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NOTATION

Physical quantities
Acceleration

Exponents

Velocity of propagation of waves
Exponents

Arch diameter

Modulus of elasticity

Force

Acceleration due to gravity
Arch thickness

Depth of soil cover

Number of independent fundamental dimensions
Constant

Scale factor

Length

Mass

Bending moment per unit length
Length scale

Pressure at any time

Peak surface overpressure

Arch radius

et el ot i gl i




¥

KX T T

=

Time
Positive phase duration
Thrust per unit length

Displacements in X1, Xp, X3 directions, respectively,
in cartesian coordinates

Velocity, in general
Particle velocity

Radial displacement of arch crown with respect to
floor plate

Dry unit weight

Displacement of arch roof with respect to floor plate
Strain

Strain components in cartesian coordinates
Soil modulus

Mass density of soil

Poisson's ratio

Dimensionless product

Mass density

Stress

Stress components in cartesian coordinates

Angle of internal friction
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INTRODUCTION

A. Backgrounq

In recent years a nunber of laboratory tacilities have been
developed for studying the response o1 buried protective struce

tures subjected to blast forces of nuclear devices, Many scale

models of these structures, such as command centers, and other under-

ground facilities, will probably be tested in the field or in these
laboratory simulation facilities because of their importance to
the defense of the United Statcs.P6 Scale models have been used
in many areas in engineering, espccially where the systems were
complex and not readily amenable to theory. Model testings in the
laboratory allows closer control over important variables influcnc=-
ing the problen and it also becomes possible to vepeatl testlc,
Bef'ore model test resulls are used to predict Lhe recponsc ol o pro=-
totype, scaling rclations must be verified under simulated nuclewr
blast conditions. The lengtih scale f'or the veritication study
must be practical for laboratory tests and larye cnowrtt L'or seal-
ing up to f'ield prototypes.

Loading on the model required the pressure=time history to
simulate the blast produced by the detonation of a nuclonr woupons
a necar instantancous rise time to peak pregsure followed by

relatively long positive prescure duration. The tuble in Fijure L
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illustrates values for distence from ground zero, peak overpres=

sure, and duration time for a 20-MT (20 million tons of INT) sur-

face burst.lo The maximum stress induced in the soil by the
airblast wave from the surface burst traveling over the surface
is nearly vertical, with no significant attenuation of medium to

high, i.e. greater than 100 psi, airblast overpressure at the

surface for moderate depths.

The next requirement in scaling airblast-induced ground
shock problems is to define appropriate soil properties. The
kind of stress waves produced and their propagation velocity depend

on the magnitude of the surface air overpressure and on the

properties of the soil. Should the stress=-strain curve be' concave
about the stress axis, the velocity of propagation increases

with increasing stress and the wave is shocked-up. When the
shock wave engulfs the structure, the interaction or coupling

of energy between the surrounding soil and the structure is

complex. The surrounding soil redistributes the pressure in

response to relative displacement of the structure and this

input pressure to the structure then depends on the structural F

geometry, the structural flexibility, the pressure-time history and

the soil characteristics.

Generally, a structure with a cylindrical geometry is able
H to transmit external loads by membrane stresses. In a burieu
configuration, this property makes the c¢ylindrical shell struc-

3 ture extremely rigid when subjected to blast forces. Current
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emphasis in protective structure research is therefore being placed

on arch-type structures. 13,20

B. Review of Pertinent Literature

Much literature exists on the theory and experiments of
dynamically loaded structures. This section summarizes some of the
more recent references pertinent to the development of scaling
laws .for blast-loaded structures.

Joneslh discusses the problems involved in using high ex-
plosives and model - tructures to simulate nuclear weapons and full-
scale structures, and the difficulties encountered in satisfying
full dynamic similarity. Certain classes of targets and their
applicability to model studies are discussed.

Baker,+ develops a model law for scaling of response to blast
loading of structures which undergo large elastic and plastic
deformations. The scaling of the response predicted by this law
was verified by experiments on geometrically scaled cantilever
beams., The beams were made from 6061-T6 aluminum alloy with 6-,
12-, and 24-inch lengths. Spherical Pentolite explosive charges
detonated in air provided the blast load.

Ahlersl extensively reviews the problem areas involved in
blast-loaded underground structures, the theoretical approaches to
the problem and model testing. The modeling treatment deals with
the limitations in scaling up to a prototype.

Murphy and Young22 develop scaling laws for dynamically
loaded underground structures. As an initial step towards verify-

ing the scaling laws, 1- and 2-inch-diameter cylinders were

I
4
|




Lo SOl S

N

PPN . PRCIIRTTE 1 —

embedded in soil at various depths and impact loads applied to

the soil surface by a falling weight.

American Machine and Foundry Co., Mechanics Research Divi-
:sion,el‘L presentes scaling laws for blast-loaded underground struc-
tures. The laws are developed from a consideration of the basic
conditions involved in the response of buried shell-type strue-
tures to a shock wave., Physical properties of some materials are
presented as a guide to select a soil simulant.

Allgood and others3 conducted tests on small, two-hinged
arches buried in dry sand and subjected to loads from a blast
simulator. Deflections of the model arch were scaled up and com-
pared to the deflections of arches tested in a full-scale nuclear
field test (Operation PLUMBOBla). Comparison showed scaled de-
flections of the same order of magnitude.

Murphy, Young, and Martin23 investigated similitude re-
quirements for dynamically loaded structures and verified model
requirements experimentally. Tests were run on 1-, 2-, and
4-inch-diameter cylinders buried in dry Ottawa sand in a drop-
weight loader, a vertical shock tube and a horizontal shock tube.
Peak strain and complete strain-time histories were obtained for
various depths of burial. The tests indicated that the simil-
itude requirements for geometrically scaled models were
satisfactory.

25

Tener ~ presented design and prediction equations for semi-
circular aluminum alloy arches subjected to dynamic overpres-

sures. Five geometrically similar arches with 8-, 12-, 16-, 20-,
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and 24-inch diameters were buried in dense, dry sand and tested
in the Large Blast Load Generator (LBLG) at the U. S. Army Engineer
Waterways Experiment Station (WES). Sixteen dynamic tests at over-
pressures ranging from 30 to 220 psi were conducted for two dif-

ferent depths of burial. Peak elastic deflections and strains were

compared. The results verified the model theory. |

Denton and Flathau9 tested a series of models in the LBLG
at the WES to evaluate scale-model techniques for predicting the
response of laboratory-size prototypes. Three metal arches having
8-, 16-, and 24-inch diameters were subjected to surface over-
pressures ranging from 57 to 196 psi. Peak dynamic deflections,
strains, thrusts, and moments were adequately predicted. The
effect of depth of burial on the response of the structures was
also examined.

C. Objectives

The objective of this study is to further examine the pa-
rameters associated with model to prototype scaling relations for
blast-loaded buried structures and to verify experimentally the
validity of the scaling procedures for length ratios up to 9. The
objectives were as follows:

1. To outline a theory sufficient to indicate the impor-
tant variables which enter the problem of blast-loaded buried
structures that respond both elastically and inelastically.

2. To develop scaling relations for geometrically scaled

arches buried in dense, dry sand and loaded dynamically in the

elastic and inelastic ranges of response.




3. To test four geometrically scaled arches buried in the
same soil and subjected to airblast-induced surface overpressures,

4, To verify the scaling relations.

D. Scope

Four semicircular fixed-end arches with h-, 8-, 12-, and
36=-inch diameters were buried in dense, dry sand 2t a depth of
burial of 1/2 diameter and subjected to overpressures ranging from
70 to 300 psi. All four arches were buried simultaneously in the
LBILG located at the WES.

The arches werec instrumented to measure strains on the
arch surfaces, relative deflection between arches and the base
plate, and accelerations of the crown and floor. The free ield
was instrumented for surface overpressures and soil stress,
Moments and thrusts at various sections of the arch were calcu-
lated from bacsk-to-back strain measurements.

Although it is recognized that prototype protective structures
will be fabricated from reinforced concrete or structural cteel,
aluninum was selected as the arch material becaise of its Llow
elastic modulus and because its material properties are not scengi=-

{
tive under dynamic Loads.” )
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THEORY

A. Background

Dimensional analysis is developed from a consideration of
physical quantities associated with a problem which are then com- {
bined into a functional relation based on their dimensions. The
theory of models, from which prediction equations and similarity
conditions are developed, is based on dimensional analysis.
The first step in the dimensional analysis of any problem
is to determine the variables associated with the problem. To
achieve this it becomes necessary to investigate analytical
concepts which govern the problem.

B. Analytical Concepts

The development in this section is based on one-dimensional

wave propagation.s The equation of motion is given by

dg 3%y
BX ate

The strain in the body in terms of the displacement is given by
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Equation L is the one-dimencional wave equation where

(L a0) R
p de

is the velocity of the stress wave. When the stress-strain rela-

tion is linear, ac in the case of an elastic media, the wave

E l/'2
c =<5) (5)

The particle velocity is given by

velocity is conctant.

V== (6)

The term pc i1s known as the characteristic impedance of the media.
The propagation of plastic deformation in one dimension is
given by von Karman and Duwez.l7 The wave velocity c¢ and the

particle velocity V are given by

1/2
¢ = (S—) (7)
2l /2
v = f (%) de (8)
do °

where S = -y is the modulus of deformation, elastic or plastic.

and

If the stress-strain relation for the media is such that

increasing strains are accompanied by increasing values of d—g q

then large strains travel faster than smaller strains and the pulse

develops shorter rise times. The fundamental shock-wave equations,
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known as the Rankine-Hugoniot equations, are derived from the equa-
tions for conservation of mass, momentum, and energy.

If an instantaneous rise time develops, consideration of

impulse-momentuml6 leads to the relation
o = pcV (9)

The strain in an infinitesimal volume is given by

(10)

m
I
olg

Combining the two equations, the shock propagation velocity

is given by

1/2

(11)

(¢]
|}
Lo}
[o] Imlq

where % represents the secant modulus for the material.

When the wave reaches a boundary, reflected and refracted
waves are generated. The amplitudes of these waves depend on the
mismatch of characteristic impedances of the two media.

Assuming a slip-free boundary, the nermal and tangential
displacements and the normal and tangential stresses must be equal
at the interface. In addition, boundary conditions for the con-
straints need to be expressed mathematically.

The equations of motion and strain-displacement a.nd the
stress-strain law for deformable bodies are given in texts on the
theory of elasticity. The equations of motion are:

3o,

3
S5 +oeF, =0 (12)

i1 %y J




;
:
;

11

The rectangular coordinates (xl, Xps and x3) are referred
to the deformed body, and the body force component Fj includes
inertial force. The components of strain in terms of displacement
components are given for fix»d rectangular coordinates by

du 3 fou \2
¢ . i 4 n
£ ox, - 2 z ox,
1 1
n=.
(13)
du, Ou, du_ du
€, . = —= + + T
ij ~ 9x X ox, ox,
! = =+ J

For infinitely small strains, the general relation between the

stress and strain components becomes

E v
= +
%1 TTT + v (eii T - 2v) e)
E (14)
Oi5 AL + V) “ij

where

The two equations express Hooke's law in which E and v
are Young's modulus and Poisson's ratio.

The equations outlined above are for large displacement-
elastic response.

C. Physical Systems

Let the number of physical quantities involved in the problem

under consideration be represented by 8yy Boyeee B where

F(al, Bosees an) =0 (15)
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All cquations involving physical quantities must be dimensionally
homogencous, i.e., all terms in the equation must have the same
resultant dimension., A physical cquation in which the coefficients
are dimencionless can be expressed as
b, b b
1 2 n
§ (Ka.l B, v an> =3 0) (16)
J
where K is a constant, and . , the number of terms in the physi-
cal equation.

Dividing equation 16 by any one term, the form of the equa-

© (3 (&
171 2 n _
E (K a; ae...an) +1=0 (17)

J=1

tion beromes

The exponents s Cpo c3,... c, must be such that each term of

equation 17 has no dimension or the limensional equation

[n] =1 (18)

Cl 02 Cn 6
where T = al a2 an must be satisfied.

D. The Method of E. Buckingha.m6

Let k be the number of independent fundamental dimensions
by which the a's are measured. The number of dimensionless prod-
ucts ni which appear as independent variables in an equation of

the form
Frys Ty Typeen ) =0 (19)

n -k . Among the n quantitics, k dimensionally independent

-
[ &}
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quantities may be used as prificipal quantities with the remaining

(n - k) being sccondary quantities. Let 805 8oyeee B represent

2 k

the principal quantities and a eee B represent the remaining

k+l

secondary quantities; then i equations of the form of equa-

tion 18 may be written

1 1 L ]
S1GS °k
e 2 2 ]
i 2 k
Cl Cl Ci
a2 % _
[ni] =i al . 8.2 LI ) ak . an - [l]

If the a's are replaced by the k fundamental dimensions, then
k linear homogeneous equations for the exponents of each of the
i equations will result. The solution of the equations will
result in the formulation of one dimensionless product. The pro-
cedure is repeated until all the (n - k) dimensionless products
are obtained.

E. Theory of Models

An equation equivalent to equation 19 may be cxpressed as

n = ¢(n2, Tysees Hi) (21)

This equation is general and applies to any system which is a
function of the same variables. Let it apply to a model which

is also a function of the same variables.




ny = #( Tops Tapsees nim)

where the subscript m denotes the model.

Now if

t = T (22)

n3m = n3

= N
then

Blrgs ns veny) = Blas moy ooomy) (23)

hence,

o= (2k)

Equation 22 is the conditions which dictate the design of
the model; if all these design conditions are met, the model and
the‘ prototype are completely s:i_milar.el In many instances complete
similarity cannot be achieved, and as a result the effect on the
dependent dimensionless product has to be evaluated. If the effect
is not significant, the term involved may be omitted. Care must
be exercised in neglecting dimensionless products since forces that
have no significant effect on the prototyre may affect the be-
havior of the model. This type of influence greatly depends on
nl9

the size of the model and is called "scale effects.

F. Development of Dimensionless Products

The physical quantities associated with arches buried in
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will appear in all the dimensional equations and one or more will
appear in all the dimensionless products. Consider a dimensional

equation in a form corresponding to equation 19.
@ c €
2
Mﬂ=[Dl-E -p3-a]=n1 (25)
Substituting the dimensions of D , E , p , and & , we have

c c. =2¢ c., =be. 2¢
I:Ll'FEL 2. F 3 3T3'L]=[1] (26)

from which
c.=2¢,=be +1 c.+c 2c
[Ll 23 °F23'T3:|=[1] (27)

Equation 27 can be satisfied if

- -l <+ =

¢y 2c2 4c3 1=0

c2+c3=0

2c, =0

°3
or

¢, = -1, cy = o, 03 =0

We obtain “l = % . Following a similar process the ten (n - k)

dimensionless products can be obtained. They are

Po

H
=V : = = & Nz =
"5 Tp T

E

—
O =
————
b=
o]
fl
mq S &
I_J

and equation 20 takes the form

o) h L H
5=¢(5’5’V’5’
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G. Similitude Conditions
If equation 28 represents the equation for a prototype, a
similar equation is valid for a model. If the material properties a
defined by E , p , and v are the same for model and prototype
and a length scale is defined by
_ D
ns= D (29)
m
the prediction equation
o
5.1
m
or
d = nd
m
is true, if the following conditions are met
h
h _'m _
aky, D7D h = nhm
m
L
L _"m _
2. B - D L - T)Lm
m
3. v= v LR 41
H
H_'m _
m
5 p—o- =, pﬂ =
2 FCE Po = Pon
m
t E
t/E_m m N
6. B\/B_ "D A% e i
m m
7 E = T]—lrn —
"TE M1 = My




8 k:nﬂ N. =17
Tooe Ry 2 2m

9. #=9, g=9

Conditions 1 and 2 require geometric similarity. Condition k4
requires that the depth of burial be scaled according to the length
scale, The same overpressure for model and prototype is dictated by
condition 5. Condition 6 requires that the time scale be the same
as the length scale. Finally conditions 7, 8, and 9 specify the
same soil for the model and prototype.

If gravitational acceleration was included in the analysis, a

dimensionless term of the form £0D would result, and the condition

E
geD _ gmpm‘Dm - Eg
E - E €1

that gravity or specific weights ¥ scales as one over the length
scale would have to be met; however, the effect of gravity is to
induce dead-load stresses and since dead-load stresses are small
compared to the stresses induced by overpressure loads, the dimen-
sionless product containing gravity can be neglected.

H. Scale Factorsl9

Let the cartesian coordinates x , y , and 2z designate
points on the prototype and x' , y' , and 2z' represent similar
points on the model. Then x = Kxx' sy ¥ = Kyy' ,and z = Kzz'
where the constants Kx 5 Ky , and Kz are the scale factors for

length. In our case

K =K =K =K =n (31)
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10
If the two systems are kinematically similar, then
t = Ktt' = nt' (32)
The scale factor for velocity is
K, =g =1 (33)
t
Accordingly the scale factor for acceleration is
P k]
K, = - (34)
t

By Newton's second law the scale factor for forces acting on

similar cross sections is

3
K K
Ko =KK = ’;Z" = "KKEKL (35)
t t

Since the mass densities are the same, Kp =1; KF then

becomes

= n (36)

The scale factors for stress, strain, radial deflection,

thrust per unit length, and moment per unit length can be expressed

as
Ky =% =1 (37)
K. = % =1 (38)
K, =K =n (39)

i o o e A D
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%=%=n (ko)

I. Scaling of Elastic-Plastic Response |

The equations of motion and the strain-displacement relations
in section B are completely general. The stress-strain relation for
strains exceeding the elastic limit is unique only when the stresses

increase slowly and monotonically during loading. If the dimen-

sionless stress-strain curves (% versus €) are identical, then the
materials have the same type of stress-strain relation, and when
the model and prototype structures are made of the same material,
or have the same type of stress-strain relation, the distinction
between elastic and inelastic material is eliminated.19
According to the scale factors, the strains in the model and
prototype are the same and time scales as the length scale. The
structures are strained at different rates, and strain-rate sensi-

tivity effects a change in material properties. To investigate

strain-rate effects, assume that

g

La = 9(E) (42)

where cyd and oys represent the dynamic and static yield
stresses and f(é) is a function of strain rate. It follows that |

if equation 37 is to hold true

2(&) = £(8)_ (43)




2l
which gives
kK: =1 )
€
and
L S
K, =K =1 (45)

which contradicts similitude condition that time scales according
to length scale. The similitude condition for mass density (iner-
tial effects) cannot be satisfied simultaneously with strain-rate
effects,

Some of the common structural materials like steel show sig-
nificant increases in yield stress for high strain rates; on the
other hand, some of the aluminum alloys show no appreciable
strain-rate sensitivity.7

In view of the above considerations, it appears that the
similitude conditions for geometric scaling for elastic-plastic
strains due to dynamic loads are valid if the same material is

used in the model and prototype and if the material is not sensi-

tive to strain rate.

A i ittt Wl
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PROCEDURE

A. Model Fabrication

The structure geometry selected for verification of the model

theory was semicircular fixed-end arches., Four arches with diam-
eters of 4, 8, 12, and 36 inches and lengths equal to 2 diameters
were tested. A length scale of 9 was considered as practical for
laboratory testing and large enough for scaling to a field proto-
type.

The arch roof and floor plate were fabricated from 5086-H32
aluninum alloy., As a model material, aluminum alloy is easily
machined, has a low modulus of elasticity, and can be loaded re-
peatedly. The arches were constructed commercially to the speci-
fications shown in Figure 2. The four arches (without strain
gages) are shown in Figure 3. The semicircular roofs were rolled
and fitted into grooves machined in the floor plate. The roof-
floor plate joint was secured by screws. End walls were cut from
6061-T6 aluminum alloy with the same outer radius as the arch
roof. The end walls were spaced by a spacer strip and braced by
tie bars so that the arch roof could deflect freely. The gaps
between the end walls and arch were sealed by tape and the gaps
around. the instrumentation cables were filled with a silastic
compound. The locations of the tie bars and end walls are shown

in Figure 4.
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B. Large Blast Load Generator

The LBLG is a device capable of simulating pressures produced
by kiloton and megaton nuclear devices. It is designed primarily
to test underground structures subjected to airblast-induced ground
shock loads. Surface airblast pressures ranging fror. 30 to 500 psi
with rise times of approximately 1 msec and decay times over sev-
eral hundred milliseconds can be reproduced.

The two basic components of the LBLG are the central firing
station and the test chamber (Figure 5). The central firing sta-
tion is a massive, posttensioned, prestressed concrete reaction
structure designed to resist the static or dynamic loads generated
in the test chamber. The test chamber is a cylindrical bin 23 feet
in diameter and 10 feet deep.

In preparing for a test, three C rings are stacked on a
movable platen (Figure 6). The structure and the selected soil are
placed in the chamber at the desired levels. The proper quantity
of explosive to produce the desired overpressure is inserted in
each of the fifteen firing tubes. The B ring is placed on top of
the C rings and the firing tube assembly is lowered into the B ring.
The 1id or A ring is then placed in the circumferential slot in
the B ring. The platen supporting the test chamber is drawn into
the firing station on rails., The rails are lowered, allowing
the platen to rest on the floor. Nitrogen gas under pressure is
forced into the slot in the B ring causing the 1lid to move upward
so that it comes in contact with the roof of the central firing

station. Horizontal jacks are then extended to rest on steel plates
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in the side walls of the firing station to prevent any lateral move-
ment. The explosives in the firing tube are detonated electrically
by a standard engineer blasting cap connected to a leader strand of
Primacord. A more complete description and evaluation of the LBLG
is given by Albritton.2

C. Arch and Free-Field Instrumentation

The arch and free field were instrumented differently for
the series of shots in the elastic and inelastic ranges of response.
The gage locations (Figure 7) remained the same for the two series,
and the changes in the transducers shown in Figure 8 will be de-
scribed herein.

Strain gages on the arch midsection were placed on the inside
and outside surfaces to provide data for use in computing thrusts
and moments, Although symmetry of loading in the LBLG has been veri-
fied by previovs tests, strain gages were localized symmetrically
at 5 degrees from the springing line to average out any localized
action at the joints. Longitudinal strain gages were installed at
the crown to detect the end walls striking the arch. The strain
gages used were metal film gages, epoxy backed, and compensated
for use with aluminum. The gages were bonded to the structure with
Armstrong C-2 and Activator E using the recommended application
and curing techniques. Scaled gage lengths of 0.125, 0.250, 0.375,
and 1,00 inches were used on the k-, 8-, 12-, and 36-inch-diameter
arches. The required gage length of 1.125 inches for the 36-inch-
diameter arch was not available; therefore a 1.000-inch gage length

was used. It was believed that this discrepancy could be neglected.
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The three dummy gages required to complete the full bridge were
mounted on aluminum alloy blocks which were free to slide on the
tie bars. Two blocks with 36 dummy gages were made up for each
arch. The bridge was completed inside the arch and the signal
carried out by Belden 21 AWG stranded 4-conductor, shielded,
plastic-jacketed cables.

The deflection between the arch roof and floor was measured
} along the vertical radius and at L45 degrees from the vertical by
linear variable differential transformers (LVDT) with ranges of
il/lO, 15/8, and +2 inches. The gage mounts for the displacement
transducers were bolted to the floor plate at midlength.

The arches were also instrumented with accelerv .crs at
the crown and at 3/1+ radius on the floor plate. The 4-inch-
diameter arch was instrumented with a 20,000-g piezoelectric ac-
celerometer at the crown and two 1000-g accelerometers on the floor
plate. The crown of the 8-, 12-, and 36-inch-diameter arches were
instrumented with 2500-g piezoresistive accelerometers and the

floor plate with 1000-, 500-, and 250-g accelerometers. For the

next ceries of shots, 10,000-g solid-state accelerometers were
used at the crown, and 2500-g piezoresistive acceleromecters were
b used on the floor of all four archec., In this series 10,000-¢
accelerometers, potted in a weak plaster-sand mix about 2 inches
in diameter, were used to measure free-field accelerations at
the floor level of each arch,

The free field around each arch was instrumented with soil-

stress gupes developed at WES. The gagec were placed at crown
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level of each arch at the locations shown in Figure 9.

Bonded-strain-gage pressure transducers were used to monitor
surface pressures. The transducers were mounted on wcoden trusses
to prevent them from being driven into the soil under repeated loads.
The locations of the gages are shown in Figure 10.

Prior to ourying the arches in the LBLG test chamber, their
natural periods of vibration were determined. The crown of each
arch was struck at midlength with a plastic mallet and the response
of strain gages at the crown (S3) and at 60 degrees from the crown
(s7) were recorded on a Consolidated Electrodynamics Corporation (CEC)
oscillograph at a paper speed of 64 in/sec.

D. Data Recording Instrumentation

The recording system consisted of four CEC 36-channel gal-
vanometer oscillographs recording on photographic paper with a
maximum speed of 160 in/sec , and four Sangamo lli-channel magnetic
tape recorders with recording speeds of 60 in/sec. The strain,
acceleration, soil stress, and pressure signals were amplified on
Dana differential d-c amplifiers and ALINCO Sensor Analog Module
(SAM) amplifiers in conjunction with B & F Instruments, Inc.,
strain conditioning equipment. The signal from seven LVDT's were
fed through galvodrivers and CEC 1-118 carrier amplifiers. The
signal from the piezoelectric accelerometer was fed through a
Kistler charge amplifier.

For tests 1, 2, and 3, 80 channels of instrumentation were
used, and for tests 5, 6, and 7, 57 channels were used. The in-

strumentation used in the tests and schematics of the hook-ups
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are shown in Figures 11, 12, and 13. Minor changes were made be-
tween shots as necessary.

E. Soil Placement

One of the similitude requirements was that the soil density
be the same around each arch. Special vibration and showering
techniques in placing sand were used to assure that proper densi-
ties were achieved. Since the floor of the largest arch was at
a depth of 3 feet, density was controlled from this level by shower-
ing. The sand was built up by vibrating 6- or 12-inch lifts by a
vibrator mounted on a 16- by 36-inch curved, steel plate. Calibra-
tion tests for the sprinkled sand showed that the density could be
maintained between 108.1 and 109.5 pef for a height of fall ranging
from 2 to 4 feet. Box density tests at various locations around
the arches were taken before and after each series of shots.

A copper screen was placed over the sand surface to serve
as a shield that would ground electromagnetic disturbances gener-
ated when the explosive charge was detonated. Such disturbances
if nect grounded produce spurious signals on the records obtained
from unshielded gages.

A 1/16-inch polyethylene membrane was placed over the copper
screen to prevent the flow of pressure in the soil skeleton from
producing dynamic pore pressure that would disturb the buried
arches. A cover of loose sand was placed directly on the membrare
to protect it from the heat generated by the explosion. To satisfy
the scaling relation, the cover over the membrane was scalecd up

from l/h inch over the lk-inch-diameter arch according to the length
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Data Recording Instrumentation
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scale, The arches were located a sufficient distance from the walls
of the test chamber to minimize the sidewall-friction effect on the
lcad.

F. Operations

After the instrumentation hook-up was completed, preshot

calibration steps were performed with the recorders running at slow
speed. At shot time minus 15 seconds the tape recorders were turned
on., At shot time minus 1 second the oscillograph recorders were
turned on. Af zero time the generator was fired and 0.3 second
later the exhaust valves were opened. At plus 0.5 second the os-

cillograph recorders were turned off, and at plus 8 seconds the

tape recorders stopped.




RESULTS

A. Presentation

Results are presented for two ceries of tests, each consist-
ing of three shots. Resultc of invectigations to determine prop-
erties of the sand and the ctresc-strain relation of the aluminum
alloy are given in Appendix A. Appendix B contains reproductions
of' the oscillograph records for all tests,

B. Test Series in Elastic Range

This series consi;ted of three repeated shots having average
airblast overpressures at the surface of 70, 120, and 153 psi. The
oscillograph records in Appendix B show the strain, soil pressures,
surface and bonnet pressures with respect to time. The truces of
relative displacement between the arch crown and floor ~ not
shown. These data, from the LVDT's, were considered erroncour us
it seemed that the spring-loaded probe separated from the arch
roof.

The acceleration records were obtained from magnetic tupe
playbacks on an expanded time scale. The floor acceleration to-
gether with the velocity and displacement obtained by integrating
acceleration-time records are shown in Chapter V. The curface
pressure records [rom magnetic tape playback for condensed time
and the crown accelerations for an expanded time are also shown

in Appendix B.

b1
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C. Test Series in Inelastic Range

Three repeated shots having average surface airblast over-
pressures of 209, 239, and 300 psi were fired in this series. The
oscillograph records of strain, soil pressure, surface and bonnet
pressures, and relative displacement are shown in Appendix B. The
floor ecceleration-time records are shown in Chapter V. Usable
crown and free-field acceleration data from two of the three shots
were not obtained. The damage sustained by the arches is shown in
Figures 14 and 15. The 4- and 12-inch-diameter arches buckled at
the springing line, the 8-inch-diameter arch seemed to be on the
verge of developing a local buckle, and on the 36-inch-diameter
arch the bolts which join the arch roof to the floor plate were
sheared. The method of fixing the arch roof to the floor plate was
different for this particular arch, as shown in Figure 2. The post-
shot photographs also show that the 4- and 8-inch-diameter arches

were tilted in varying degrees along their longitudinal axes.
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Four- and Eight-Inch-Diameter Arches in LBLG Test Chamber
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a. Twelve-Inch-Diameter Arch

b. Thirty-Six-Inch-Diameter Arch

Fig. 15

Twelve- and Thirty-Six-Inch-Diameter Arches in LBLG Test Chamber
After 300-psi Test




e [

o 4t

o —

—

L5

v

INTERPRETATION AND ANALYSIS OF RESULTS

A. Scaling Independent Variables

The independent variables are associated with the structure
and test geometry, the material properties of the structure and the
surrounding media, and the pressure-time history on the sand sur-
face. Geometric scaling of the arches and the test geometry was
maintained for all tests. The material properties of the arches
and surrounding soil were the same since the model and prototype
were fabricated from the same material and were buried in the same
type of sand at maximum density.

The similitude condition requiring that the peak pressure be
the same on all four arches was met by testing the arches simul-
taneously in the test chamber. In addition to the three surface-.
pressure gages, two pressure transducers were mounted in the bonnet
of the test chamber. These bonnet gages, by virtue of their dif-
ferent location, had values approximately 10 percent higher than
the surface-pressure gages. A large amount of scatter was present
in the surface-pressure data from the second shot, and one of the
surface-pressure gages during the sixth shot read substantially
lower than the others. The data from this gage were not used in
determining the average surface pressure. The location of the

gages with respect to the firing tubes and gage damage caused by
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debris could account for the scatter. Several gages also recorded
negative pressures after 400 msec (see condensed pressure-time
records in Appendix B). The negative pressures could be attri-
buted to the severe temperature environment due to the explosive
detonation, At best, duration times ranging from 1100 to 1700 msec
were determined from the soil stress gages located 2 inches below
the sand surface. The effect of the pulse reflected from the bot-
tom of the test chamber is evident in almost all the traces. If a
stress wave velocity is approximated by 1 ft/msec, the effect of
the reflection should occur at about 16 msec from zero time.

Since the four arches were subjected to an airblast-induced
pressure, the rise and decay times of the surface pressures were the
same for all of the arches., This violates the similitude condition
that the time scale should be the same as the length scale., This
distortion in time of response for the structure was considered
insignificant since the rise time measured by the soil-stress gages
was approximately 50 usec, which is much less than ~the natural
period of vibration of the smallest arch, and the duration time
was ruch larger, The magnitudes of the free-field stresses as
recorded were consistently higner than the surface pressures.
Transducer placement, gage overregistration, and transmission and
distribution of pressure through sand account somewhat for the
inconsistent data between the free-field stress gages.

The natural periods of vibration of the arch structures

were determined by the method described in the previous chapter.

Ti,ure 17 shows that the natural period without cover varies
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linearly with the arch diameter. The mode of vibration excited by
striking the crbwn was probably the first symmetric bending mode.
However, the arch in the buried configuration vibrates in a pri-
marily compressive mode at a higher frequency.

B. Scaling Dependent Variables

Figures 17 through 25 show the acceleration, velocity, and
displacement=time plots for the arch floors for the six shots from
the two series of tasts. Th.e accelerometers with 1000- to 250-g
range used in the first three shots had fluid damping varying fram
0.6 to 0,79 of critical and natural frequencies varying from 1200
to 3800 cps. The signals were recorded on magnetic tape and played
back at expanded time with signal reproduction frequencies of
3000 cps. The ordinates und abscissa of the accelerafion-time
plots have been constructed according to the scaling relations,

When plotted in this manner, the acceleration-time for the k-, 8=,
12-, and 36=inch=diameter arches should appear identical. The same
holds true for the velocity=- and displacement-time plots. For the
first three shots of the s'eries, the scaled acceleration-time trace
of the 4=inch arch flocr shows an acceleration of lower amplitude
and larger duration than those experienced by the other three arches
at the same overpressure. To scale correctly, the acceleration-
time trace should have a frequency of' over 4000 cps, which indicates
that the transducer was frequency overrangcd. For the three sub-
sequent tests in which accelerometers were used that had a frequency
response of 6000 cps, damping of 0,03 critical, and a signal repro-

duction capnbility of 8000 cps, signal frequencies of over 4000 cps
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for the L-inch-diameter arch were recorded. It should also be
pointed out that the 2500-g accelerometers were overranged. How-
ever, they are rated for a shock environment at 7500-g half-sine
pulse at 150-psec or more duration without damage, and it is esti-
mated that the calibration remained fairly linear. The velocity
and displacement of the arch floors were obtained by integrating
acceleration-time records. The oscillograph records were digi-
tized and integrated on the Waterways Experiment Station
computer, and the output was plotted on a Calcomp plotter.

Figures 26 and 27 show the peak value of the floor accel-
eration plotted against the arch diameter for each surface over-
pressure. A rectangular hyperbola, which is predicted from the
scaling relations, is plotted through the data points. Figures 28
through 32 show the predicted linear floor displacement at homoi-
ogous times,

The crown accelerations of the arches for the first three
shots are plotted in Figure 33. The predicted rectangular hyper-
bola is fitted through the data points. The traced acceleration-
time playbacks are shown in Appendix B. Much of these data were
considered unreliable for integrating to obtain velocities and
displacements. In obtaining peak values, the source of error seems
to be in overdriving the tape system. This is generally indicated
by an abrupt flattening of the initial acceleration peak.

The thrust T and bending moments M were calculated from

back-to-back strain gages by using the following relations:
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h

T = f o(y)ay
h

M=f o(y)yay

The relation between stress and strain is approximated by a

bilinear relation

I

ag Eefore_<_e

yield

o= E'(e - ) for € > ¢

oyield * €yield yield

where the units of strain are uinches/inch. The values of E , E',
cyield and eyield are determined from Figures 48 and 49 in
Appendix A,

Figures 3Y4 through 37 show computer plots of moment and
thrust time at 85 degrees from the crown for the four arches. The
ordinate and abscissa of each plot have been constructed so as to
maintain proper similitude relations among the four arch sizes.
Thus, the plots for each parameter should be identical for all arch
diameters. Except for the L-inch-diameter arch, the magnitudes and
shapes of the thrust-time plots compare favorably. The magnitudes
of the thrusts were higher for the 4-inch arch, and the bending mo-
ments show considerable scatter in magnitude. Da.Deppo8 has chown
by a perturbation analysis that moments in a thin mctal arch are
dependent on the initial deformation. The initial deformation
could recult from induced strain caused by the back{ill or by ran-

dom variations in the circularity of the arch. Other lastors con-

tributing to the scatter in the thrusts and moments could be
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attributed to variation in the arch thickness, change in pressure
distributions with depth and to the end fixity. Although care was
taken to obtain as rigid a boundary as possible, 1t was impossible
to obtain the same amount of fixity for all four arches. Denton
and Flatha.u‘::9 tests on [ixed-end metal arches showed that the
thrusts and moments scaled better. Their arches were twice the
thickness or eight timec ctiffer with length ratios up to three.
Back-to-back strain gages were placed at various locations
on the arches to compute thrust and moment distributions; however,
it was considered sufficient for the purpose of verifying simili-
tude relations to present plots of maximum moments and thrusts.
Inelastic strains occurred in the arches during the fourth shot
(pso = 209 psi), and since permanent deformations cause changes in
shape and material properties any further evaluation of moment and
thrust would introduce additional, and possibly significant errors.
Figures 38 through 41 show an average of the maximum values
of thrust and moments at 85 degrees from the crown. Average values
could only be obtained for the 4- and 8-inch-diameter arches since
one gage from the pair on the 12- and 36-inch-diameter arches did not
record. According to the scaling relations, thrust varies linearly
with the length scale and the moment varies as the square of the
length scale; hence, a straight line is drawn through the data points
for thrust and a parabola through the data points for moment.
The strain distribution around the arch indicates a condition

of uniform thrust and a moment distribution which increases in mag-

nitude near the fixed ends.
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Fig. 4o

Average Maximum Thrust
and Moment at 85° from
Crown, P = 153 psi
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The displacement data for the first three shots are not pre-
sented since the spring-loaded probes of the LVDT's separated from
the crown. The oscillograph traces for the next three shots are
shown in Appendix B. The probes were rigidly attached to the crown
for this series of tests. The screws holding tuie LVDT to the mount
in the 36-inch-diameter arch were sheared, and the transducer body
was loose; therefore, these data should be disrégarded and no
plots of relative deflection of this arch are shown for any of
the test structures.

Figures 42 and 43 show the end views of the failed arches.
Since the arches were geometrically scaled and subjected to the
same surface overpressures simultaneously, they should all have
sustained the same amount of inelastic action and failed in a
similar manner. The L- and 12-inch-diameter arches buckled at
the springing line and the 8-inch-diameter arch was on the verge
of failure at the springing line. The bolts on one side of the 36-
inch-diameter arch were sheared. The arch ring was bolted to the
floor plate<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>