of material, and a summary of the major design
recommendations.

Section 2 presents the basic formulation and step-
by-step design procedure for calculation of tank thick-
ness along with design examples. Attention is given to
non-granular soils such as clay, silt and rock although
the basic design procedure is primarily applicable to
granular materials. Corrosion protection, backfilling
procedures, mechanical consideration and site soil eval-
uation procedures are also discussed.

Section 3 presents a series of parametric studies
to evaluate the minimum cost for tanks under specific
design conditions. Cost optimization curves are in-
cluded for various overpressure levels and tank volumes.

Appendix A contains a general flow diagram for the
computer program used in tank design and cost optimiza-
tion. Two example computer solutions are included.

Appendix B is devoted to the correlation of exper-
imental data with theory.

Appendix C presents detailed recommendation on site
soil investigation procedures.

1-5 Conclusions, Recommendations, and Design Criteria

The significant conclusions from study of test data,
design recommendations, and associated design criteria
are summarized below:

1. Internal pressurization has a distinct eco-
nomical and structural benefit. It reduces
the tank thickness to such an extent that
material and fabrication cost savings far
outweigh the added maintenance cost of in-
ternal pressurization plus the initial costs
of compressor equipment and special pressure
reducer valves.

2. Internal pressurization provides an elastic
restoring force within the tank which pre-
vents compressive buckling of the tank in
the elastic range. Post elastic buckling
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is possible, however, soil arching develops
as the tank buckles, preventing the tank~from rupturing.

3. Horizontally oriented tanks are superior to
vertically oriented tanks in resisting nu-
clear blast loads. The difference in per-
formance is attributed to the formation of
a positive soil arch for horizontal tanks,
while vertical tanks, behave as stiff in-
clusions.

l. Optimum depth of burial for tanks in dense
fill is approximately one tank diameter.(")0

At this depth advantage can be taken of
earthcover in reducing the forces that are
transmitted to the tank by the soil around
it. Usually there is little advantage to
be gained from a depth of burial greater
than one diameter.

5. The design procedure presented here, as-
sumes bending moments and local stress
concentration to be of second order mag-
nitude due to the relatively thin cross
section required with internal pressur-
ization. Any local yielding of the tank
skin due to these second order effects
is permissible under nuclear blast load-
ing.

6. It has been specified that the tanks be
designed to resist repeated nuclear air
blast loading. To fulfill this criteria
the principal membrane stresses are held
below the yield stress of the tank mate-
rial. The critical membrane stress, for
which the tank is sized, is the spring-
line thrust and axial compression.

7. A safety factor of 2.0 is applied to the
design when checking for internal pres-
sure loading alone. Thus for optimum de-
sign the effective static external pres-
sure on the crown of the tank is three
times the internal pressure.

1-8



8. For surface overpressure levels less than
200 psi it is probable that the final de-
sign of the cylinder will be controlled by
non-blast-load conditions such as soil dead
load forces, imposed by construction equip-
ment and surface vehicular loads.

9. In areas where there is a potential for high
water table, precautions should be taken to
prevent buoyant uplift. This may be accom-
plished by providing a dewatering system,
tie downs, or cut and cover techniques which
place the tank well above the critical water
level.

10. The design procedure presented in this report
is directly applicable to granular soils in
a dry or saturated state. However, for tanks
located just above the water table, a more
detailed analysis than outlined here may be
required in order to determine the possible
amplification of blast induced pressures
caused by upward reflection at the water ta-
ble. Ideally, the tank should be checked by
dynamic finite element procedures similar to
those used in predicting and evaluating the
model tank tests reported in reference 6. The
analytical model would be composed of three
basic elements: soil, liquid, and tank steel.
A schematic drawing of the finite element
grid is shown in Figure 1-3.

11. There are no available test data for pressur-
ized tanks buried in clay. In fact, there
are insufficient data available for horizon-
tal cylinders buried in clay to formulate a
specific design procedure. (10) What data are
available indicate that moments and thrusts
induced in the cylinders buried in clay are
considerably higher than those which would
be produced under the same circumstances in a
cylinder buried in sand. Thus, it is recom-
mended that tanks in clay or other non-
granular soils be backfilled with densely
compacted granular material. The tanks can
then be treated as though they were buried
in sand, resulting in a more economical de-
sign.

1-9
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12. For rock sites it will be necessary to over-
cut the excavation and backfill with dense
granular material. A concrete cap should be
provided which keys into the rock to prevent
the tank from rebounding out of the ground.
Because of possible amplification of blast
induced pressures at the rock interface, the
design procedure developed in this report is
not fully applicable. An ideal analysis un-
der these circumstances would be by dynamic
finite element (6) utilizing a model similar
to the one shown schematically in Figure 1-4.

13. Based on economic comparisons, high strength
steels with yield stresses in the 90,000 psi

-range are more economical for pressurized
tanks at high overpressure levels than nor-
mal structural steel. Material and fabrica-
tion costs double in going from 36,000 psi
to 90,000 psi steel, while the yield strength
increases by two and one-half times. Thus,
it is possible to get more strength for less
money.
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Section 2

RECOMMENDED DESIGN PROCEDURE

2-1 Introduction

In this section recommendations are given for the
design of buried fuel storage tanks to survive the envi-
ronmental loadings associated with nuclear blast induced
surface overpressures ranging up to 3000 psi. The design
procedure which is developed and demonstrated by example
is directly applicable to internally pressurized steel
tanks, horizontally buried in dry granular soil. The
method has been extended to saturated granular soils.
However, no substantiating experimental data exists for
the saturated soil case.

Figure 2-1 depicts the tank under nuclear blast
loading. The ground surface pressures, Po, generated by
an air blast are normally defined as a function of'weap-
on yield and distance from detonation. The effective
soil pressure at the crown of the tank, Pe, is simply the
ground surface pressure modified by the depth of burial
and soil conditions. Due to the dynamic nature of the
air blast loading, interaction between the buried tank
and the surrounding soil must also be considered in ar-
riving at the effective design loads.

2-2 Nuclear Weapons Effects

The nuclear weapon effects which are of major con-
cern in the design of horizontally buried steel tanks
are: air blast pressures, air blast induced ground
shock, and directly-induced ground shock.

2-2.1 Air Blast Pressures

The general shape for the surface, air blast induc-
ed, overpressure-time function is shown in Figure 2-2 as
a family of normalized curves for various overpressure
levels. For design purposes a triangular pressure-time
function, shown in Figure 2-3, may be used in place of
the exact load function. To evaluate the normalized
overpressure-time functions, the following data must be
known:
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W, weapon yield

P 0 peak surface overpressure

D + total positive phase duration of the pressure
pulse

too., the positive time duration of a triangular im-
pulse which has the same slope as the initial
decay portion of the pressure-time curve

t50., the positive time duration of a triangul,-r im-
pulse which has the same time ordinate at 50
percent of peak overpressure as the actual
pressure-time curve

ti., the positive time duration of a triangular
pulse which has the same total impulse as the
actual pressure-time curve

Values of Dp, t., t5 0, and ti, are given in Figure
2-4 for a wide range of peak overpressure levels. The
durations shown are for a 1 MT surface burst, as indi-
cated on the figure. They may be scaled for other weap-
on yields by multiplying by ( ) 1/3

The triangular pulse of ti duration is normally
used when maximum response of the structure occurs after
the pressure pulse has passed. A small triangular im-
pulse of duration tw produces critical loads on very
stiff structures which reach maximum response early in
the pressure history. Triangular loads of duration t50
are applicable if the response of the structure is inter-
mediate to those mentioned above.

If greater accuracy in analysis is desired than that
possible with the single triangle, a multiple-triangle
representation of the pressure-time curve may be used.(12)

2-2.2 Crater Induced Ground Shock

The cratering action of a surface burst will produce
motion of significant magnitude in buried structures lo-
cated near the perimeter of the crater. These motions
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will have direct bearing on the design of shock isolation
equipment for personnel and equipment. However, for the
overpressures considered in this report (3000 psi), the
structural resistance of pressurized steel tanks will be
more than adequate if they are designed to resist the

* air blast induced soil pressures developed by the surface
burst.

2-2.3 Air Blast Induced Ground Motion

The air blast induced soil stresses can be grouped
into two categories depending on the relative time of
arrival between ground shock and air blast. Super seis-
mic conditions occur when the air blast velocity exceeds
the dilatational wave velocity of the soil. Under these
conditions the air blast arrives before the blast induced
ground motion. The outrunning case occurs when the air
blast velocity is less than the dilatational wave veloc-
ity of the soil.

The characteristics of the ground motion produced
under super seismic conditions differs considerably from
those produced under outrunning conditions. However, the
detailed difference is only significant to shock isola-
tion design. As far as the buried tank design is concern-
ed, the vertical blast pressure induced soil stresses, Pe,
at the crown of the tank are of primary importance, and
these stresses are identical under both of the ground mo-
tion regimes.

2-2.4 Attenuation of Dynamic Stress with Depth

The pressure to be used in the design is the verti-
cal free field stress, Pz, at a depth corresponding to
the crown of the tank (see Figure 2-1). The magnitude of
Pz is a function of the air blast characteristics at the
ground surface above the point of interest and of the
stress-strain properties of the soil. At the ground sur--
face the vertical soil stress will have the same magni-
tude and time variation as the air blast overpressure. As
the pressure wave propagates down through the soil, atten-
uation of peak pressure takes place along with a lengthen-
ing of the rise time and positive phase duration. These
effects, which are shown schematically in Figure 2-5, are
caused by the non-linear stress-strain behavior of the
soil under initial loading and by the energy absorbed in
permanent strain deformation.
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The vertical free-field soil stress at depth, z,
can be expressed as a function of the peak surface over-
pressure and a depth attenuation factor, a in the fol-
lowing manner (3,9)

= P (2-1)

in which

a for p0 < 1000 psi (2-2a)z i+0

Lw

or

____ 27.e
az 1(-.)7o 5 ) for p> 1000 psi (2-2b)z 1+ zw48)'

and

L =230 ft. (100 pSiV11 (_.L) 1/3 (C ) (2-3)\ PO 1MT (622 fps)

where:

C = propagation velocity of the peak stress wave5

Lw = depth factor

W = weapon yield

z = depth below ground surface

The effective propagation velocity of the peak soil
stress during the initial loading cycle is given by:
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C - (2-4)
S

where:

Ps= mass density of the soil

E = dynamic secant modulus of the soil in
5 one dimensional compression

The secant modulus is determined at stress levels
commensurate with the dynamic overpressure expected. If
the dynamic secant modulus is unknown, Cs may be taken
as one-half the seismic velocity for surface soils above
the water table. (10)

2-2.5 Pressure Amplification in Saturated Soils

The presence of the ground water table in the vi-
cinity of the buried tank will alter the attenuation of
blast pressure. If the water table is at ground surface,
no attenuation of the air blast pressure should be con-
sidered (i.e., az = 1.0). (10) If the water table lies
between the ground surface and the structure as shown in
Figure 2-6, the attenuation factor, az, for the dry soil,
from ground surface down to the water table at depth, Zw,
should be computed by Equation 2-1. At the water table,
the vertical pressure transmitted through the soil-water
interface will be:

P2 C2
P 2[2)1 cz po (2-5)zwP cl + P2C2-

where:

= seismic velocity of the soil layer
above the water table

C2 = seismic velocity below the water
table, (not less than 5100 ft/sec.)

p = unit mass of soil above the water
table

p = unit mass of saturated soil below
the water table
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Below the water table the transmitted pressure should not
be attenuated with depth.

Due to possible pressure reflection at the water
table interface it would be conservative to consider the
soil pressure immediately above the water table to be
equal to the pressure below the water table.

The presence of a high water table presents several
design problems in addition to the pressure amplification.
Excavation and construction will require expensive dewa-
tering equipment. When the tank is finally placed and
backfilled, provisions must be made to keep it in the
ground under buoyant uplift forces. There are three al-
ternatives:

1. Provide permanent dewatering.

2. Provide massive hold down anchors.

3. Use a shallow excavation and mound the soil
as shown schematically in Figure 2-7.

From a practical design standpoint, every effort should
be made to keep the tank above the water table.

2-2.6 Soil Arching

A steel tank buried in a homogeneous soil behaves
as an inclusion, producing a discontinuity in the soil
field. If the soil is stiffer than the tank, under ver-
tical loads the soil will transfer the load around the
tank by arching action as shown in Figure 2-8. If on
the other hand, the tank is stiffer than the surrounding
soil, vertical loads in the soil will be transferred to
the tank, thus increasing the effective pressure acting
on the crown of the tank above the normal free-field
pressure.

By definition, arching is that fraction of the free-
field soil pressure at the crown elevation of the tank
which is transferred to or away from the tank by shear in
the soil. Or in equation form:

A ( - (2-6)
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where:

Pe = the vertical soil pressure at interface
of tank crown

p = uniform pressure in free-field at eleva-
tion of crown

The effective pressure at the crown of-the tank due
to soil arching is:

P = (- A) pv (2-7)

For tanks that are stiffer than the surrounding soil the
arching factor, A, will be negative, thus producing higher

design forces than if the tank were at the ground surface.

The following empirical arching equation has been es-
tablished by Gill and True (7) for buried cylinders in dry
dense granular soils:

e-nD (2-8)
\A

where:

M
= A c (2-9)

g Pe

Sd
A 0 (2-10)
g AsD

and

A = arching factor

Aon = experimentally determined constants
(Ao = 0.87 and n = 0.135 for sharp
grained sandblaster's sand)

A = geometry factorg ,

e = Naperian constant
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M - confined compression (secant) modulusc of soil = E /0.577
5

pe = effective interface pressure at crown
of tank = (1-A) P

6 -- relative deflection between soil and
tank

S = plan perimeter of tank

do  depth of cover over crown

As  plan area of tank

D = mean diameter of tank

For horizontally buried tanks of length L, the geometry
factor is:

4d ( D - 2D + 2L (2-11)Ag D iD2 + 4DL -4D 2

The relative deflection between tank and surrounding soil
is:

= v c D -( M D (2-12)

where:
A = horizontal expansion of tank diameter
x

Ay = vertical expansion of tank diameter
y

A x
= average vertical strain in the tankD

Pv

average vertical strain in the soil
c
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Substituting Equation 2-7, 2-11 and 2-12 into Equation
2-9 yields the following expression for D:

4d° (rD - 2D + 2L) A Mc l) 1
-0 ( c 1 1 (2-13)

(wD2 + 4DL - 4D2 ) D Pv (12-3

For convenience, Equation 2-13 may be expressed as:

1-A

where:

I4do(1D -2D + 2L) A M(0 =_x . _c 1) (2-14)

(nD2 + 4DL - 4D2 ) D Pv

Then Equation 2-8 may be rewritten as:

(1-A)
( o = e (2-15)

Experimental evidence indicates that for dry .granular
soils the maximum value of active arching is:

A Tan o (2-16)

where, o is the angle of internal friction of the soil.

From elastic theory and tests data on buried cylin-
ders (2) the deflection ratio in Equation 2-14 is:

A .c _ 2(1- e0024a2) (2-17)

D PV
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where: ______

Ln~c

and

Et = elastic modulus of the tank

I = Moment of inertia of the tank
section = t3/12

t = thickness of tank

thus:

4d (D - 2D + 2L) e0.024a2  (2-18)0(1 - e - " 2 a ) ( -

(nD2 + 4DL - 4D2 )

To assist the designer in solving the arching Equa-
tion 2-15 for the arching factor, A, a graphical plot of
the function has been prepared in Figure 2-9.

2-2.7 Dynamic Amplification

Nuclear air blast is a short duration high intensity
form of loading which excites dynamic inertia forces in
a soil-tank system. Dynamic amplification of vertical
soil pressure at the crown of -1tank can be approximated
by the following relationship 3)

- 1

DF = (2-19)Tt
t + 2p
d 1 d Tt

td

in which the tank-soil system is idealized as a single-
degree-of-freedom oscillator, having an elasto-plastic
restoring force, and excited dynamically by a triangular
impulse of instantaneous rise time.
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The term, td, is the posityive time duration of the
air blast impulse which is defined as an equivalent tri-
angular impulse of durations ti, t50 , and t. in Section
2-2. For design purposes select the triangular pulse
which produces the largest dynamic amplification.

The ductility factor, p, is a ratio of the total
plastic strain in the tank under peak loading to the
elastic strain at yield. Since the tanks must be design-
ed to survive repeated blast loading, strains in the tank
cannot exceed the yield limit. Thus, if p is set equal
to one, the response of the tank to dynamic loading will
be elastic.

The term, Tt, in Equation 2-19 is the natural period
of vibration for the tank in its fundamental compressional
mode. This is the primary mode of oscillation in which
the tank will respond to dynamic vertical soil pressures.
There are ozher modes which will be excited as well, such
as the flexural modes shown in Figure 2-10. These modes
are generally not significant for tanks with length to
diameter ratios of two.

The tank's natural period in the compressional mode

1cD

Tt - D (2-20)

where, Ct is the compressional wave velocity in the tank
material which may be computed by the relationship:

, (1 - v) Et

C = ( + v) (1t- 2v) (2-21)

where:

v = Poisson's ratio

Et = elastic modulus of the tank

Pt = mass density of the tank

For steel, Ct = 18,470 ft/sec.

2-20



I+

/

COMPRESSIONAL FIRST FLEXURAL

MODE MODE

2-2

\ \
.

SECOND FLEXURAL THIRD FLEXURAL

MODE MODE

Figure 2-10 NATURAL MODES OF VIBRATION
FOR TANK CROSS SECTION

2-22.



2-3 Yield Load Capacity of Tank

The critical pressure distribution on the tank is
produced by uniform pressure as shown in Figure 2-11.
This pressure distribution is a very close approximation
for tanks buried below the water table. For tanks buried
in dry granular soils, the lateral pressures will normally
be smaller than the vertical pressures. Under this imbal-
ance of loading a certain amount of lateral expansion
will take place until the passive soil pressure against
the sides of the tank equalizes the vertical pressure. At
this point the pressure on the tank may be approximated
by a uniform distribution.

Secondary bending stresses will be produced in the
cylinder as it ovalates. The magnitude of these stresses
will not be significant in the design, provided the tank
is buried at least one-half diameter and preferably one
diameter below the surface.

The membrane stresses in the cylinder portion of the
tank under uniform pressure are:

Pcr D

ah - (2-22)h 2t

and

Per D

S- (2-23)m 4t

for the hoop and meridional directions respectively.

Assuming failure criterion to be the yielding of the
tank and assuming the stresses in Equations 2-22 and 2-23
to be the principal stresses, then by von Mises yield
criterion:

ah2 m+a 2  = y (2-24)-h Oh~m m y

where a is the yield str 'is in compression.

y
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By substituting Equations 2-22 and 2-23 into Equa-
tion 2-24, the yield criteria reduces to a simple rela-
tionship for the critical design pressure as a function
of yield stress, tank thickness, and diameter:

c 2.31t (2-25)Pcr D Gy

2-4 Buckling

There are no analytical relationships for the buck-
ling capacity of horizontally buried cylindrical tanks
with spherical end caps. However, experimental results
from static tests (6) on internally pressurized tanks in-
dicate that buckling will not occur as long as the prin-
cipal membrane stresses remain below the yield limit of
the tank material.

Chelapati (4)has derived an expression for the crit-
ical buckling pressure of buried cylinder which has been
shown to agree w.-th experimental results (1) For cylin-
ders of large length-to-diameter ratios, large diameter-
to-wall-thickness ratios, and large values of foundation
coefficient - conditions existing in the tests (11 - the
critical buckling pressure can be expressed as:

Pcr - 0.612 (r/t 4.5 McD (2-26)(nrt )3  D3  (-6

where:

Pcr - critical buckling pressure

t = cylinder thickness

r = cylinder radius

Et = elastic modulus of the cylinder material

E = elastic modulus of the soil = 0.577 M
s c
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M = one-dimensional compression secant modulus
c at the surface pressures of interest

I = t3/12 = moment of inertia of the tank sec-
tion

which applies to the case with all-around soil support.
As a conservative check on the buckling capacity of the
tank, Equation 2-26 may be used.

2-5 Internal Pressurization

The primary benefit achieved through internal pres-
surization is a thinner tank thickness with resulting
savings in material, fabrication, and construction costs.
Internal pressurization pre-tensions the tank shell to
partially offset the compressive stresses produced in the
tank under nuclear air blast.

Since the tank will be internally pressurized almost
continuously throughout its life, except for times when
it is inspected and cleaned, it is suggested that a safety
factor of 2.0 be applied to this design loading.

2-6 Dead Load of Soil

In the high overpressure range from 200 psi to 3000
psi, the influence of soil dead load on the tank design
is negligible. However, in the overpressure range under
200 psi soil dead load should be considered.

2-7 Design Procedure

2-7.1 Proportioning of Tank Thickness

In this section, a design procedure for selection of
the tank wall thickness is outlined in a step-by-step
manner. In section 2-8, two design examples are presented
to illustrate this procedure. One example deals with the
design of a tank in dry granular soils, the other covers
the design case in saturated granular soils where the wa-
ter table is above the tank.

The design procedure presented here is limited to
horizontally oriented cylindrical tanks with spherical
end caps.
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The following parameters must be known or assumed in order to complete the design:

D = diameter of the tank

L = length of tank

d = depth of burial, from ground surface
0 to crown

zw = depth of water table below ground surface

O = yield stress of tank material

Et  = elastic modulus of the tank

v = Poisson's ratio for the tank

Yt = unit weight of the tank material

E = elastic secant modulus of the soil

s Ys = unit weight of unsaturated soil :

Ysw = saturated unit weight of the soil

o = angle of internal friction of the soil

P0  = peak overpressure level

W = weapon yield

A = arching factor (assumed)

Steps in the design procedure are as follows:

1. Determine the positive phase duration for the
equivalent triangular air blast impulse from
Figure 2-4, as suggested in Section 2-2.1.
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2. Determine the tank's natural period of vibra-
tion in the compressional mode by Equation 2-20:

Tt  =TD
Ct

3. Calculate the dynamic amplification factor using
Equation 2-19:

1

DF -
Tt 2 iI21+

Itd 1+ - iTt
t1 + .7 --

Substitute ti, t50 and t. into the equation for
td and select the largest dynamic amplification
factor. For an elastic system, p = 1, and the
maximum dynamic amplification value which could
possibly be obtained is two.

4. Calculate the pressure attenuation factor, a , by
Equation 2-2a or 2-2b:

S l+- Lfor p < 1000 psi

= (i + z)( 8) for p0  > 1000 psi

If the crown level is above the water table calou-
late az at the crown level of the tank. If the
crown level is below the water table, calculate
az at the water table.
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5. If more than 3/4 of the tank diameter is below
the water table, calculate the pressure ampli-
fication factor by Equation 2-5:

zw [2 P C + P2 C2 ) az o

If less than 3/4 of the tank diameter is below
the water table no pressure amplification fac-
tor needs to be considered.

6. Compute the arching factor, A, from Equation 2-7.

a. Guess at a tank thickness or use Figure 1-2
tc get an approximate value.

b. Compute the expotential term in Equation
2-17:

1.5 M
a = Ln c

EtI/D3

c. Compute the arching exponent in Equation
2-18:

4do(iD - 2D + 2L). 2
- 0 (1 - e 0 2 4  )

(nD2 + 4DL - 4D2 )

d. Compute the right hand side of the arching
function in Equation 2-15:

e-n = e 0 .13 5€

e. Compute the active arching factor, Ao, from
Equation 2-16:

Ao = Tan o
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f. Enter Figure 2-9 with the value for e-n
and A and read out, A.

7. Compute the dead load pressure acting on the
crown of the tank, including the arching
effects -

With no water table present:

PDL = (1- A)ysd °

For the case with water table:

PDL = (1- A)YsZw + (1 - A)(ysw - yw)(d - Zw)

+ y (d - z)-w 0 w

where, yw is the unit weight of water.

8. Calculate the total effective pressure acting at
the crown of the tank due to all external loads.
Neglect internal pressure.

For the case without water table above the tank:

= DF (1-A)z + DL

For the case with water table above the tank:

Pe DF L2 C + P C 2)] (1-A)ap 0 + pDL
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9. Calculate the internal pressure, using a safety
factor of 2.0:

1
Pi= 3 Pe

10. Determine the critical yield pressure on the
tank:

cr e -

11. Determine the required tank thickness to resist,
Pcr' from Equation 2-25:

Pcr D (Pe - pi ) D

2.54a -Y y

12. If the computed tank thickness is the same as
the assumed value used in calculating the arch-
ing factor, A, no further work is required.
If not, use computed tank thickness and repeat
steps 6,7,8,9,10 and 11 as many times as re-
quired to make the solution converge.

13. Check the critical b'uckling pressure of the
tank using Equation 2-26:

p 0.621 = 4.5
cr (r/t) 3  c D3

14. If the tank has been designed for an over-
pressure level under 200 psi, the final. selec-
tion of thickness may be controlled by a com-
bination of non-blast induced loads. Check
the combined influence of dead load, construc-
tion equipment loads, normal vehicular loads,
and any other surface loading which might be
present.
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To further simplify the design process, a computer
program has been written which carries out each of the
steps, 1 through 12. It also checks the buoyant uplift
force produced on the empty tank by high water table and
gives the required hold-down forces. A general flow di-
agram of the program along with example solutions are pre-
sented in Appendix A. This program is available through
the U.S. Naval Civil Engineering Laboratory, Port Hueneme,
California.

2-7.2 Discussion of Design Procedure

The design procedure, as presented, is based on sev-
eral conservative assumptions. First, it is assumed that
the maximum resistance of the tank section is controlled
by the yield stress of the material. In actual fact the
tank can resist external loads which produce plastic
yielding and even buckling of the cylinder section, with-
out rupturing. (6) Yield stress was selected as the design
limit in order to insure no loss of function under repeated
nuclear air blast.

Secondly, dynamic increase in the strength character-
istic of the tank was neglected. For mild grade steels
the increase in yield strength can range from 20% to 40%.
For high strength steels, which are strain hardened, the
increase generally is negligible.

Thirdly, only partial advantage has been made of in-
ternal pressurization. The safety factor of 2.0, limits
the internal pressure to 1/3 the total effective external

pressure acting on the tank. By reducing the safety fac-
tor to 1.5, internal pressurization could be increased,and the required tank thickness would be reduced by about
20%.

Dynamic forces produced by the sloshing action of liq-
uid fuel stored in the tank have not been included in the
design procedure. Experimental evidence and analytical
verification indicate that the natural period for liquid
sloshing is very long in comparison with the fundamental
period of the tank in its compressional mode. Thus, peak
response of the tank to blast pressure will occur long be-
fore internal loads due to liquid sloshing are developed.
In addition, the inertia loads generated by the sloshing
liquid are small in magnitude compared to the externally
applied soil pressures.
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The design procedure outlined in this section is
based on two loading conditions, the dynamic external
blast pressure and the static internal air pressure. For
the -donamic- loading--no s afety factor is considered other
than the reserve capacity of the tank section above yield
stress. For internal pressure, a safety factor of 2.0
has been suggested. This margin of safety is on the low
side when compared to the 2.5 which is normally specified
between allowable design stresses and yield stress in the
ASME Boiler and Pressure Vessel Code - Section VIII - Di-
vision 1. The fact that the tanks are buried tends to
minimize the hazards resulting from accidental rupture
under static internal pressure. In addition, the primary
purpose for the installation will be that of fulfilling a
military function. These two factors tend to justify the
lower safety factor suggested. However, the designer
should exercise his own judgment in establishing a safety
factor which he feels is consistent with the unique fea-
tures and conditions at the site under design.

The design and fabrication of the vessel should fol-
low the ASME Code recommendations as closely as possible.
Particular attention should be given to the design of
pipe connections and manholes to the tank, so that proper
pressure vessel details are used in the nozzle geometry
and weld procedures.

2-7.3 Backfill Requirements

The design procedure which has been presented is val-
id only if granular material is used as backfill around
the tank. It is recommended that construction specifica-
tions require backfill with material placed at a dry den-
sity corresponding to 95% of the standard Proctor maximum
dry density.

The specified thickness of dense granular backfill
should depend on the characteristics of the adjacent soil
field and should be specified by a competent soils engineer.
It is recommended that a minimum thickness equal to 20% of
the tank diameter be used all around the tank.

2-7.4 Design for Special Soil Conditions

Because of the erratic nature of measured forces in
tanks and cylinders buried in clayey or silty soil, it is
recommended that any tank installation in such material
be backfilled with dry dense granular soil. The backfill
must extend below the bottom of the tank to be effective.
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For rock sites, over cut the excavation in length,
width, and depth to allow for a generous layer of dense
gr nuir a i, whi c should be placed around the
entire tank. Provide a concrete cap slab as shown in
Figure 1-4 to prevent the tank from rebounding out of
the ground during nuclear blast loading.

High water table is another site condition which
will require special design considerations, as noted in
Section 2-2.5. Dewatering for excavation will be a dif-
ficult, if not impossible task in coarse grained materi-
als because of the large potential flows. In fine silty
sands dewatering might be economically feasible with the
use of well points. As noted earlier, every effort
should be taken to place the buried tank above the water
table. Under high water table conditions, the use of
several small diameter tanks may be more economical than
one or two large diameter tanks if the smaller tanks can
be placed above the water table.

For sites which combine high water table conditions
with loosely compacted granular soils, the potential of
soil liquefaction due to ground motion generated by nu-
clear blast or earthquake should be carefully evaluated.
If the tanks were to be placed below the water table un-
der these site conditions, positive measures should be
taken to preconsolidate the soils through the use of
vibro-.flotation techniques. It is recommended that a
positive hold-down force be included in the design of
the tank. This could be provided by concrete encasement
of the tank or by rock anchor techniques.

2-8 Design Examples

Two design examples are presented in this section to
demonstrate the procedure outlined in Section 2-7. Both
examples deal with a 16 foot diameter tank buried one di-
ameter in granular soil. The weapon yield is 5 M.T. and
the overpressure level is 1500 psi. The distinguishing
difference between the two cases is the location of the
water table. In Example No. 1 it is 100 below the ground
surface, whereas in Example No. 2 it is 5 feet below the
surface.
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Design Example No. 1 p

D = 16 ft. I.D. ELEV. 0

L = 2D

d = D = depth of burial do
TANK

z, = 100 ft.w
aI = 90,000 psi, static

Et  = 30 X 10 6 psi D Pi

v = 0.25

Yt = 490 lbs/cu.-ft.

E = 33,000 psis

YS = 110 lbs/cu.-ft. ELEV. -100 WATER TABLE 7 -

Ysw= 130 lbs/cu.-ft.

S = 370
0

PO = 1500 psi

W = 5 M.T.

1. Determine ti , t50 , and t. from Figure 2-4 -

S0.37 sec. 00 psi] 1/2 [5 MT] /3 = 0.164 sec.ti  = .7e. 1500 psi] [ -- MT

t5o 0.0195 sec. [5-M] / 0.033 sec.
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t = 0.01 sec. 5 MT 1/3 0.017 sec.

2. Determine period of tank vibration in compressional
mode -

Ct = 18,470 fps

T, (16 ft.) 0.0027 sec.
r 18,470 fps

3. Calculate dynamic amplification factor -

Let = , linear-elastic system

For T Tt t 0.0027
Sd  t. 0.164

d 1

DF = = 2.0
.0027 + 1/2T .17)0027

1+ .7

This is the maximum value which DF can have in an
elastic system so there is no need to consider t5 0
or t0.

4. Calculate the pressure attenuation factor, az , at
the crown -

Cs = s Ys

Ca= '(32.2 ft/sec2)(3Opc psi)(144 in2 /ft2 )

Cs=V (110 pcf)

CS = 1180 fps
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L = 230 , 100psi) 1/2 ( 2 f/3

Lw = 193 ft.

For p0 greater than 1000 psi use Equation 2-2b

__ 1 27.5 1 . 27.5

__ PcO . 19.3 ft) (1500)0.48

a = 0.759z

5. Calculate pressure amplification factor due to water
table. In this case the water table is 100 feet be-
low ground surface. Therefore no stress amplifica-
tion will occur.

6. Compute arching factor, A -

From Figure 1-2 select a trial tank thickness of
1.00 inch.

a = Ln~ c(E \I/D /

Ln 1.5(33,000 psi)(16 ft x 12in/ft) 3a Ln: 12.40

(30 x 106 psi)(l in3/12)(0.577)

4d (gD - 2D + 2L) -0 024a 2

(gD2 + 4DL - 4D2 )

for L = 2D

4d° (t + 2) -0. 024a 2

= D(7 + 4) ( - e )
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4(16 ft)(i + 2) 12 ' 2L_= (16 ft},ir ,. s (i - eO-t(2.) )

-€ = 2.81

-no -0.135(2.81)e e : 0.684

A = Tan 370 0.7535

Enter Figure 2-9 with these values for e-  and A
and read, A = 0.315. o

Thus, (1-A) = 0.685

7. Calculate dead load of soil -

PDL (1- A) y d

- 0.685 (110 pcf)(16 ft)

144 in2/ft2

PDL 8.37 psi

8. Calculate the total effective external pressure -

Pe = DF (1-A)a Zp°  + PDL

= 2.0(0.685)(0.759)(1500 psi) + 8.37 psi

Pe = 1562 psi + 8.37 psi = 1570 psi

9. Determine internal pressure -

Pi 1570 psi 523.5 psi
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10. Calculate critical yield pressure -

Pcr = 1570 psi - 523.5 psi 1056 psi

11. Determine tank thickness-

t PcrD = (1056 psi)(16ft x 12in/ft)
2.31 cT y 2.31 (90,000 psi) .967 in.

12. The closest rolled plate thickness is 1 inch, so use
1 inch plate. There is no need to go through another
cycle of iteration since the arching factor is based
on an assumed tank thickness of 1 inch.

13. Check for elastic buckling -

E
Pcr = 0.621 v (r/t) 3

= 0.621 A/(33,00psi)(3OxlO6psi)(l in)
3 = 657 psi

V (8 ft x 12in/ft) 3  6

Thus, the critical pressure for elastic buckling'is
less than the net external pressure of 1056 psi cal-
culated in Step #10. Based on these results, the
tank should buckle elastically. However, the buck-
ling equation is very conservative in this case. It
was derived for long thin-walled cylinders without
stiffening end caps. The actual tank under analysis
has a short cylindrical section and is stiffened by
the two spherical end caps. Static tests on buried
model tanks, internally pressurized (6)indicate the
buckling resistance of the tank to be three times as
large as the value given by Equation 2-26.

Using these test results as a guide, the critical
buckling pressure would be predicted as-

Pcr = 3 (657 psi) = 1970 psi

which is well above the design pressure of 1056 psi.
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Design Example No. 2D 16f.WMRI
D = 16 ft. _ f

L 2D
dDd o  16'd= D

' 0

z = 5 ft. "1

y = 90,000 psiyD 16 'P

Et = 30 x 10 6 psi

v = 0.25

= 490 ibs/cu.-ft.t--OAULAR SOIL

Es  = 95,000 psi

's = L10 lbs/cu.-ft.

y, 130 lbs/cu.-ft.

0 =410

PO 1500 psi

w = 5 M.T.

1. Determine ti, t 5o and t. from Figure 2-4

t = 0.164 sec.

t50 = 0.033 sec.

t =0.017 sec.
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2. Determine period of tank vibration in compressional

mode -

Ct = 18,470 fps

T v(i6 ft) - 0.0027 sec.t 18,470 fps

3. Calculate dynamic amplification factor - this will
be the same as in Example No. 1

DF = 2.0

4. Calculate the pressure attenuation factor, az' at
the water table-

C(32.2 ft/sec2)(95,000 psi)(144 in2/ft
2)'

s V (110 pcf)

Cs  = 2000 fps (for soil above the water table)

= 230 ft. 100 psi) '/2 (5 MT) 1/3 2ooo fps)
Lw  20 f.(1500 psi) 1 MT 622 fps)

Lw = 327 ft.

a = 1 ft 27.51+ •_ " - 0. 810
+ 327 ft (1500)0'48

This is the pressure attenuation down to the water
table.

5. Determine the pressure amplification factor at the
water table -

P 2C1 + p 2 C2  Y1C1 + Y2C2
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2c10(o130 pcf)(510 fps)

2pcf)(2000 fps) + (130 pcf) (5100 fps)]

=1.5

6. Compute arching factor, A-

Assume a plate thickness of 1.5 inches

a = Ln

Ln 1.5(95,000 psi)(16 ft x 124/ft)3 (12)[ (30 x16psi)(.282 in)3(0 .577) J
a =Ln 2.48 X 10 12.42

=4d Or +2) (1 e-0024a2

D(ir + 4)

4 ~(16 ft)(ff + 2) (1 - e-0024(12.4+2) 2)
(16 ft)(ir + -)

* = 2.81

e-n = e- 0 .135(2 "81) = 0.685

A = Tan 41 = 0.870

Enter Figure 2-9 with this value and read, A = .401

Thus, (1-A) = 0.599
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7. Calculate dead load of soil -

PDL = (1 - A)y szw  + (1 - A)(y - yw )(d - zW )

+ yw (d0 - zW )

(0.599)(110 pcf)(5 ft)

(144 in2/ft 2 )

+ (0.599)(130 pcf - 62.4 pcf)(16ft - 5ft)

(144 in 2/ft2 )

+ (62.4 pcf)(16 ft - 5 ft)

(144 in 2/ft2 )

PDL = 2.30 psi + 3.12 psi + 4.74 psi = 10.16 psi

8. Calculate the total effective external pressure -

Pe = DF 2 [PlCl + P2C2)] (1 - A)azPo + PDL

= (2.0)(1.5)(0.599)(0.810)(1500 psi) + 10.16 psi

Pe = 2192 + 10.16 = 2202 psi

9. Determine internal pressure -

S 2202 = 734 psi
p-3
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10. Calculate critical yield pressure -

cr = 2202 psi - 7 34 psi = 1468 psi

11. Determine tank thickness -

= PcrD (1468 psi)(16 ft. x 12 in.)
2.31 2.31 (90,000 psi)Y

t = 1.36 inches

12. The closest rolled ,plate thickness is 1.375 inches,
so use this size. The assumed plate thickness of
1.5 inches used in computing the arching coefficient
is not sufficiently different from the final calcu-
lated thickness to warrant a further round of anal-
ysis.

13. Check for elastic buckling-

EE

Pcr = 0.621 (r/t)3

0.621 
L/95 

000 psi)(30 x 06 psi)(.375 in)
3

V (8 ft x 12 in/ft) 3

Pcr = 1,797 psi

The critical pressure for elastic buckling is greater

than the net external pressure of 1468 psi, calculated

in Step #10. Thus, buckling will not be critical in
this case.
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a.4. Check buoyant uplift force-

Buoyant uplift on empty tank,

10,0 3 Y

B = 24 w

1oT (16 ft) 3 (62.4 lbs/cu ft)
24

B = 334,567 lbs.

Dead weight of tank = 114,940 lbs.

Dead weight of soil = 1,370,000 lbs.

Total dead load = 1,484,940 lbs.

Safety factor against buoyant uplift,

1,484,940 44
S.F. = 334,567 5= "

Thus, buoyancy will not be a problem once the tank
is covered with 16 feet of backfill. If soil in-
stability due to the high water table is a potential
problem, positive measures should be taken to tie
the tank down. Otherwise it will float to the sur-
face as soil liquefaction occurs due to dynamic
loading from nuclear air blast or ground shock.

In comparing the design thickness for the tank
which was calculated in Example 1 with that from Example
2, the primary cause for increased thickness was due to
the presence of high water table. The resulting pressure
amplification of 1.5 forced the design thickness to in-
crease 50% over the size in Example 1. The stiffer soil
condition in Example 2 produced a slightly larger arching
factor, A, which reduced the effective pressure on the
tank. This reduction in design pressure partially off-
set the influence of high water table and resulted in a
net increase in tank thickness of 37.5%.
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2-9 Corrosion Protection

For internally pressurized steel tanks, corrosion
protection is a very important design consideration.
Failure of an internally pressurized tank due to corro-

*+ sion represents a greater hazard than the corrosion of
unpressurized fuel tanks. The potential of stress cor-
rosion is also enchanced by internal pressurization which
places the tank in a state of moderately high working
stress throughout its life.

There are many factors which affect the corrosive
nature of the soil in which the tanks are buried. An un-
derstanding of some of the more important factors will
help the designer select the proper backfill material.
The following are the primary factors affecting soil
corrosivity (5)

1. Soil Texture - Fine, even-textured soils are
less corrosive than coarse soils. Soils of
uniform composition, such as sand or the
sandy or silty loams, are less corrosive than
a mixture of soils, such as sand and clay.

2. Soil Acidity - Highly acid soils are corro-
sive, while mildly acid soils are not nec-
essarily corrosive.

3. Organic Matter - Soils low in organic matter,
such as clean sands, are usually less corro-
sive than soils high in organic matter.

4. Bacterial Content - Soils with anaerobic bac-
teria (usually heavy, water-logged soils,
such as clay) are very corrosive.

5. Electrical Resistivity - Low resistivity
soils (0 to 3000 Ohm-cm) are corrosive
because their high conductivity allows an
easy path for the flow of current from an-
odic areas to cathodic areas on the struc-
ture.

6. Moisture Content - Wet soils are usually
more corrosive than dry soils.
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Dry, clean sand without solub,.le salt content is one

of the best non-corrosive soil conditions and forms an
excellent backfill material. It is recommended that a
positive form of corrosion protection be provided in
addition to a non-corrosive soil. The most economical
method is the use of a good quality commerical coating
on the outside of the tank to reduce the exposed metal
area to a minimum and thus isolate the metal from the
potentially corrosive environment of the soil. In con-
junction with the coating, cathodic .protection should be
provided to prevent corrosion at discontinuities or
faults in the coating material.

Every effort should be made to avoid dissimilar
metal couples, such as ,L brass or copper pipe coupling
in combination with steel. All piping should be coated
and wrapped.

If the corrosive environment is removed from the
exterior surface of the tank by providing a coating bar-
rier and cathodic protection, stress corrosion will have
effectively been prevented. There are additional steps
which may be taken to insure against stress corrosion.
A full anneal and slow cool of the fabricated tank is a
dependable means of preventing stress-corrosion cracking.
For high strength, cold worked steels, a full anneal is
not always permissible because it lowers the strength
properties of the metal.

2-10 Mechanical Consideration for Internal Pressurization

The use of internal pressurization in a buried fuel
tank presents mechanical design situations which would

not normally be considered in the case of unpressurized
tanks. Allowance must be made for depressurization of
the tank at times of refueling, cleaning and inspection.
During operation the high internal pressure will force
fuel out of the tank down the fuel supply line to the
engines. Thus, a pumping system will hot be required.
However, in its place a compressor must be substituted
which will provide the internal pressure. Pressure re-
duction valves must be installed on the fuel supply lines
to drop the fuel pressure to atmospheric level before it
is supplied to the engine.

These and other mechanical considerations are pre-
sented in this section of the report.
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2-10.1 Compressor

To provide internal pressure to the fuel tanks at
pressures up to 1000 psi, an Ingersoll-Rand compressor
(Model 15T2X) or equivalent will serve the purpose eco-
nomically. Because of possible down time due to repairs
and maintenance, two of these compressors should be pro-
vided at each site. The cost of a single compressor with
high operating reliability which would insure continuous
internal pressurization is greater than the cost of two
compressors of the type recommended.

In order to insure resistance of the fuel storage
tanks to repeated nuclear air blast, the compressor sys-
tem must survive nuclear attack in an operable manner.
Thus, the compressors should be placed in the hardened
shelter which the fuel tanks supply. Each compressor
occupies a space 58 inches in length, 28 inches in width,
and 33 inches in depth.

2-10.2 Piping

Nuclear blast pressures will cause large relative
displacements in the soil as the pressure front moves
over the soil. Prediction equations are available (8)for
calculating the probable maximum relative displacement
which would be expected between adjacent tanks for any
given soil condition, overpressure level, and weapon
yield. With this information the designer can provide
flexibility in the pipe system to meet the relative dis-
placement criteria.

Particular attention must be given to the design of
pipe attachments at the pressurized tank. Due to rela-
tive motion of the soil adjacent to the tank under arch-
ing action, large shear forces are developed at the tank-
to-soil interface along the side walls of the vessel. Any
pipe connection made in this zone will experience these
high shearing forces and should be isolated from the soil
through use of a crushable wrapping or isolation sleeve. (15,16)

If flexible piping is used between tanks, the stiff-

ening influence of internal pressure should be accounted
for in the design of the flex-hose.

2-10.3 Valves

Three separate valves must be provided in the pres-
surized tank system.
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In the fuel supply line to the engines a. pressure
reduction valve will be required to reduce the high in-
ternal pressure in the tank system to atmospheric level
or slightly higher depending on the head losses in the
line.

Because of potential rupture of a single line or
premature failure of a tank due to undetected weaknesses
in material a system of pressure closure valves should be
provided at each tank-to-pipe connection. These couldbe
quick closing solenoid valves, activated by a pressure
switch in the pipeline which respond to a sudden pressure
drop. Thus, failure at one point in the tank system would
not weaken the entire system to subsequent nuclear attack.

A system of pressure relief valves will be required
in order to depressurize a portion of the tank system for
refueling, cleaning, and inspection.

2-10.4 Access

A special manhole will be required in the top of
each tank with access passages to the surface. The man-
hole must be pressure tight and be easily opened from
outside the tank.

2-11 Site Investigation

Throughout this report every effort has been made
to emphasize the important part which the soil medium
surrounding the tank plays in its design. The tank de-
rives much of its strength and protection from a favor-
able soil environment. Thus, it is only appropriate
that attention be given to the particular soil proper-
ties needed by the designer to properly evaluate the
site-soil conditions and the improvements which may be
required to upgrade the soil immediately surrounding
the tank.

General information on the site-soil conditions
such as thickness of overburden, uniformity of soil
layers, depth to bedrock and water table is basic to
the design. For construction purposes information
about soil stability during excavation, the availabil-
ity of select backfill, and the anticipated settlement
is required. For sites with high water table, data on
the permeability and draw down characteristics must be
established in order to design dewatering procedures.
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Specific material properties should be determined
for each s6il type encountered at the site or used as
backfill. The following list contains the properties
most useful to the designer:

1. Elastic secant modulus, E (static and dynamic)

2. Shear modulus (dynamic)

3. Confined and triaxial stress-strain relationships,
(static and dynamic)

1. Poisson's Ration, v

5. Propagational or compressional wave velocity, Cs

6. In situ unit weight

7. Saturated unit weight

8. Void ratio

9. Relative density

10. Bearing capacity

11. Shear strength

12. Angle of internal friction, ko

13. Electric resistivity

14. Corrosioi potential

Items 1, 4, 5, 6, 7, and 12 are directly applicable
to the design procedure outlined in Section 2-7. If a more
refined analysis should be required using dynamic finite
element techniques, items 2 and 3 may also be required.

The bearing capacity and shear strength of the soil
is of direct use in designing for construction loads.
This information is also applicable to the foundation
design for support facilities which may be located at
the site.

The void ratio and relative density are field measur-
able properties used to control the placing of backfill
around the tanks.
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Appendix C has been prepared as a guide in specify-
ing and reviewing soil investigation-procedures. The
appendix deals with siting studies, geological explora-
tion, sub-surface exploratory drilling and sampling, geo-
physical surveys, laboratory testing, and final report
recommendations.
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Section 3

OPTIMIZATION STUDY

3-1 Introduction

An economic study was made to determine the optimum
tank volume at various overpressure levels. Parametric
variables in the study included the depth to water table,
internal pressure, and yield strength of the tank steel.
In order to optimize the tank size on an economical ba-
sis, realistic cost figures were obtained from tank fab-
ricators and major construction contractors who were lo-
cated near the area of proposed construction.

A computer program was written to carry out a series
of analyses for each parametric case. Results are pre-
sented in graphical form for direct interpretation and
application by the designer.

3-2 Cost Factors

The major costs of a buried fuel storage tank are in
the tank material, excavation and backfill. Each of these
costs is directly dependent on the tank diameter or volume
as will be shown. Additional costs result from internal
pressurization, piping and maintenance. These are minor
in nature and are directly dependent on the total. storage
volume at the site rather than the volume of a given tank.

3-2.1 Tank Costs

Tank costs may be broken down into the following ba-
sic items:

1. Material

2. Fabrication

3. Transportation

4. Placing

5. Corrosion Protection

All of these costs except transportation are direct-
ly dependent on the volume of the tank. Transportation
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costs are primarily dependent on the route of travel not
on the size of the tank. Thus for cost comparison pur-
poses, the transportation costs from fabricator to job
site, have been excluded from the total tank costs.

There is a limitation on the maximum size of shop
fabricated tanks which can be hauled by truck or train.
By truck the maximum diameter is 10 feet and by rail it
is 12 feet. Tanks of greater diameter must be trans-
ported in segments and field fabricated at the site.

To establish realistic values for the total cost of
a fabricated tank, a survey was conducted of the major
fabricators. Each was presented with information regard-
ing the range of possible tank sizes, the material type
(high strength steel with a yield stress of 90 to 100 ksi)
and fabrication criteria (ASME Pressure Vessel Code).
Both field and shop fabrication were considered. Results
from the survey were plotted and two cost equations were
established (See Figure 3-1). The equations were delib-
erately fitted to the high side of the data in order to
be conservative.

As can be seen from the results, the minimum cost
occurs at plate thickness of 1 inches. Plates of this
thickness are ideal for bending, require the minimum
amount of jigging and are readily welded. For thinner
or thicker plates the fabrication costs increase due to
the above factors. The cost differential between shop
and field fabrication is roughly 25 cents per pound.

3-2.2 Excavation Costs

Excavation costs can range widely due to the varia-
tion in anticipated soil conditions which range from hard-
rock to nearly impregnable swamps. In order to establish
an estimate of the probable cost for excavation and shor-
ing, three soil conditions were considered, rock, sand,
and clay. The cost of dewatering was not included in the
excavation costs.

For rock the most economical excavation is a verti-
cal pit. Estimated excavation costs range from $15 per
cuoic yard to $45 per cubic yard. In sand and clay soils
vertical excavation using driven piles and sheathing to
hold back the soil appears to be the most economical
method. The cost of excavation and shoring will vary
with depth of total excavation as shown by the cost equa-
of Figure 3-2. Costs increase at a rate of 15 cents per
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Figure 3-1 TOTAL COST PER POUND OF STEEL
PLATE- INCLUDING MATERIAL,
FABRICATION, PLACING, AND
CORROSION PROTECTION
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Figure 3-2 EXCAVATION COSTS VS, DEPTH
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I

foot for excavations up to 30 feet in depth. Below this

depth, costs increase at a rate of 25 cents per foot.

At sites with high water table, dewatering will be
necessary in order to excavate. The cost is directly
dependent on the depth of water table, depth of excava-
tion, and soil permeability. For gravelly soils the
permeability is so high that dewatering -may not be eco-
nomically feasible; in clayey soils dewatering will nor-
mally be a simple process. Because of the potentially
wide range in dewatering costs from site to site, these
costs have been omitted from the optimization study.

3-2.3 Backfill Costs

Select backfill material will normally be placed
around the entire tank (See Figure 3-3). Washed or
dredged sand is ideal for this purpose because of its
low corrosion potential and uniform material properties
when properly compacted. Washed sand costs $4.50 per
cubic yard, dredged sand is less. Both would probably
have to be hauled to the site at a rate of $1.30 per
cubic yard per hour of turn around time. Hand or ma-
chine compaction will range in price from $1.50 per
cubic yard to $3.00 per cubic yard. For cost optimiza-
tion purposes the select backfill in place was estimated
at $7.00 per cubic yard.

The remaining portion of the excavation above the
tank and select backfill (See Figure 3-3) is~filled in
with ordinary backfill obtained at the site. This ma-
terial may be a coarse sand with some rock fragments.
It is placed under careful compaction controls similar
to the select backfill, however, its cost is minimal.
Ordinary backfill normally costs $1.50 per cubic yard
in place. For the optimization study it was assumed to
cost $3.00 per cubic yard due to the strict placing re-
quirements.

3-2.4 Pressurization Costs

A 15 horsepower compressor, which is capable of
pressurization to 1000 psig, will range in cost from
$3,000 to $5,000. In Section 2-10.1 it was recommended
that two compressors be purchased in order to have one
as a backup. Thus, the total compressor cost could be
as high as $10,000. This is negligible in comparison
to the cost of the tanks alone.
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Figure 3-3 EXCAVATION AND BACKFILL
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Operation and maintenance of the compressor should
not exceed $15 per month. This cost is directly propor-
tional to the total storage volume at the site, not the
individual tank volume. Thus, for economic comparison
purposes between tanks, all compressor costs have been
excluded from the study.

Miscellaneous costs of valves, piping, etc. have

also been neglected in the economic comparison.

3-3 Parameters Considered in Study

The following parameters represent the more signif-
icant variables which could be considered in an optimiza-
tion study:

1. Costs

a. Tank

b. Excavation

c. Backfill

2. Tank Geometry and Properties

a. Shape

b. Diameter to Length Ratio

c. Orientation in the Ground

d. Yield Strength of the Material

3. Site Factors

a. Depth of Burial

b. Depth to Water Table

c. In situ Soil Properties

d. Backfill Properties

4. Nuclear Weapon Characteristics

a. Weapon Yield

b. Overpressure Level
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5. Internal Pressurization

It is evident from the list of possible parameters
that an exhaustive study of each one would involve a ma-
jor effort. For the purposes of this report certain key
parameters were selected for study. The others were held
constant or allowed to vary in a prescribed manner.

The variable parameters are:

1. Tank volume or diameter which varies in 2 foot
increments from 8 feet to 30 feet.

2. Overpressure level - 3000, 1500, 1000, 600, 200,
and 10 psi.

3. Depth of water table - 0, 5, 13, 30, and 100
feet.

4. Internal pressurization - with pressure and
without pressure.

5. Yield strength of tank steel - 90 ksi versus
36 ksi yield stresses.

6. Excavation costs for rock site versus sand or
clay site.

The tank diameter and overpressure level were vari-
ables in each of the four cases studied. The remaining
parameters were varied individually within each case.

Tank costs are based on shop and field fabrication
curves of Figure 3-1. For tanks 12 feet in diameter or
under, shop fabrication is used, while tanks over 12 feet
are field fabricated. The cost curves of Figure 3-1 are
based on high yield strength steel such as T-I or equiv-
alent with a minimum yield strength of 90 ksi. For mild
steel, such as A-36 with a yield strength of 36 ksi, the
cost equations of Figure 3-1 are reduced by 50% to re-
flect the lower material and fabrication costs.

Excavation costs in sand and clay are based on the
cost function of Figure 3-2, while excavation in rock is
$28 per cubic yard and is independent of depth. The
cross-sectional area of excavation is shown in Figures
3-3 and 3-4 along with the specified areas of select and
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ordinary backfill. A clearance between excavation and
tank along its sides, bottom and ends is 20% of the tank
diameter with a minimum of 3 feet. This minimum is based
on working space requirementcs.

Cost for select backfill is $7.00 per cubic yard and
for ordinary backfill $3.00 per cubic yard.

The tank diameter to length ratio is held constant
with the length equal to two diameters as shown in Fig-
ure 3-4. It is oriented horizontally in the ground. High
strength steel with a 90 ksi yield is considered in all
but one of the cases studied. For this case A-36 steel
with a yield stress of 36 ksi was evaluated,.

The tank is buried at a depth of one diameter below
ground surface in sandy soil. The elastic secant modu-
lus for the soil was selected at 33,000 psi, which was
found to be a good average for sandy soils.

A nuclear weapon yield of 5 MT was selected for all
cases studied.

Internal pressure within the tank is calculated in
each analysis to equal one third the effective external
pressure acting on the tank.

Figure 3-4 summarizes the key parameters, both vari-
able and non-variable, used to analytically model the
buried fuel tank in the following optimization studies.

3-4 Results from Case Studies

3-4.1 Case 1 - Optimum Costs as a Function of Over-

pressure and Tank Volume

For this case the water table is located 100 feet
below ground surface, giving a solution for dry soil con-
ditions. Both overpressure and tank diameter are vari-
ables in the analyses.

The plot of plate thickness in Figure 1-2 was devel-
oped from this case study. It reflects the theoretical
value for plate thickness. Due to fabrication consider-
ation the minimum plate thickness for shop fabricated
tanks is inch and for field fabrication it is inch.
In addition, available plate sizes come in incremental
thicknesses which become coarser as the total plate
thickness increases. These practical limitations have
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been included in the economic evaluation of the tanks
and have resulted in certain discontinuites in the the-
oretically smooth optimization curves, as will be seen
in many of the following figures.

Total tank costs for a single tank including mate-
rials, fabrication, installation and corrosion protec-
tion, excluding excavation and backfill, are given in
Figure 3-5. There is a distinct discontinuity in costs
between shop fabricated and field fabricated tanks due
to the material and fabrication cost differentials. It
should be noted that for low overpressures ranging from
200 psi on down to 10 psi, minimum plate thickness con-
trols the design. In fact even at 600 psi, the design
of field fabricated tanks up to 20 feet in diameter is
controlled by the minimum workable plate thickness of
inch.

Total cost for a single tank including tank cost,
excavation, and backfill is given in Figure 3-6. In the
high overpressure range excavation and backfill account
for roughly 12% of the total cost. While in the low
overpressure range this figure increases to 50% of the
total cost for large diameter tanks. Note also that for
any given tank diameter the maximum range in total tank
cost with overpressure can be as much as 500%.

The tank size which yields the minimum cost for en-
closing a given volume is normally considered the opti-
mum design. In this study the total tank cost to enclose
the volume equivalent to that contained in a 30 foot di-
ameter tank was computed for- each of the tank sizes con-
sidered. The tank costs were then normalized by dividing
each tank cost by the minimum tank cost, for any given
overpressure level. The resulting ratio of total tank
cost to minimum tank cost was plotted as a function of
tank diameter and a smooth curve was passed through the
values to produce the resulting optimization curve shown
in Figure 3-7.

From this figure it is obvious that the 10 to 12
foot diameter shop fabricated tank is the most economical
solution. Field fabrication of the tank will cost 30 to
50% more depending on the tank volume and overpressure lev-
el. For field fabrication in the high overpressure range
of 3000 psi there appears to be an optimum tank size be-
tween 18 and 2" feet in diameter. At 200 psi overpressure,
minimum plate thickness for field fabrication produces a
sharp discontinuity at the 12 foot diameter tank size.
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This same plate thickness limitation forces the optimum
field fabricated tank size up into the large diameter
range between 26 and 28 feet. At 600 psi overpressure
the limitation on plate thickness does not influence the
results over as wide a range of tank sizes. However, it
does alter the pattern of the optimization curve in the
12 to 20 foot diameter range.

3-4.2 Case 2 - Influence of Water Table Depth on Costs

For this case study the depth of water table was
varied, starting at ground surface with zw = 0 and mov-
ing on down to 5, 13, 30 and 100 foot depths. Overpres-
sure and tank diameter were varied as well.

Figure 3-8 shows the influence of water table on
the required design thickness of the tank. Since 6 inch
plate is the maximum size available in high strength
steel, large diameter tanks will not be feasible under
high water table conditions and high overpressure levels.
At 1500 psi overpressure level, the required plate thick-
ness for the large diameter tanks is reduced to 3 inches
which is a more workable size, see Figure 3-9.

The influence of water table on total tank cost is
graphically presented in Figure 3-10 and Figure 3-11 for
overpressure levels of 3000 psi and 1000 psi respectively.
The range in tank cost can be as much as 300% between a
site with no water table and one with water table at the
surface. These costs do not include dewatering or tank
hold down costs. By comparing Figure 3-10 and Figure 3-11
it is evident that the cost differential due to water ta-
ble decreases with reduced overpressure level. At 200 psi

overpressure there is no further cost differential. Thus
the presence of water table at thi; low overpressure does
not appear to influence the tank design to a point that it
is economically significant.

The variation of total tank cost as a function of
overpressure, holding the water table constant, is shown
in Figure 3-12. By comparing the results at 600 psi over-
pressure with those of Figure 3-5, the case without water
table, it is evident that the minimum plate thickness for
field fabricated tanks is no longer the controlling factor
in the tank design. Instead, the design is dictated by
the blast pressures which are amplified as they pass
through the saturated soil.
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An optimization curve for total tank costs under var-
ious water tab'le conditions is presented in Figure 3-13.

The ratio of total tank cost to minimum tank cost
has been normalized using the minimum cost for a tank in-
stalled at a dry site as the divisor. Thus, the plotted
curves represent the relative cost between various water
table depths as well as the relative cost between tank
sizes at any given water depth. The optimum tank diame-
ter is between 10 and 12 feet for all water table condi-
tions. Thus, the presence of water table does not alter
the optimum tank size, however, it is worth noting that
at 1000 psi overpressure, full water table increases the
total cost for shop fabricated tanks by 50% and for large
diameter, field fabricated, tanks by 100% over the tank
costs in dry soil conditions.

3-4.3 Case 3 - Influence of Internal Pressure on
Tank Costs

To investigate the influence of internal pressuriza-
tion on optimum tank design two cases were considered.
One with normal internal pressure conditions and the oth-
er without internal pressure.

The resulting plate thicknesses calculated for the
two cases are shown in Figure 3-14. It is evident that
internal pressurization significantly reduces the requir-
ed plate thickness. This is particularly true in the
medium to high overpressure range.

A comparison of total tank costs is presented in
Figure 3-15, for various overpressure levels. Internal
pressuiization reduces the total tank cost by as much as
50% in the high overpressure range. In the low overpres-
sure range, under 200 psi, fabrication requirements dic-
tate the minimum plate thickness rather than the external
pressure loads. Similarly, the influence of internal
pressurization does not effect the determination of plate
thickness in this overpressure range.

For the case without internal pressure, the optimum
tank size is in the 10 to 12 foot diameter range, which
is the same as for the cases studied previously.

3-4.4 Case 4 - Inf-luence of Tank Yield Strength

From the results of Case 1 it is apparent that in
the low overpressure range, tank costs are controlled by
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minimum plate thickness requirements rather than strength.

Thus, the economic advantages of using a low yield

strength steel, such as A-36 with a yield stress of 36
ksi, were investigated.

Figure 3-16 presents the calculated plate thickness
requirements based on design pressure criteria. At 200
psi overpressure, the calculated plate size for A-36
steel closely parallels the shop and field fabrication
requirements of inch and inch respectively. It is
interesting to note that for the 3000 psi overpressure
level, the design plate thickness for A-36 steel exceeds
6 inches. Fabrication of plates this size is costly, as
can be seen by the total tank costs shown in Figure 3-17.
These results further point out the fact that high yield
streagth steels are the most economical solution in the
medium to high overpressure range. While in the low over-
pressure range under 200 psi, normal mild steel with a
yield strength of 33 to 36 ksi is more economical.

The plot of normalized total tank costs in Figure
3-18 reveals that the optimum size for tanks shop fabri-
cated from A-36 steel is 12 feet in diameter and for
field fabrication it is 20 feet in diameter. These re-
sults apply only to the low overpressure range of 200
psi and under.

3-4.5 Case 5 - Influence of Soil Conditions on
Excavation Costs

An economic study was made of the excavation costs
in rock versus sand or clay soils. The variable was
tank diameter or excavation volume. Water table was set
well below the bottom of the excavation to exclude dewa-
tering costs from the comparison.

The resulting excavation costs are presented in Fig-
ure 3-19. As anticipated, rock excavation costs exceed
sand and clay soil excavation costs by a margin of 600%
in the small tank diameter range and by 100% in the large
tank diameter range.

Backfill costs have been added to the excavation
costs to provide an economical comparison between the two
costs. Backfill costs are a very small percentage of the
total excavation cost for large diameter tanks. They do
increase to significant proportions for small diameter
tanks under sandy or clayey soil conditions.
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3-5 List of Major Findings and Conclusions

From the five cases studied the following conclu-
sions can be derived:

1. From an economical standpoint, the optimum
tank size is the 10 to 12 foot diameter
shop fabricated tank.

2. High water table conditions may increase
the material and fabrication costs for a
tank by 300%.

3. High water table in combination with 3000
psi overpressure produces design require-
ments which exceed the available plate
size for high strength steels.

4. Internal pressurization provides a signif-
icant savings in tank costs. This savings
far exceeds the initial costs of compressor
and special mechanical equipment used to
pressurize the tanks.

5. For overpressure levels over 200 psi, high
strength steels such as U.S. Steel's T-l,
or equivalent, with a 90 ksi yield strength,
are more economical to use than mild steels
with a yield strength of 36 ksi. Under 200
psi overpressure, fabrication restrictions
on minimum plate thickness make mild steels
the economic choice.

6. Rock site excavation costs exceed soft soil
site costs by a minimum of 100%.
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APPENDIX A

COMPUTER PROGRAM FOR

DESIGN AND COST OPTIMIZATION

A-I Introduction

The design procedure for horizontally buried, inter-
nally pressurized fuel storage tanks, as outlined in Sec-
tion 2-7, was coded for analysis on the IBM 1130 computer.
To generate the cost optimization curves of Section 3, a
series of subroutines were added to the program which cal-
culated material quantities and costs. Thus the computer
program which is presented in this Appendix will calculate
both tank thickness and costs. The cost functions includ-
ed in the program are those given in Section 3-2.

A-2 Computer Program

Figure A-I is a flow diagram of the program logic.
Following the figure is the program listing on Pages A-4
to A-15. All input data has been defined and units noted
on the first sheet. Definition of terms used in the pro-
gram follows the input information.

The program is dimensioned to take 15 different over-
pressures and 15 different tank diameters in a single run.
This number may be increased by modification of the pro-
gram dimension statement.

A-3 Sample Problems

The two design examples of Section 2-8 are presented
as sample input-output to the computer program. Design
Example No. 1 is on pages A-3 to A-4 while Design Example
No. 2 is on pages A-5 to A-Il.
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E READ NUMBER OF OVERPRESSURES 
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T ANK DIAMETERS TO BE INVESTIGATED

4 READ IN ONE OVERPRESSURE VALUE

COMPUTE THE MAXIMUM DYNAMIC
AMPLIFICATION FACTOR

SET THE FIRST TRIAL VALUE OF
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ASSUME THE SOLUTION AS
THE NEXT TRIAL VALUE

/.



GENERAL LOGIC DIAGRAM FOR DESIGN AND COST OPTIMIZATIa

COMPUTE THE TOTAL EFFECTIVE
PRESSURE AT THE TANK CROWN

COMPUTE THE INTERNAL PRESSURE AS A
PERCENT OF THE EFFECTIVE PRESSURE

COMPUTE THE TANK THICKNESS FOR
THE NET EXTERNAL PRESSURE

INTERPRET A NEW ARCHING FACTOR
FOR THE COMPUTED THICKNESS.

[CALL INTER]

~YES

ADJUST PLATE THICKNESS
FOR AVAILABLE PLATE SIZE.

[CALL PLTHK]

COMPUTE COST OF TANK
MATERIAL AND FABRICATION.

[CALL TANCO]

IF WATER IS PRESENT,
COMPUTE THE BUOYANCY FORCE

ON THE TANK,
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)N PROGRAM (TKOPT)

COMPUTE VOLUME OF
EXCAVATION AND COST.

[CALL EXCOS]

COMPUTE VOLUMES OF SPECIAL AND
ORDINARY BACKFULL AND THERE

RESPECTIVE COSTS.
[CALL BAKCO3

COMPUTE TOTAL COST AND

STORE ALL COSTS FOR SUMMARY

NO COMPLETE

NO FOR ALL TANK

DIAMETERS

YES

PRINT SUMMARY OF COSTS FOR EACH
TANK DIAMETER FOR THE PARTICULAR

OVERPRESSURE

4PRESSURES BEEN

YES

FIGURE A-1
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APPENDIX B

COMPARISON OF EXPERIMENTAL RESULTS

WITH EMPIRICAL EQUATIONS

B-I Test Description

A series of static and dynamic tests were conducted
on small scale stainless steel tanks, s hown schematically
in Figure B-1. The tanks consisted of a cylindrical sec-
tion and two hemispherical end caps. The models were
buried one diameter below the soil surface in a horizon-
tal position. Internal pressurization was used to eval-
uate improvement in buckling resistance of the thin-
walled structures.

Two static tests and two dynamic tests were con-
ducted on identical models. The first of the static and
dynamic test series were conducted at pressure levels low
enough to prevent yielding and buckling of the tank. Tank
stresses from these two tests (Static Test #8 and Dynamic
Test #2) are presented in this appendix.

In the second static test, external pressures were
increased until yield strains were reached and the tank
buckled. The pressure was increased beyond the buckling
point without further increase in load to the tank due
to full transfer of load away from the tank through soil
arching. Buckling of the tank did not produce a rupture.

Complete details of the entire test program are given
in Reference 6.

B-2 Tank Stresses

For Static Test #8 an internal pressure of 100 psi
was used to counterbalance an external soil surface pres-
sure of.155 psi. The tank strains were monitored at elev-
en gages located arounid the perimeter of the cylinder at
its centerline, see Figure B-1. Stresses computed from
the test data are plotted in Figure B-2 on polar graph pa-
per. The right half of .he graph represents hoop stresses
while the left half indicates meridional stresses. Two
experimental plots are shown on each half. One, marked
Pi (Exp.), is the plot of stresses induced under internal
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pressure loading (i.e. no external pressure). The second
plot, marked Pi - Po, (Exp.), represents the state of
stress under combined external and internal pressure
loading. A dashed line has been used to connect the re-
- d --. points- -for purposes -P -readability Te

actual magnitude of stresses between monitored values
is unknown.

For comparison purposes, hoop and meridional stresses
were computed using the empirical design formulas of
Section 2. These results have been superimposed on the
same graph in Figure B-2. By comparing the experimental
and empirical plots it is apparent that the tank behaves
as a pressure vessel under uniform internal pressure with
the soil providing little or no resistance. Results from
the model tests and the empirical formulas are virtually
identical. The invert hoop stress measured experimentally
appears to be a questionable record.

The empirical design equations of Section 2 are
based on the assumption that the actual distribution of
external pressures on the tank may be approximated by a
uniform distribution. This assumption gives reasonable
results in approximating the principle hoop stress which
occurs at the spring line of the tank, see Figure B-2.
The uniform pressure distribution assumption is an upper
bound on all hoop compressive stresses. However, in the
meridional direction this assumption underestimates the
compressive stress in local regions near the crown and
invert. It was in these local zones, at the junction of
cylinder with hemispherical end cap that buckling of the
tank occurred during the second cycle of static loading -

to failure.

Results from the dynamic test are given in Figure
B-3. A rectangular pressure pulse with nearly instan-
taneous rise time was used to generate the dynamic sur-
face pressure, p , which had a peak value of 150 psi.
The tank was intgrnally pressurized to 100 psi. For com-
parison purposes, peak stresses were computed in the hoop
and meridional directions using the empirical relation-
ships of Section 2.

From a comparison of Figure B-2 and B-3, it is ap-
parent that the stress patterns for static and dynamic
loading are nearly identical. The only variation between
the two cases is in the magnitude of the stresses. Since
internal pressures and peak external surface pressures
for both tests were virtually the same in magnitude,
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the basic difference in the resulting stresses is due to
amplification resulting from dynamically applied loads.
The dynamic amplification factor, DF, in -this case is 1.5.

As seen in Figure B-3, for the dynamic case, the em-
pirical equations conservatively bound the experimental
values of peak hoop stress. In the meridional direction,
however, the empirical equations underestimate the dynam-
ic test results by 100%. From a design standpoint, this
is not as serious as it may appear, since hoop stresses
will normally be larger in magnitude than meridional
stresses. Thus, sizing of the plate thickness will be
dictated primarily by the hoop stress.

B-3 Arching

From the static test results arching factors were
computed which ranged from 0.32 to 0.68. For the first
cycle of external pressure loading, the arching factor
ranged from 0.32 to 0.39 while in the second cycle it
ranged from 0.52 to 0.68. Thus, the first cycle of
loading compacted the soil, so that subsequent cycles
loaded a .significantly stiffer soil medium. As noted in
Section 2-2.6, arching is a function of the relative stiff-
ness between the tank and the surrounding soil. As the
soil increased in stiffness, more of the load was trans-
ferred away from the tank to adjacent soil by shear.
Arching factors from the dynamic tests ranged in value
from 0.34 to 0.37.

For comparison purposes, the arching factor was com-
puted using the empirical equations of Section 2-2.6.
The resulting arching factor, A, was 0.41, which compares
quite well with the experimental values from the first
cycle of static loading and both of the dynamic test
cases.

B-4 Buckling

The empirically determined buckling capacity of the
tank as given by Chelapati's (4)formula from Section 2-4.
is

Est A/(33,000 psi)(29.3x10 6 psi)p = o.6121/ - 0.612

P(r/t)3  V (6 in/0.024 in)
3

cr = 152 psi
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Lwhile actual buckling occurred under a net external com-

pressive pressure of 498 psi. The tank had an internal
pressure of -only 13 psig at the time it buckled.

From these and other test results on vertical tanks(6)

it is apparent that the Chelapati buckling equation gives
conservative results for internally pressurized tanks of
the general geometry tested.

* I.-
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APPENDIX C

RECOMMENDED SOILS INVESTIGATION

C-1 Introduction

This appendix presents a series of recommended soil
investigations which are applicable to the design of un-
derground fuel storage tanks. These recommendations were
prepared by Mr. H. Klehn, a member of the firm of Dames
and Moore, consulting engineers in the applied earth sci-
ences, Los Angeles, California.

C-2 Design Requirements

The proposed facilities will consist of steel stor-
age tanks placed below ground surface. The tanks will be
designed to resist hig' nuclear blast pressures. They
may range in diameter from 10 to 30 feet, and in length
from 20 to 60 feet and be buried either in a horizontal
or vertical orientation. It is estimated that the bottom
of the tank will be from 20 feet to 65 feet below the ex-
isting ground surface. Subsurface materials may include
dry granular soils, saturated granular soils, or relative-
ly shallow bedrock..

The method of placement would be in open excavations
with required dewatering. The soil conditions will nor-
mally be improved by overexcavation and backfilling with
high quality compacted fill soil.

A comprehensive series of studies will be required
to provide criteria for design of the vessels to resist
the nuclear blast pressures. Under these loading condi-
tions it will be necessary to know the properties of the
subsurface soil and rock materials when subjected to dy-
namic forces at relatively high pressures. Of particular
interest are the dynamic secant modulus, compressional
velocity, and Poisson's Ratio.

C-3 Recommended Soils Engineering and Engineering
Geology Investigation

C-3.1 General

Because of the close relationship of the soils en-
gineering and engineering geology studies, these studies
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should be done concurrently, as part of one investigation
performed-tya single c-onsultLng--8roup. The inhvestiga-

tion would include the following elements:

1. Siting studies.

2. Geological mapping survey.

3. Subsurface exploratory drilling and
sampling.

4. Geophysical survey.

5. Laboratory testing.

6. Engineering analysis and preparation of
report outlining specific recommendations
for use by the design engineer.

The final report of the investigation should be pre-
pared jointly by the soils engineer and the geologist,
and should contain specific recommendations along with
supporting data. The results of all tests should be in-
cluded in the final report.

C-3.2 Site Selection

The siting team should include the soils'engineer and
engineering geologist. Prior to making the site selections,
all available geological and soils data should be reviewed.
This information would form the basis of preliminary opin-
ions concerning the probable soil and rock conditions.

During the siting team's tour of the project area, the
soils engineer and the engineering geologist should advise
the rest of the team concerning the following:

1. Probable thickness of overburden soils.

2. Probable depth to ground water.

3. Type of soil and bedrock.

4. Engineering characteristics of the

subsurface materials.
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It is anticipated that the information concerning
the subsurface conditions will have a substantial influ-

* ence on final site selection.

C-3.3 Geological Survey

A detailed geological survey of each of the sites
will be required. The engineering geologist should have
available to him topographic maps at the approximate
scale of 1 inch equals 200 feet. The contour interval
will depend on the site terrain; howeverthe interval
should not exceed 5 feet in any case.

It is recommended that both black and white, and
color aerial photographs be obtained specifically for
this investigation. This would be stereoscopic coverage
extending at least one mile beyond the site limits. The
scale of the photographs will depend on the terrain and
site geology; however, the direct photographic prints
should be no smaller than a scale of about 1 inch equals
800 feet.

The engineering geologist should make a complete in-
spection of all erosional features, rock outcrops, exca-
vation and road cuts. In addition, test pits should be
excavated as required to further define the geologic con-
ditions at the site.

The engineering geology map of each site should in-
clude the boundaries of the soil and rock types, the
orientation of joints, bedding and shear zones in the
rock, and the extent of all landslides, serious erosion
or other areas of past or potential instability.

Following the initial geological mapping, the geol-
ogist should assist the soils engineer in selecting loca-
tions for the subsurface exploratory borings. In addition,
the geophysical survey should be planned to further define
the subsurface conditions. Sufficient subsurface explora-
tion should be completed to define any suspected or known
subsurface geological structure.

It should be the responsibility of the engineering
geologist to prepare subsurface sections detailing the
site conditions.

The geological studies should include a review of all
ground water information available for the area. This de-

scription should include anticipated seasonal ground water
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fluctuations, as well as the conductivity of the ground
water, and presence of corrosive chemicals. Sufficient
subsurface exploration should be performed to-complete.ly
describe the local ground water conditions.

The engineering geologist should present his opin-
ions concerning the suitability of the site for construc-
tion of the proposed facilities, along with his evalua-
tion of the engineering properties of the rock and soil
materials.

C-3 .4 Drilling and Sampling Program

The purpose of the drilling and sampling program will
be to explore the subsurface conditions. During the pro-
gram, sufficient core samples should be obtained for lab-
oratory testing and classification of all soils and rock.

The soils engineer and engineering geologist should
lay out the locations of all borings. During drilling,
any adjustments or additions to the drilling program
should be made in the field.

The depths of the borings will depend to some extent
on the materials encountered. However, for planning pur-
poses, it is expected that the borings will be in the,
range of 50 feet to 100 feet deep.

There are many types of drilling equipment which
could be used. It should be the responsibility of the
soils engineer and the engineering geologist to jointly
select the proper type of drilling equipment to accom-
plish the work at each site.

Each piece of drilling equipment should be under the
continuous supervision of either the soils engineer or the
engineering geologist. This professional would be respon-
sible for the drilling and sampling operations and would
maintain an accurate log of each boring.

Several alternate methods of sampling should be avail-
able. The actual method used will depend on the type of
sample desired and the soil or rock encountered.

Representative, undisturbed samples of relatively
dense granular materials and firm to stiff cohesive mate-
rials can be obtained using a sampler of the type shown
in Figure C-1. When a sampler of this type is driven in-
to the soil, the number of blows required to cause the
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sampler to penetrate each foot when driven with a calibra-
ted weight should be recorded. This driving resistance
can be used to correlate samples between borings. In ad-
dition, the blow count provides a means for estimating
the relative density of the soils, soil strength and other
soil properties.

Where soft or sensitive soils are encountered, a
piston or Shelby tube sampler, of the type shown on Figure
C-2, should be utilized. This type of sampler has the ad-
vantage of a bit with a thin cutting edge which results in
less sample disturbance during the sampling operations.
This type of sampler also should be used when attempting
to obtain accurate density samples of loose granular mate-
rials for the purpose of evaluating the relative density.

Depending on the type of soils, it may be desirable
to perform field tests during the drilling program. Field
tests provide a means of evaluating the in situ physical
properties of the soil. This is particularly important
when suitable undisturbed samples of the soil materials
cannot be obtained.

At a minimum, standard penetration tests (American
Society for Testing and Materials, Designation D1586-63T)
should be performed in each boring at intervals of not
greater than 10 feet when drilling in granular soils. In
this test, a sampler similar to that shown on Figure C-1
is driven with a hammer weighing 140 pounds, dropping from
a height of 30 inches. The number of blows required to
cause the sampler to penetrate 1 foot can be used to esti-
mate relative density of sandy and gravelly soils.

Another field test which may be considered is the
static penetrometer test, similar to the Dutch cone pene-
tration test. This test procedure is described in a paper
by Plantema in the Ptoceedings o6 the Second InternationaZ
Conereence on Soit Mechanics and Foundation Engineering,
1948. This test is a measure of the static resistance to
penetration of the undisturbed soils at the bottom of the
boring. A penetrometer is provided with a cone-shaped tip,
and the force required to cause penetration is recorded.
This test is particularly useful in cohesive soils and has
been correlated with various soil properties, including the
soil strength.

A third test which may be useful in measuring the in
situ soil properties is the pressure meter test. This test
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utilizes an inflatable tube or cylinder which is introduc-
ed into the boring. As the tube is expanded against the
walls of the boring, the pressure required to cause a unit
strain or deflection of the soils forming the walls is
measured. This stress-strain relationship is a function
of soil strength and compressibility and has been corre-
lated with these properties.

If low strength silts or clays are encountered, the
shear strength and stress-strain characteristics of these
soils can be measured in situ by the vane shear test. For
this test, a steel vane is pushed into the soil at the bot-
tom of the boring, and the torque required to rotate the
vane is recorded.

Where bedrock is encountered, it is recommended that
samples be obtained by using NX coring tools. NX coring
tools provide a clean rock core, 2-1/8 inches in diameter.
This has become a standard core size, and provides rock
samples which can be conveniently tested in the laboratory.
A great deal of information is available from tests on NX
core samples for correlation of physical properties. Uti-
lizing cores of other diameters would influence the test
values and make it difficult to access rock properties
based on information available from previous work.

The rock should be continuously cored, and an effort
should be made to obtain 100 percent core recovery. An
accurate log of all bedrock cores should be maintained,
and the cores should be photographed immediately upon ex-
traction from the boring. The log should include the num-
ber, inclination and spacing of joints or fracture planes
observed in the bedrock cores.

The RQD index should be recorded as described by
Professor D.U. Deere of the University of Illinois. Pro-
fessor Deere has developed this index value as a measure
of the overall massiveness and competency of bedrock ma-
terials. Utilizing his method, the cumulative length of
individual core pieces longer than 4 inches is reported
as a percent of the total length of core run. This is
referred to as the RQD index.

All soil samples and rock cores should be packaged
in watertight and vapor-tight containers, and stored in a
protected place prior to laboratory testing. Since many
of the physical properties of soil and rock are dependent
on the moisture content of the materials, every effort
should be made to maintain the samples at the field mois-
ture conditions.
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During the drilling operations, it may be desirable

to perform pumping tests to evaluate the permeability and
hydraulic characteristics of the subsurface materials.
This would be particularly important where dewatering of
deep excavations is anticipated during construction of
the proposed facilities. The method and duration of the
pump tests should be reviewed by the design engineer pri-
or to initiation of the tests. At least two observation
wells should be placed in the vicinity of the pumped well
to permit accurate measurement of the drawdown of the
water level during test pumping.

The field log maintained for each boring should in-
clude the following information:

1. The date, type of drilling equipment, and
supervising engineer or geologist.

2. The drilling contractor's name and address.

3. Boring locations in terms of distances or
coordinates to the nearest foot in plan
dimension.

4. Elevation of the ground surface at each
boring location to an accuracy of 0.10
foot.

5. Type of sampling, depth, length of sample
e.r core atteripted, the percent recovery,
and the RQD index for rock cores.

6. Field classification of materials drilled
and sampled.

7. A visual field evaluation of the relative
firmness or density of the sampled materials.

8. The loss of drilling fluid circulation if
rotary-wash drilling methods are utilized.

9. Observations regarding ground water flow
into holes through fractures or permeable
soils.

10. Initial and static water level measurements
obtained daily for a period of at least two
weeks following completion of each boring.
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11. Results of in situ tests.

0-3.5 Geophysical Survey

The geophysical survey will provide additional in-
formation concerning the depth and type of soil and'rock
beneath the sites. In addition, the velocities with
which shock waves pass through the subsurface soil and
rock are measured as part of the geophysical exploration
program.

It is important that the uniformity of subsurface
conditions be known for quite a distance surrounding the
actual site to be developed. This information is needed
in the finite element analysis and to estimate the ap-
proach of outrunning shock waves through the subsurface
materials.

It is recommended that the geophysical program in-
clude a minimum of two seismic refraction profiles or
lines at each site. Generally, these lines should be at
right angles to each other, centered on the approximate
center of the proposed structure. The lines should ex-
tend approximately 1,000 feet beyond the site limits.

For the finite element analysis, the seismic refrac-
tion survey should include measurement of both the com-
pression wave and the shear wave velocities of the soil
and rock present in the subsurface profile to a minimum
of three times the depth of the bottom of the structures.

As part of the geophysical program, measurements of
uphole velocities should be made. These measurements are
useful in evaluating the dynamic properties of the sub-
soils in the immediate vicinity of the proposed structures.
It is recommended that the uphole velocity be measured in
the exploration borings which are drilled to a minimum
depth of 50 feet below the proposed lowest point of exca-
vation.

The results of the geophysical explorations should
be correlated with the engineering geology survey and
with the results of the drilling program. Any structural
irregularities or other poorly defined subsurface condi-
tions should be explored by drilling.
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C-3.6 Laboratory Testing
_ _Static Tests: Conventional soils engineering tests

are used to define the density, moisture content,
strength, compressibility and permeability of the sub-
surface soils. When known, these basic soil properties
permit evaluation of the performance of subsurface soil
and rock materials when subjected to static loads.

It is recommended that the moisture content and dry
density be measured for all samples. This soil property
is easily obtained and is useful in approximating soil
strength and compressibility.

For granular samples, it is important to know the
relative density of the soils. It is recommended, there-
fore, that the minimum and maximum densities of repre-
sentative samples of granular soils be measured. Knowing
these two values, and the in-place density of the soils,
it is possible to calculate the relative density of the
in situ soils. From the relative density, the compress-
ibility of the soils under load can be estimated. It is
possible also to evaluate the static subgrade modulus of
these soils and the probable soil strength from the rel-
ative density. In addition, the susceptibility of satu-
rated granular soils to liquefy under shock loading can
be estimated, based on the relative density of the soil.

Depending on the type of soil, i.e. granular soil
or cohesive soil, one or more types of strength tests
should be performed. For cohesive soils it is recpmmend-
ed that triaxial compression tests or unconfined compres-
sion tests be performed as described in Figure C-3. If
the soils are saturated, the pore water pressures should
be measured during tests.

In the case of granular samples, triaxial compres-
sion tests could be utilized. Ordinarily, however, the
static shearing strength can be adequately measured us-
ing direct shear tests. The method of direct shear tests
is described in Figure C-4.

In addition to performing pumping tests in the field
to measure the permeability and hydraulic properties of
the soils, it is sometimes advisable to perform perme-
ability tests in the laboratory. The method of perform-
ing these tests is described in Figure C-5. Basically,
this test is a measure of the relative ease or difficulty
with which water passes through the sample. The results of
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METHODS OF PERFORMING UNCONFINED COMPRESSION AND TRIAXIAL COMPRESSION TESTS

THE SHEARING STRENGTHS OF SOILS ARE DETERMINED
FROM TIlE RESULTS OF UNCONFINED COMPRESSION AND
TRIAXIAL COMPRESSION TESTS. IN TRIAXIAL COMPRES-
SION TESTS THE TEST METHOD AND THE MAGNITUDE OF
THE CONFINING PRESSURE ARE CIIOSEN TO SIMULATE
ANTICIPATED FIELD CONDITIONS.

UNCONFINED COMPRESSION AND TRIAXIAL COMPRESSION
TESTS ARE PERFORMED ON UNDISTURBED OR REMOLDED
SAMPLES OF SOIL APPROXIMATELY SIX INCHES IN LENGTH
AND TWO AND ONE-IIALF INCHES IN DIAMETER. THE TESTS
ARE RUN EITHER STRAIN-CONTROLLED OR STRESS-
CONTROLLED. IN A STRAIN-CONTROLLED TEST THE
SAMPLE IS SUBJECTED TO A CONSTANT RATE OF DEFLEC-
TION AND THE RESULTING STRESSES ARE RECORDED. IN
A STRESS-CONTROLLED TEST THE SAMPLE IS SUBJECTED
TO EQUAL INCREMENTS OF LOAD WITH EACH INCREMENT
BEING MAINTAINED UNTIL AN EQUILIBRIUM CONDITION
WITH RESPECT TO STRAIN IS ACHIEVED.

YIELD, PEAK, OR ULTIMATE STRESSES ARE DETERMINED TRIAXIAL COMPRESSION TEST UNIT

FROM THE STRESS-STRAIN PLOT FOR EACH SAMPLE AND
THE PRINCIPAL STRESSES ARE EVALUATED. THE PRINCIPAL STRESSES ARE PLOTTED ON A MOHR'S
CIRCLE DIAGRAM TO DETERMINE THE SHEARING STRENGTH OF THE SOIL TYPE BEING TESTED.

UNCONFINED COMPRESSION TESTS CAN BE PERFORMED ONLY ON'SAMPLES WITH SUFFICIENT COHE-
SION SO THAT THE SOIL WILL STAND AS AN UNSUPPORTED CYLINDER. THESE TESTS MAY BE RUN AT
NATURAL MOISTURE CONTENT OR ON ARTIFICIALLY SATURATED SOILS.

IN A TRIAXIAL COMPRESSION TEST THE SAMPLE IS ENCASED IN A RUBBER MEMBRANE, PLACED IN A
TEST CHAMBER, AND SUBJECTED TO A CONZ"NING PRESSURE THROUGHOUT THE DURATION OF THE
TEST. NORMALLY, THIS CONFINING PRESSURE IS MAINTAINED AT A CONSTANT LEVEL, ALTHOUGH FOR
SPECIAL TESTS IT MAY BE VARIED IN RELATION TO THE MEASURED STRESSES. TRIAXIAL COMPRES-
SION TESTS MAY BE RUN ON SOILS AT FIELD MOISTURE CONTENT OR ON ARTIFICIALLY SATURATED
SAMPLES. THE TESTS ARE PERFORMED IN ONE OF iHE FOLLOWING WAYS:

UNCONSOLIDATED-UNDRAINED: THE CONFINING PRESSURE IS IMPOSED ON THE SAMPLE
AT THE START OF TIlE TEST. NO DRAINAGE IS PERMITTED AND THE STRESSES WHICH
ARE MEASURED REPRESENT THE SUM OF THE INTERGRANULAR STRESSES AND PORE
WATER PRESSURES.

CONSOLIDATED-UNDRAINED: THE SAMPLE IS ALLOWED TO CONSOLIDATE FULLY UNDER
THE APPLIED CONFINING PRESSURE PRIOR TO THE START OF THE TEST. THE VOLUME
CHANGE IS DETERMINED BY MEASURING THE WATER AND/OR AIR EXPELLED DURING
CONSOLIDATION. NO DRAINAGE IS PERMITTED DURING THE TEST AND THE STRESSES
WH.CH ARE MEASURED ARE TIlE SAME AS FOR THE UNCONSOLIDATED-UNDRAINED TEST.

DRAINED: THE INTERGRANULAR STRESSES IN A SAMPLE MAY BE MEASURED BY PER-,
FORMING A DRAINEE, OR SLOW, TEST. IN THIS TEST THE SAMPLE IS FULLY SATURATED
AND CONSOLIDATED PRIOR TO THE START OF THE TEST. DURING THE TEST, DRAINAGE
IS PERMITTED AND TIlE TEST IS PERFORMED AT A SLOW ENOUGH RATE TO PREVENT
TIlE BUILDUP OF PORE WATER PRESSURES. THE RESULTING STRESSES WHICH ARE MEAS-
URED REPRESENT ONLY TIlE INTERGRANULAR STRESSES. THESE TESTS ARE USUALLY
PERFORMED ON SAMPLES OF GENERALLY NON-COHESIVE SOILS, ALTHOUGH THE TEST
PROCEDURE IS APPLICABLE TO COHESIVE SOILS IF A SUFFICIENTLY SLOW TEST RATE
IS USED.

AN ALTERNATE MEANS OF OBTAINING THE DATA RESULTING FROM THE DRAINED TEST IS TO PER-
FORM AN UNDRAINED TEST IN WHICH SPECIAL EQUIPMENT IS USED TO MEASURE THE PORE WATER
PRESSURES. THE DIFFERENCES BETWEEN THE TOTAL STRESSES AND THE PORE WATER PRESSURES
MEASURED ARE TIlE INTERGRANULAR STRESSES.

Figure C -3 UNCONFINED COMPRESSION

AND TRIAXIAL COMPRESSION TESTS
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METHOD OF PERFORMING DIRECT SHEAR AND FRICTION TESTS

DIRECT SHEAR TESTS ARE PERFORMED TO DETERMINE

THE SHEARING STRENGTHS OF SOILS. FRICTION TESTS

ARE PERFORMED TO DETERMINE THE FRICTIONAL RE-

SISTANCES BETWEEN SOILS AND VARIOUS OTHER MATE-

RIALS SUCH AS WOOD, STEEL, OR CONCRETE. THE TESTS
F)

ARE PERFORMED IN THE LABORATORY TO SIMULATE

ANTICIPATED FIELD CONDITIONS.

EACH SAMPLE IS TESTED WITHIN THREE BRASS RINGS,
DIRECT SHEAR TESTING

TWO AND ONE-HALF INCHES IN DIAMETER AND ONE INCH~& RECORDING APPARATUS

IN LENGTH. UNDISTURBED SAMPLES OF IN-PLACE SOILS

ARE TESTED IN RINGS TAKEN FROM THE SAMPLING

DEVICE IN WHICH THE SAMPLES WERE OBTAINED. LOOSE SAMPLES OF SOILS TO BE USED IN CON-

STRUCTING EARTH FILLS ARE COMPACTED IN RINGS TO PREDETERMINED CONDITIONS AND TESTED.

DIRECT SHEAR TESTS

A THREE-INCH LENGTH OF THE SAMPLE IS TESTED IN DIRECT DOUBLE SHEAR. A CONSTANT PRES-

SURE, APPROPRIATE TO THE CONDITIONS OF THE PROBLEM FOR WHICH THE TEST IS BEING PER.

FORMED, IS APPLIED NORMAL TO THE ENDS OF THE SAMPLE THROUGH POROUS STONES. A SHEARING

FAILURE OF THE SAMPLE IS CAUSED BY MOVING THE CENTER RING IN A DIRECTION PERPENDICULAR

TO THE AXIS OF THE SAMPLE. TRANSVERSE MOVEMENT OF THE OUTER RINGS IS PREVENTED.

THE SHEARING FAILURE MAY BE ACCOMPLISHED BY APPLYING TO THE CENTER RING EITHER A

CONSTANT RATE OF LOAD, A CONSTANT RATE OF DEFLECTION, OR INCREMENTS OF LOAD OR DE-

FLECTION. IN EACH CASE, THE SHEARING LOAD AND THE DEFLECTIONS IN BOTH 'tHE AXIAL AND

TRANSVERSE DIRECTIONS ARE RECORDED AND PLOTTED. THE SHEARING STRENGTH OF THE SOIL

IS DETERMINED FROM THE RESULTING LOAD-DEFLECTION CURVES.

FRICTION TESTS

IN ORDER TO DETERMINE THE FRICTIONAL RESISTANCE BETWEEN SOILAND THE SURFACESOF VARIOUS

MATERIALS, THE CENTER RING OF SOIL IN THE DIRECT SHEAR TEST IS REPLACED BY A DISK OF THE

MATERIAL TO BE TESTED. THE TEST IS THEN PERFORMED IN THE SAME MANNER AS THE DIRECT

SHEAR TEST BY FORCING THE DISK OF MATERIAL FROM THE SOIL SURFACES.

Figure C-4 DIRECT SHEAR AND FRICTION TESTS
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METHOD OF PERFORMING PERCOLATION IESTS

The quantity yan the velocity

of flow of water which will es- "

Cape through an earth structure

or percolate through soil are

dependent upon the permeability * 5 t ; 
•  

e

of the earth structure or soil.

The permeability of soil has • i
often been calculated by empir-

Ical formulas but is best de-

termined by laboratory tests, its ,

especially in the case of con-

petted soils.

A one-inch length of the

core sample is sealed in the

percolation apparatus, placed

under a confining load, or sur-

charge pressure, and subjected

to the pressure of a known head 
+  

" ,

of wattr. The percolation rate

is computed from the measure-

ments of the volume of water

which flows through the sample . ... . ..

in a series of time intervals.

These rts are usually ex-

pressed as the velocity of flow
APPARATUS FOR PERFORMING PERCOLATIONS TESTS

In feet per year under a hy- Shows tests in progress on eight samples simultaneously.

dreulic gradient of one and at

a temperature of,20 degrees Centigrade. The rate so expressed may be adjusted for any set of conditions involving

the same soil by employing established physical laws. Generally, the percolation rate varies over a wide range at

the beginning of the test and gradually approaches equilibrium as the test progresses.

Vuring the performance of the test, continuous rea~irgs of the deflection of the sample are taken by means of

mircmeter dial gauges. The mocunt of cospreasion or expansion, expressed as a percentage of the original length

of the sample, is a valuable indication of the comprossloa of the soil which will occur under the action of load or

the expansion of the soil as saturation takes plane.

Figure C-5 PERCOLATION TEST

C-14
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the permeability tests are useful in evaluating the de-
watering requirements for excavations during construction.
In addition, the potential for the soils to liquefy under
shock loading is a function of-permeability.

Consolidation tests are a measure of the one-
dimensional compressibility of the soil when completely
confined. This test is performed as described in Figure
C-6. Typically, this test permits evaluation of the set-
tlement or consolidation of the soil when subjected to
state loads. However, the test can be performed where-
in -c-lic loads are applied. In this case, it is a mea-
sure of the compressibility of the soil under confined
conditions when subjected to momentary loads.

IThe electrical resistivity and corrosion potential
of the samples of soil and rock materials should be mea-
sured. These tests are useful in anticipating the risk
of deterioration of buried steel and concrete structures.

Dynamic Tests: Because of the requirement for the
vessels to withstand shock loading, several unique labo-
ratory tests will be required. Of primary interest are
the stress-strain properties of the soils and rock under
the range of dynamic loads anticipated. As stated ear-
lier, shock loading may be as high as 3,000 pounds per
square inch in the form of a single shock wave passing
over the site surface.

Ideally, the dynamic tests would be performed under
conditions which closely simulate anticipated field load-
ing conditions. Pressures of 3,000 pounds per square
inch, or pressures approaching this, are unusual in nor-
mal soil testing. It is believed, however, that suitable
triaxial compression testing equipment could be developed
to test samples at confining pressures on the order of
3,000 pounds per square inch or less, if necessary.

However, before these high pressure tests are per-
formed, the more conventional dynamic testing equipment
should be utilized. Tests would be performed in exist-
ing dynamic triaxial equipment which has a capability
for testing in the range of 100 to 200 pounds per square
inch confining pressures. The type of equipment used
for these tests is shown in Figure C-7.

The test involves taking an undisturbed sample or a
laboratory prepared sample of the on-site soil and apply-
ing an all around confining pressure. Typically, the
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M ETHOD OF P ERFORMING CONSOLIDATION TESTS

CONSOLIDATION TESTS ARE PERFORMED TO EVALUATE TIlE VOLUME CHANGES OF SOILS SUBJECTED

TO INCREASED LOADS. TIME-CONSOLIDATION AND PRESSURE-CONSOLIDATION CURVES MAY BE PLOT-

TED FROM TIlE DATA OBTAINED IN TIlE TESTS. ENGINEERING ANALYSES BASED ON THESE CURVES

PERMIT ESTIMATES TO BE MADE OF TIlE PROBABLE MAGNITUDE AND RATE OF SETTLEMENT OF THE

TESTED SOILS UNDER APPLIED LOADS.

EACH SAMPLE IS TESTED WITHIN BRASS RINGS TWO AND ONE-

HALF INCIIES IN DIAMETER AND ONE INCHl IN LENGTH. UNDIS-

TURBED SAMPLES OF IN-PLACE SOILS ARE TESTED IN RINGS U
TAKEN FROM THlE SAMPLING DEVICE IN WHICH THE SAMPLES

WERE OBTAINED. LOOSE SAMPLES OF SOILS TO BE USED IN

CONSTRUCTING EARTH FILLS ARE COMPACTED IN RINGS TO

PREDETERMINED CONDITIONS AND TESTED.

IN TESTING, TIlE SAMPLE IS RIGIDLY CONFINED LATERALLY 

I
DEAD LOAD-PNEUMATIC

BY TIlE BRASS RING. AXIAL LOADS ARE TRANSMITTED TO THE CONSOLIDOMETER

ENDS OF TIlE SAMPLE BY POROUS DISKS. TIlE DISKS ALI.OW

DRAINAGE OF TIlE LOADED SAMPLE. TIlE AXIAL COMPRESSION OR EXPANSION OF THE SAMPLE IS

MEASURED BY A MICROMETER DIAL INDICATOR AT APPROPRIATE TIME INTERVALS AFTER EACH

LOAD INCREMENT IS APPLIED. EACH LOAD IS ORDINARILY TWICE THE PRECEDING LOAD. THE IN-

CREMENTS ARE SELECTED TO OBTAIN CONSOLIDATION DATA REPRESENTING THE FIELD LOADING

CONDITIONS FOR WIIICII TlIE TEST IS BEING PERFORMED. EACH LOAD INCREMENT IS ALLOWED TO

ACT OVER AN INTERVAL OF TIME DEPENDENT ON TIlE TYPE AND EXTENT OF THE SOIL IN THE

FIELD.

Figure C-6 CONSOLIDATION TESTS
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METHODS OF PERFORMING PULSATING LOAD TRIAXIAL TESTS

I

PULSATING AXIAL LOAD TESTS ARE PERFORMED TO EVALUATE THE DYNAMIC PROPERTIES AND

THE LIQUEFACTION POTENTIAL OF THE SOILS UNDER SIMULATED ANTICIPATED FIELD I.OADING

CONDITIONS.

PULSATING LOAD TESTS ARE STRESS CONTROLLED AND ARE PERFORMED ON UNDISTURBED OR

RECONSTITUTED SAMPLES OF SOIL APPROXIMATELY 6 INCHES IN LENGTH AND 2V2 INCHES IN

DIAMETER. THE SAMPLES ARE ENCASED IN A RUBBER MEMBRANE, PLACED IN A TEST CHAMBER AND

SUBJECTED TO CONIINING PRESSURE THROUGHOUT THE DURATION OF THE TEST. THE TESTS MAY

BE RUN ON SOILS AT FIELD MOISTURE CONTENT OR ON ARTIFICIALLY SATURATED SAMPLES. THE

TRIAXIAL EQUIPMENT ACTING THROUGH1 A BELLOFRAM SYSTEM APPLIES A PULSATING AXIAL LOAD.

THE CYCLING SPEED OF THE LOAD CAN BE VARIED BETWEEN V: TO 5 CYCLES PER SECOND TO

SIMULATE THE FIELD LOADING FREQUENCY.

DYNAMIC PROPERTIES DETERMINATION

To EVALUATE THE DYNAMIC PARAMETERS, THE SOIL SAMPLE IS LOADED IN CYCLIC COMPRESSION.

THE LOAD AND DEFLECTION ARE RECORDED ON TWO CHANNELS OF A RECORDING OSCILLOGRAPK.

BY TAPPING THE OUTPUT OF THE LOAD AND DEFLECTION TRANSDUCERS AND APPLYING THESE TO

VERTICAL AND HORIZONTAL PLATES, RESPECTIVELY, OF A CATHODE RAY OSCILLOSCOPE, A

HYSTERESIS LOOP IS PRODUCED. THIS LOOP IS PHOTOGRAPHED, AND THE PHOTOGRAPH IS USED TO

EVALUATE THC DAMPING VALUE PRESENT. THE PROCEDURE IS REPEATED AT VARIOUS STRAIN

AMPLITUDES TO EVALUATE THE DYNAMIC PROPERTIES IN THE RANGE OF INTEREST ON A PARTICU-

LAR SAMPLE. THE LOAD AND DEFLECTION VALUES OBTAINED FROM THE OSCILLOGRAPH ARE USED

TO EVALUATE THE DYNAMIC MODULI OF ELASTICITY.

LIQUEFACTION POTENTIAL

TO EVALUATE THE LIQUEFACTION POTENTIAL, THE SOIL SAMPLE IS SUBJECTED TO AXIAL CYCLIC

LOADING. THE MAGNITUDE, FREQUENCY, DURATION AND SEQUENCE OF LOADING IS DETERMINED ON

THE BASIS OF PAST EARTHQUAKE RECORDS. TIlE LOAD. DEFLECTION, AND PORE PRESSURE ARE

RECORDED ON THREE CHANNELS OF A RECORDING OSCILLOGRAPH. THESE RECORDS ARE USED TO

EVALUATE THE LIQUEFACTION POTENTIAL FOR TIAT PARTICULAR SOIL TYPE UNDER THE TEST

CONDITIONS.

Figure C -7 DYNAMIC TRIAXIAL TEST
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confining pressure is equal to the existing static over-
burden pressure. While confined by this all around pres-
sure, an axial deviator stress (increased axial loading
beyond the all around confining pressure) is applied cy-
clically. The strain and increased pore pressure result-
ing from this instantaneous loading is measured. If de-
sired, the loading cycles can be continued and the re-
sponse of the sample observed for many cycles.

For the conditions anticipated at the site, it is
believed that the strain resulting from the initial load
applications would be useful in evaluating the dynamic
stress-strain modulus of the materials. It is this par-
ticular item which must be evaluated for use in calcula-
tion of the depth attenuation factor, az, in Equation
2-1 and in dynamic finite element analysis should it be
required.

C-4 Engineering Analysis and Report Preparation

During the progress of the soils engineering and
engineering geology investigation, frequent meetings
should be held to discuss the field and laboratory test
results as they become available and to make the neces-
sary adjustments to the program.

The results of the field exploration and laboratory
testing program will provide the basis for the engineer-
ing analyses. When the analyses are complete, a final
report should be prepared which includes the following
information:

1. Complete description of all soils and
geologic work performed at the site.

2. Plot Plan, on which are shown the lo-
cations of all borings, field tests,
and geophysical profiles.

3. Specific information for each boring,
including the number of samples, depths
of sampling, depth of ground water, and
samples selected for laboratory testing.

4. A general description of the site condi-
tions.

C-18



5. Engineering geologic map and a descrip-
tion of the engineering properties of
the soil and rock strata.

6. Ground water conditions at the site.

7. A tabulation of all field and labora-
tory test data, including the results
of geophysical exploration program and
laboratory testing program.

8. Results of the engineering analyses and
specific recommendations concerning:

a. Relative density, type and extent
of materials to be encountered at
each site.

b. Excavation problems and recommenda-
tions for slope angles during con-
struction.

c. Extent of overexcavation required.

d. Stability of proposed excavation
and of fill and backfill slopes.

e. Bearing capacity and settlement
characteristics of the soils sub-
jected to static loads.

f. Suitability of the materials avail-
able for use as fill, backfill and
subgrade support.

g. Compaction characteristics of the
individual soil types relative to
their use as fill or backfill, in-
cluding the properties of the fill
soils following compaction.

h. Need and method of ground water con-
trol, as well as the presence of soil
conditions and water levels which ne-
cessitate dewatering with well points
or other dewatering systems.
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i. Substances in the ground water and
soils deleterious to concrete and
steel.

J. Magnitude and rate of settlement
under backfill loads.

k. Design values for active and .pas-
sive soil pressures at varying
depths, including the effect of
the water table.

1. Recommended values for static
and dynamic modulus of elasticity
and Poisson's ratio for use in the
finite element analysis.

m. Compressional and shear wave ve-
locity of all soils and rock pres-
ent in the subsurface profiles.

The results of all tests and recommendations should
be organized in a form permitting interpretation by the
design engineer. The method of presentation of test data
and results shall be by table, graphs or charts, depend-
ing on the desire of the design engineer.

C-5 Services During Construction

The soils engineer and engineering geologist should
be retained to inspect construction operations. This
inspection should be frequent enough to permit adjust-
ments in the design if unusual or unanticipated subsur-
face conditions are encountered.

C-20
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