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PREFACE

This report was prepared by the Department of Civil Engineering, University
of Florida, Gatnesville, Florida, 32611 under Contract Number
F0835-83-C-0136, TASK 85-1, for the Afr Force Engineering and Services
Center, Engineering Research Division, Tyndall AFB, Florida, 32403-6001.

This report is published as submitted to the University of Florida by Mr.
Habibollah Tabatabai, as his Ph.D. dissertation. Dr. Tabatabai worked under
the direction of Professors David Bloomquist (centrifuge and instrumentation
aspects), M.C. McVay (numerical analysis) and F.C. Townsend (project PI and
centrifuge aspects), with assistance from fellow graduate student Captain
J.J. Gi11, USAF (model construction and instrumentation). Mr. Dan Ekdahl, UF
College of Engineering Digital Design Facility, designed the onboard
centrifuge instrumentation system. Sergeant William Bache, Alachua County
Sheriff's Department supervised and performed the explosive detonations. Mr.
Paul L. Rosengren, Jr. and 2Lt Steven T. Kuennen, USAF, were the

HQ AFESC/RDCS Project Officers. This report summarizes work performed
between September 1985 and May 1987 and is published as submitted because of
its interest to the USAF Scientific and Engineering Community.

The report describes scaling relationships, model construction,
instrumentation, and methodology for performing centrifugal modeling of blast
loadings on buried model structures. The results show that gravity stresses
should be considered for models. The structural response at high g levels
was different with wave speed, pressure magnitudes and structural strains,
being higher in the high gravity environment than at earth's gravity (1 ¢).
It was concluded that centrifugal modeling is a necessary and viable method
for evaluating the structural response of underground structures.

This report has been reviewed by the Public Affairs Office (PA) and is
releasable to the National Technical Information Service (NTIS). At NTIS, it
fs available to the gemeral public, including foreign nationals.

This technical report has been reviewed and is approved for publication.

STEVEN T. KUENNEN, 2LY, USAF ROBERT J. HAJég{ -

Project Officer Chief, Engineéring Nesearch
Division

WILLIAM S. STRICKLAND, GM-14 JAMES R. VAN ORMAN

Chief, Facilities and Systems Deputy Divector of Engineering

and Services Laboratory

i
(The reverse of this page % blank.)




CHAPTERS
1.

3.

TABLE OF CONTENTS

INTRODUCTION........

1.1 General........

8 5 458 2 80 020 e e

[ I B A XD B B B IR I Y S I IS

1.2 Review of Previous Work...eeoveven.

1.3 Objectives.....

LB BN S BN SR N YR 2R BN B Y S A IR )

oooooooo

LK I B N )

LI A A A N )

s s 00 0 b0

s 0t sy

1.4 Scope ofwork‘.lbl.....'OIODOOQ'.'.QQ..QI.

SIMILITUDE AND MODELINGDDOO..OQIOOOQC‘QQQO.QOQ‘

2.1 JIntroduction..,.
Similitude for Underground Structures.....
Gravity Effects..cevivieenneivnnens
Construction of Small-Scale Models........

»

[XY XN XY
P XN N X

*

T & 8 0 8 & 0 8 22 34400 3o

204-1 MicrO"COﬂcreCE...-....,....-
20&!2 Reinfcrcemeﬂt.'....n-....ao.
2.4.3 Mold and Model Comstruction........

TESTING EQUIPMENT AND SPECIMENS.........

3.1 Centrifuge......

LR R DR BN AN AN T B B B I BR TN O Y

3!2 Test SPBCimensoo0"00.!000..1-ti"'

L T A S I

* et o a8 9

L IR B

LIRS A )

NN E NN

s s a sy 4

* v s 92 e

INSTRUMENTATION AND DATA ACQUISITION...........

4.1 Introduction...

4.2 Ingtrumentation.....iveciecresnssenoss
4.2.1 Electrical Resistance Strain

Gages..
4.2.1.1

4.2.1.2

LR B R R R SE R B A 2 B B K SR 2 B O )

* 8 0 0 e bt e 0 v 9 e o L I Y

“ 0 s

LR S B A

LA IO Y XY

Strain Gage Measurements

in a Centrifuge....
Electronic Circuits
On-Board Strain

MeasurementsS.. . ...

114

LA I 2

for

L B I N AN )

—

s
o+ o o oW

42

25
26
27
29

29
35

39

39
40

40
46

50




5.
6.

4.3,

4.4.
4.5.

4,2.1.3 Calibration of Strain
Gage Bridges.....cove..
4.2.1.4 strain Gage Setup on
the Test Structure.....
4,2.2. Piezoelectric Shock Pressure
TransduCerSeescvecscescccscanee
4,2.2.1 Introduction to
Piezoelectricity.voesuss
4.2.2.2 Polyvinylidene Fluoride
(PVDF)C..I.C.OI0.0.QQ‘!C
4.2.2.3 PVDF Pressure
TransduCcer..cceeeeecscsas
4,2.2.4 Electronic Circuits for
Piezoelectric
TransduCerSeececcecaness
4.2.2,5 Voltage Measurements....
4,2.2.6 Charge Amplifiers.......
4.2.2.7 Shock Pressure
Measurements in a
Centrifug@.isceecenscnnes
4.2.2.8 Calibration of PVDF
Pressure TransducersS....
4.2.2.9 Pressure Gage Setup on
the Test Structure.....
Piezoelectric AccelerometersS,.coeeecess
4.3.1 Coriolis Accelerations...veeees
4.3.2 Accelerometer Setup on the
Test Structure.sciessssnsocsnns
Detonators‘..l!.0;.!..!....“.“.0.0000
Overall Instrumentation and Data
Acquisitien.lblll.'!."t‘c...t.l..lb‘..

TESTING PROCEDURES..C.'..ll‘-‘.l'il.C"ll.‘.‘

6-10

6.2.

6.3.

6.4.

6.5.

EVALUATION OF TEST RESULTS..‘..!"l"'..'.‘.l

Pressures.ui.“....’t’l.‘..'...t.!.ﬂ...
6'1-16 Ptessure Gage pl".!..l't.u.l..
Pressure Gage Pl.i..ccieessncanns
Pressure Gage Pl ... cevceonrnss
Pressure Gage Pd.,.cviseccinsnrus
Pressure Gayge PY..isveeescnonvs
Pressure Gage PO...everinvanensn
o S e 1 1 1 T
Acceleromater Al .icvvievennnnn
Accelaroneter A2...ivvvevansvns

L]
L]
L]
L]
L ]
L]
.
ns"l.‘Pl‘.Q.'.l‘..’...‘.l-.'.lll.
.
L)
»

. 0

»

Stral"s ln Top Slabtnattou.ot"
Strainsg in Side Wall...........
Strains in Bottom Slab.....eses

ties-.‘lc-.v-o;-u-toiovlioi--tioo

» D e v s (P e Qo =

. VelDCity VIIOObninnhou'uolvu.tu
6.4020 VEIOCit}{ vzo.tvot‘ooctol-u‘tolu

Displacements'.0-..--"'.0.‘0'..0-...0.

50
55
59
59
61
66

70
71
75

84

94
924
94

98
101

103
108
116

116
117
127

163
167
167
167
177
194
211
212
219
232
249
255
265

270




6.5.10 Displacement Dlocooocooo.c".oo
6.5.2. Displacement D2..iecicencsvsces

1. CONCLUSIONE AND RECOMMENDATIONS. .ccecosssccss

7‘10 Conclusionso.000‘0.0.0000000000.0CQOOOC
7.2. Recommendations for Future Studies.....

APPENDICES

A ELECTRONIC COMPONENTS OF THE INSTRUMENTATION
SYSTEM...0.'..'.“0'...0.....‘.Q.Q.‘..‘!..'C'

B COMPUTER PROGRAMS WRITTEN ON HP 9816...c00¢0..
REFERENCES.'..'..QQ...."'....C...".‘...'...‘...'0‘..'

BIOGRAPHICAL SKETCH‘..Q...I.'O.'.'.'.....".."..I..'.O

v
(The reverse of this page is blank.)

270
281

284

284
287

289
297
307
312




CHAPTER 1
INTRODUCTION
1.1 General

The survivability of underground military structures may
be of critical importance in times of crisis. Reliable and
economical design of such structures requires a better
understanding of the complex parameters involved. Although,
in recent years, there have been advances made in the
development of analytical methods for the study of such
systems, structural testing is believed to be essential
considering the existing uncertainties and complexities in
evaluating the performance of underground structures
subjected to blast loads. Defense~related agencies
regularly perform full-scale or scaled model tests on
buried protective structures. Although full-scale testing
may be ideal in terms of evaluating structural response,
the economic costs may be substantial. Small-scale model
testing (1/10 to 1/80) offers major cost savings, thereby
allowing a larger number of tests to be performed for the
purpose of parametric studies or evaluating repeatability.

There are several important factors to be considered in
blast tests on small-scale models. First, the development

of model materials such as microconcrete and miniaturized




reinforcement with properties similar to the prototype is
an important consideration. The ability to build small-
scale models within acceptable tolerances is another major
concern. Second, the development and proper uncarstanding
of the écaling relationships, based on which the scaled
model is designed and the observed response on the model is
extrapolated to predict the response of the full-scale
(prototype) structure, are essential. Third, the
development of instrumentation methods and devices for the
measurements of such parameters as shock pressures, strains
and accelerations on small-scale models is another
important consideration.

Complete adherence to the scaling relationships
developed on the basis of the laws of similitude would
require some form of dead-load compensation to properly
account for the effect of gravity stresses. For example, in
static tests on model bridges, it is customary to account
for the discrepancy between the prototype and model dead-
load stresses by adding sufficient weight to the bridge in
such a way as not to add stiffness to the structure. In
dynamic tests on super small-scale models, this problem
becomes more complicated because of the relatively small-
size structures involved and the problem of accounting for
increased mass in a dynamic test.

An alternative would be to subject the scaled model to
an increased acceleration field through an elevator

arrangement or, more suitably, a centrifuge. Researchers




have generally ignored the effect of gravity on the
response of buried structures based on the arqument that,
for shallow-buried structures subjected to blast loading,
gravity stresses are generally much smaller than blast-
induced stresses. Also, the relative complexity of
compensating for gravity stresses has been another
important consideration. However, it is clear that in some
soils, properties such as stiffness and strength are
directly related to gravity stresses (or depth of soil). In
addition, the degree of soii-structure interaction could
very well be a function of gravity stresses. To answer some
of these questions, the U. S. Air Force sponsored this
research project to determine the significance of gravity
stresses (centrifuge testing) on the response of models of

underground structures subjected to blast loading.

1.2 Review of Previous wWork

During the last 50 years, the centrifuge has been
frequently usad as a tool in geotechnical testing, |
eépecially in Burope and the Soviet Union. In recent years,
there has been an increased interast in using this
technique to study s0il mechanics and soil-structure
'interaction problems including underground structures.,

Many researchérs have conducted centrifuge tests to
study varied subjects such as offshore gravity structures
{Prevost et al., 1Y81), coal waste embankments (Al-Hussaini

et al., 1981), consolidation of phosphatic clay




(Bloomquist, 1982), buried large-span culverts (McVay and
Papadopoulos, 1986), abutments (Randolph et al., 1985),
embankment dams and dikes (Fiodorov et al., 1985), pile
installations (Craig, 1985), and laterally loaded pile
groups in sand (Kulkarni et al., 1985).

tchmidt and Holsapple (1980) conducted a number of blast
tests in a centrifuge to study the effectiveness of the
centrifuge technique for modeling explosive cratering in
dry sand and to validate their derived similarity
requirements. These experiments used 0.5~4 grams of
Pentaerythritol-tetranitrate (PETN) and 1.7 grams of lead-
azide explosives in tests at zero depth of burial and at
gravities as high as 450 g's.

The authors conclude that the centrifuge is an effective
tool for such tests. Based on the observed symmetrical
‘cratering in thess tests, they alss suggest that the
Coriolis effects ars insignificant (Coriolis effects are
explained in Chapter 4). In addition, the authors recommend
a non-dimensional parameter (discussed in Chaptér 2) for
determining an equivalent charge for simulating large
explosive yields with small charges at elevated gravities.

Nielsen (1983) conducted a number of blast tests in a
centrifuge to evalﬁatu the suitability of the centrifuge
techaigque for the measurement of free-field blast pressures
in soil. In some tests less than 1 gram of
Cyclotrimethylenetrinitramine (RDX) and PETN explosive was

placed in the sand and then detonated at 50 g's. The soil




pressures at different locations were measured. In other
tests, the explosive was placed inside a microconcrete
burster slab (which, in the design of underground
protective structures, serves to prevent deep penetration
of the weapon into the soil). The explosives were detonated
at gravities of up to 30 g's and pressure measurements were
taken at different locations in the sand beneath the
burster slab.

The author suggests that the centrifuge is a suitable
tool for such measurements. The author also recommends the
use of larger centrifuges and improvements in the
instrumentation and data-acquisition arrangements.

Baird (1985) presents a survey of the instrumentation
problems for explosive centrifugal testing and provides a
list of commercially available transducers and data-
acquisition systems that have a potential for use in such
tests. Bradley (1983) and Cunningham et al, (1986) discuss
scaling relationships and model materials for blast testing
in a centrifuge, respectively.

Kutter et al. (1985%) report preliminary results of a
:number of blast tests on scaled aluminum models of a buried
Vreihforced concrete pipe (tunnel) at 1, 50 and 100
gravities. The two types of explosive charges used
contained 64 and 512 mg of PETN. Horizontal accelerations
.on one side of the models were measured. The authors

suggest that the effect of gravity becomes more important




as the range from the blast source increases and as the

relative size of the explosion decreases.

1.3 Objectives

The objectives of this research program are as follows:
1) To develop instrumentation methods and devices for the
measurement of shock pressures, strains and accelerations
in centrifuge blast tests on small-scale microconcrete
models of underground structures and to develop general
testing procedures for such tests.
2) To perform blast tests on small-scale models of an
underground structure at low-gravity (lg)! and high-gravity
(centrifuge) environments, and to study the differences in
response, if any, between the two testing conditions and
thereby ascertain the significance of gravity stresses in
the response of such structures.
3) To evaluate the validity of scaling relationships by
performing and comparing blast tests on two different sized

scaled models (1/60 and l/82~scale models).

1.4 Scope Of Work

A complete discussion of the scaling relationships for
blast tests on underground structures is presented.
Research work periormed by Cunningham et al. (1986) and
Bradley (1983) in the development of model materials and
scaling relationships are summarized.

A complete instrumentation and data acquisition set-up




for the measurements of pressures, strains and
accelerations in a centrifuge is designed, built, and
tested and detailed procedures for such measurements are
recommended. This includes the development of
Polyvinylidene Fluoride (PVDF) piezoelectric pressure
transducers and associated electronics for pressure
measurements at the soil-structure interface and design of
electronic circuits for strain measurements.

A series of tests are performed on 1/60- and 1/82-scale
modals of an underground structure subjected to a scaled
500-~1b bomb blast at low-gravity (lg) and high-gravity (60~
or 82-g's) environments. The results are evaluated for the
purpose of determining the significance of gravity stresses
(centrifuge testing) and for evaluating the scaling

relationships.




CHAPTER 2
SIMILITUDE AND MODELING

2.1 Introduction

Experimental evaluations of engineering systems are
generally recommended especially when such systems are too
complicated to yield accurate aéalytical solutions based on
 mathematical formulation= of the problem. However, prototype
testing can, in many cases, be prohibitively expensive. Tests
on scaled-down models of the prototype offer an alternative
Lo prototype testing at a ge.erally reduced cost.

-The design of a model and che relationships, based on
which the prototype response caa be predicted from the
observed response on the model, are hased on the laws of
similitude. Murphy (195C) defines mndels and prototypes as
follows: " A model is a device which is so related to a
physical system that ooservations on the model may be used
té predict accurately the performance of the physical sgystem
in the desired resgpect. The physical system for which the
| predictions are to_bg &ade is called the prototype® (p. 1l).
Murphy (1950) also comments that * the theory cf similitude
inciudeé a consideration of the conditions under which the

behavior of two separate entities or systems will be




similar,.and the techniques of accurately predicting results
on the one from observations on the other" (p. 1l).

Structural models have been widely used to evaluate the
performance of underground structures subjected to blast
loading. Parametric studies can be performed on such models to
evaluate the significance of different factors such as varying
soil conditions, sizes of threat, structural configurations,
etc.

The most common relationship in blast wave scaling is
based on the Hopkinson or cube-root scaling. This law states
that "self-similar blast (shock) waves are produced at
identical scaled distances when two explosive charges of
similar geometry and the same explosive, but of different
size, are detonated in the same atmosphere" (Baker et al.,
1973, p. 55). The dimensional scaled distance, 2, is defined
by the following equation:

R
2= ;T73' Equation 2.1
where R is the distance from the explosive and W is the
energy (or weight) of the explosive. Figure 2.1 illustrates
the Hopkinson blast scaling. Baker et al. (1973) reviewed
several other scaling relationships developed for blast.

A more systematic approach to scaling is through the laws
of similitude and the theory of models. The first and by facr
the most important step is to determine the pertinent
variables in the problem. According to the Buckingham's Pi

theorem, the relationship among these variables can be
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FPigure 2.1. Hopkinson Blast Scaling (Baker et al., 1973)
(Reprinted by Permission of the Southwest
Research Institute)
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described by a set of S dimensionless and independent terms
called Pi (m) terms which are products of the pertinent
variables.

S=ne-r Equation 2.2 -
Where S is the number of n terms, n is the number of
variables and r is the number of fundamental dimensions. In
a dynamic engineering problem, these fundamental dimensions
are generally selected to be either force, length and time,

or mass, length and time. There can be infinite sets of
correct m terms. However, in each set the total number of
dimensionless and independent terms is limited to S.

Similitude requirements establishing the relationship
between model and prototype is determined by equating the
dimensionless v terms in the model and prototype. Therefore

Tim © ﬂip i=1,2,...,8 Equation 2.3
where m and p denote model and prototype respectively.

More information on similitude requirements for static or
dynamic modeling is presented by Murphy (1950), Langhaar
(1851), Young and Murphy (1964), Tener (1964), Denton and
Flathau (1966), Krawinkler and Moncarz (1973), Sabnis et al.
(1983) and Bradley (1983).

2.2 Similitude for Underground Structures

Bradley (1983) presents a list of pertinent variables
(T.w’e 2.1), v terms (Table 2.2) and scaling relationships
(T.iole 2.3) for underground structures subjected to blast

loading. The relationships in Table 2.3 are based on the

11




Table 2.1

12

List Of Parameters (Bradley, 1983)

Stress
Displacement

Acceleration

Characteristic Pressure
Energy

Radius

Thickness

Concrete Mass Density
Concrete P-Wave Speed
Concrete Strength
Concrete Modulus
Steel Strength

Area Of Steel

Soil Mass Density
Soil P-Wave Speed

Soil Modulus

Soil Cohesion
Preconsolidation
Pressure

Gravity

Time

Soil Angle of Friction
Steel Strain

Soil Strain

Concrete Strain

Steel Poison's Ratio
Concrete Poisson's Ratio

Steel Modulus
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Table 2.2

Solution 7 Terms (Bradley, 1983)
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Table 2.3

Scaling Relationships (Bradley, 1983)

Parameter

Stress
Displacement
Acceleration
Velocity

Explosive Pressure
Explosive Energy
Radius

Thickness

Material Density
Material Modulus
Material Strength
Material Wave Speed
Area

Volume

Mass

Strain

Dynamic Time
Poisson's Ratio
Soil Cohesion

Soil Preconsclidation
Pressure

Force

Acceleration of Gravity
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assumption that the same materials are used in the model as in
the prototype, or at least the material properties are kept
constant. Strict adherence to the geometric scaling
requirements in Table 2.3 means that aggregates in concrete or
soil particles would have to be scaled down to meet those
requirements. For soils, large reductions in particle sizes can
lead to major changes in soil properties. Therefore, such
scaling down of all soil particles is not recommended and
only large~size aggregates should be scaled down.
Sabnis and White (1967) suggest using a gypsum mortar mix to
model concrete in small scale models, This would result in
material properties similar to concrete.

Table 2.3 shows that the acceleration of gravity in the
model (g,) should be n times the acceleration of gravity in

the prototype (g_ = lg). This condition can be achieved by

subjectiang the mgdel to an acceleration field. An elevator
arrangement or, more suitably, a centrifuge can provide the
desirable acceleration field.

Almost all research ianvolving model tests on underground
structures subjected to blast loads has been performed at lg,
i.e. ignoring the gravity effect and thereby violating one of
the requirements for a true model. An evaluation of the
gsignificance or lack of significance of ignoring gravity
effects in such model tests is presented in Section 2.3.

Modeling explosives is another importarnt consideration in

such tests. The geometric scaling of the shape of cased

explosives may be an important parameter. For example,




cylindrical-shaped charges may be necessary to mecdel some
weapons. Table 2.3 shows that the energy of explosion is
scaled by a factor of 1/n3. For example, a 509 lb bomb
containing 267 1lb of TNT can be simulated by a 0.267 1lb TNT
explosive in a 1/10 scale model test.

Schmidt and Holsapple (1980) suggest the following w
term for scaling of energy for various types of explosives

for centrifuge testing:

1/3
G W
T s|le—] |— Equation 2.4
Q ) .
where Q = Heat of detonation per unit mass of explosive
§ = Initial density of the explosive

W = Mass of the explosive

G = Gravity

¢}

By equating the above 7 term for the model and prototype,

the scaling relationship can be established

umnﬂp

G W 1/3 G W 1/3
DL QUL - P (2
% fn % %

or

W, = (B ) ¢ i W Equation 2.5
G Q 8 e
m D P

Based on this relationahip, Table 2.4rshows calculated

explosive welghts for models simulating various size bombs at

different scales or gravities {Nielsen, 1983). The type of
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explosive used to model the prototype bombs in these

calculations is Cyclotrimethylenetrinitramine (RDX).

Table 2.4
Theoretical Model Explosive Simulation Weights
(Nielsen, 1983)

Centrifuge Environment (Gravities)

Threat 20 g 40 g 60 g 80 g 100 ¢
Designation -
(1b) Weight of RDX in Grams
250 12.35  1.54 0.46 0.19 0.10
500 25.57 3.20 0.95 0.40 0.20
1000 53.43 6.68 1.98 0.83 0.43
2000 106095 13037 3098 ’ 1067 0:86

Schmidt and Holsapple's 7 term provides'satisfactory
results for centrifuge testing. However, this v term implies
that, in order to compensate for the error introduced by
ighoring gravity in simulating explosive euergy, the mass-of
explosive in the model as predicted by Equatibnvz.s should
be increased by a factor of (Gm}Gp]3 or_n3.'This is‘af
course an impropeér extension of the use of Schmidt!and
Holsapple's 7 term. To observe strict adheraﬁce to ﬁhe
similitude requirements, the type of explosive to be used
for modeling should have the same detonating rate as the
prototype explosives to simulate the blast effects. |
correctly.

There are commarcially available detonators such as the

standard Reynolds RP-83 detonator (explained in Section 4.4)




with RDX charges that can be used for model tests. Based on
the information on the available commercial detonators, the
model scale can be calculated using the 7 term in Equation

2.4.

2.3 Gravity Effects

- In this section the effect of ignoring gravity in model
tests of underground structures subjected to blast loads is
evaluated. In almost all such model tests in the literature,
the effect of gravity is ignored on the basis of the fact
that, for shallow-buried structures, the blast-induced
'pressures are generally much higher than gravity stresses.

The effect of neglecting gravity on dynamic time in models
is dependent on the nature of dynamic forces. Consider the
following 7 term in deriving a relationship for dynamic time:

3 , _ _

[ 4
7 =«

o Equation 2.7
M1

where F is dynamic force, M is mass, t is dynamié time and 1
18 any relevant length. Equating this v term for wmodel and

prototype,

2
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t 2 1 1
(—2) = (=) (—) (%)
t n
p n
Or
1 : .
tm = " tp Equation 2.8

If the force causing the dynamic response is applied on the
system through gravity alone, then
F
——-—:g
M
where g is the acceleration of gravity. Therefore the term

in Equation 2.7 can be rewritten in the following form

g t?

1

Equating 1 terms for model and prototype

m P
2 2
In t m gp t P
lm lp
Therefore,
2
t g 1
= (B ) (—)
®p Im o

1 1

Which is the same as the relationship in equation 2.8.
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However, if the effect of gravity is neglected, then

1
2 2
t < ()(=-— )t
m n P
Or
l .
tm = --—;-tp Equation 2.9

which is substantially different from Equation 2.8. The
following two examples illustrate this effect in systems where
gravity is thé only force causing the dynamic response of the
system. An ideal pendulum is one such system in which gravity
is the only force applied on the mass (Figure 2.2(a)). The
period of vibration (T) of an ideal pendulum of length L is

T = 21 Yi/q Equation 2.10

If a test is performed on a scaled-down version of this
penduium, the resulting period of vibration can be

calculated as follows:

YL /9, /Lplgp

Then

T, = (VE7E)(e 7a,) T

If gravity is not neglected, then
T, = (1/n) T,

1f gravity is neglected, then

Te = YOI/AITIT T,

20
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Or
T, = (1/Vn) T,

Another similar example is the case of determining the time
(t) that it takes for a point mass to drop from a height H
with zero initial velocity (figure 2.2 (b)).

t = V2B/9 Equation 2.11

This is similar to Equation 2.10 and yields the same
results as in the previous example.

Congider a spring-mass system (Figure 2.2 (¢)) which is
in static equilibrium under its own weight. For the case of
a linear spring, the period of vibration (T) of such a
system is only a function of its mass M and its stiffness
(spring constant K) and not a function of gravity

T = 21 VM/K Equation 2.12

Of course, stress in the spring is a function of gravity
and any other external force applied on the mass. So, if the
system is not linear, K and consequently T would be
functions of gravity too.

Based on the above argument, it would appear at first
that, for underground structures for which gravity stresses
are small compared to blast induced stresses, the response
time would be independent of gravity assuming the loading
functions are the same. However, there are other factors
that must be taken into account., Wong and Weidlinger (1983)
suggest that, in box-type structures, a part of soil mass
around the structure moves with it and therefore the

effective mass for the vibration of the structure under
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(1Vn) Tp at1g

= (1/n) Tp atn g's

mg

(a) ldeal Pendulum

T

H1 tm

(1Vn) tp at 1 ¢

(1/n) tp at n g's

(b) Free Fall

Tm =(1/n) Tp at 1 g

Tm = (1/h) Tp at n g's

mg
(c) Spring-Mass System

Figure 2.2, Gravity Effects on Dynamic Time




blast loading increases., If gravity stresses are not scaled
properly, it is belirved that the degree of interaction
between soil and structure (in terms of movement of soil
with structure) would be reduced and the effective mass for
structural vibrations would be reduced. This results in
reduced response times (Equation 2.12) and higher
frequencies for models for which gravity effects are
ignored. Other factors may be an increased apparent
stiffness of the structure and soil confinement effects on
the structure due to higher degree of soil-structure
interaction,
| Perhaps the most important factor to be considered is the
possible change in characteristics of shock waves in soils
due to gravity. For example, properties such as strength,
wave speed, and stiffness of dry sand or gravel are highly
dependent on gravity or overburden (Baker et al., 1973,
Pan, 1981 and 1982 and Kutter et al., 1985). Therefore, it
is expected that in models‘in which gravity is not properly
accounted for, there would be a decrease in strength and
stiffness of soil (compared to prototype) and thereby
greater attenuation of shock waves could be expected. For
models subjected to proper acceleration fields (gravity), it
is expected that the shock wave will arrive faster with
smaller rise times (higher frequency content) and higher
magnitudes of pressure.

Denton and Flathau (1966) conducted a series of

load tests on buried circular zluminum arches at different
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scales. They reported relatively good agreement in strain and
deflection results due to the applied loads even though
gravity was ignored. However, the applied lcads were quasi-
static: that is the load durations were much greater than the
period of vibrations for the structure (Baker et al., 1973).

Baker et al. (1973) report a study performed by Hanna et
al. on half-buried steel containment shells subjected to an
internal blast. It is reported that the peak strain did not
appreciably change in different tests. However, large shells
exhibited increased damping which was attributed to gravity
effects which were not properly scaled.

Ydung and Murphy (1964) conducted tests on buried aluminum
cylinders at different scales, Load was applied by dropping a
welght on the surface of the sand. However, the drop height
for different size models was kept constant (not scaled) in
order to obtain the same velocity of impact in all tests. This
is equivalent to scaling the drop height and subjecting the
nass to an increaéed gravity field. The authors attribute some
discrepencies in test results to the fact that the weight of
soil was not scaled.

Gran et al. (1973) compared tests on 1/30 and l1/6-scale
models of a buried cylindrical missile shelter. They
reported good agreement in results. The soil wave speed in
the 1/6 scale test (400 m/s) was higher than that in the
1/30 scale test (250 to 400 m/s). This was attributed to
differences in soil density due to imperfect soil placement.

They also reported that the concrete strain responses were
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generally reproduced, although the magnitudes of the strains
differed somewhat. |

In summary, the use of centrifuge for model tests on
underground structures subjected to blast loads is warranted
based on the belief that the increased gravity field affects
such things as the characteristics of shock waves in soils and
the degree of interaction between soil and structure resulting

in added mass, stiffness and confinement for the structure.

2.4 Construction of Small Scale Models

2.4.1 Micro-Concrete

The scaling relationships presented in Table 2.3 are
derived on the assumption that the material properties in the
models remain the same as the prototype. Therefore, it is
essential that the micro-concrete used in the small scale
models have the same properties as prototype concrete. Sabnis
and White (1967) recommended gypsum mortar to be used for
small scale model tests. Cunningham et al. (1986) give the
following reasons for choosing gypsum over portland cement in
super small scale modeling:

1. Relatively large particle sizes in portland cement can
cause problems for models smaller than 1/60 scale.

2. Curing time for cement is generally 28 days while gypsum
curas very rapidly and can be removed from its mold within an
hour. In fact when micro-concrete reaches its desired

strength, the surface is coated with shellac to prevent
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further variations in strength and eventually brittleness.,
3. In very small scale models, shrinkage problems with
portland cement can be severe, while gypsum exhibits very low
distortion upon curing.

The micro-concrete mix selected uses gypsum cement, sand
and water in a ratio of 1:0.8:0.25 by weight. The resulting

properties for such a mix are as follows:

f'c = 4085 psi
£'y, = 327 psi
= 130 pcf
Eg = 3.3 x 10% psi

2.4.2 Reinforcement

The primary concern in developing reinforcement for small
scale models is to have similar properties in the model and
prototype. The following three properties and characteristics
are considered important in the development of miniaturized
reinforcement (Cunningham et al., 1986):

1. Yield strength

2. Modulus of elasticity

3. Bond development

The prototype steel generally has a yield strength of 60
ksl and a modulus of elasticity of 29000 ksi. Black-annealed
steel wires (gages 28, 24, 22) were chosen as model
reinforcement. Annealed steel wire has lower yield strength
(40 to 60 ksi) than cold-rolled steel wire (80 to 100 ksi) and

it is widely available. In order to provide sufficient bond
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between micro-concrete and steel wire, a method developed at
Cornell Univérsity was utilized. A deforming machine, made up
of two pairs of perpendicularly mounted knurling wheels, was

built.

2.4.3 Mold and Model Construction

An aluminum mold was used to build the micro-concrete box-
type models and a cast acrylic mold was used to build the
burster slab (Gill, 1985). The reason for using an aluminum
mold for the box type model was that there were problems in
removing the cast acrylic mold. The aluminum mold included a
collapsible inner column and break-away outer walls.
Miniaturized reinforcement was placed in the mold by drilling
holes on the molds and stringing the micro-reinforcing wire

prior to casting the concrete (FPigure 2.3).




Figure 2.3. Aluminum Mold for Structural Model (Gill, 1985)
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CHAPTER 3
TESTING EQUIPMENT AND SPECIMENS

3.1 Centrifuge

The University of Florida geotechnical centrifuge (Figure
3.1) has a radius of 1 meter and a capacity of 2125 g-kg.
Two buckets éontaining the test specimen (Figure 3.2) and
the counterweight (Figure 3.3) are attached at the two ends
of the centrifuge arm by means of two aluminum support
frames. The bucket containing the test specimen has inside
dimensions of 10 in X 12 in X 10 in deep (McVay and
Papadopoulos, 1986). The counterweight is used to balance
the forces applied on the centrifuge arm by the test
specimen,

The test specimen and the counterweight are placed in the
buckets while the buckets are in an up-right position before
spinning the centrifuge. Connections between the buckets and
the support frames are built such that the buckets could
votate around the point of connection. Figure 3.4 shows that
the center of mass of the bucket (with contents) is below
the point of connection to the support frame. Therefore,
when the centrifuge is accelerated from rest to full speed,
the net centrifugal force acting on the center of mass of

the bucket produces a net moment around the connection
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Figure 3.l. University of Florida Geotechnical Centrifuge
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Figure 3.3. Bucket Containing Counterweight
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point. This results in the rotation of the bucket by 90
degrees at which point the net moment is zero (Figure 3.5).

The relationship between cenﬁrifugal acceleration (a) and
angular veldcity of the centrifuge (w) is given in the
following equation:

a=r wl Equation 3.1
In this case, r is the distance from the center of rotation
of the centrifuge to the center of mass of the test specimen
(soil plus structure) in the rotated position. For example,
to obtain a centrifugal acceleration of 60 g's for a radius
of 36 inches:

(60 g)(32.2 £t/sec®)(12 in/ft) = (36 in) (w>

)

Or

w = 25.4 rad/sec or w = 242 rpm

Since the height of the test specimen is small compared
to the length of the centrifuge arm, variations of
centrifugal accelerations along the height of the test
specimen are believed to be negligible,

The rotating nature of a centrifuge makes it impossible
to have instrumentation wires from inside the centrifuge
directly connected to outside devices. These wires must pass
through slip rings, unless other schemes such as telemetry
or on-board data capture and st “rage are devised. Slip rings

operate based on a slidiang contact mechanism. A total of 64

slip rings are available on the U.F. ceatrifuge.
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SIMIMAMAMAIAIN DIRECTION OF

CENTRIFUGAL
o ACCELERATION
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BUCKET AFTER SPINNING
SOIL
STRUCTURE

BEFORE SPINNING

Figure 3.5. Orientation of Bucket Before and After Spinning
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3.2 Test Specimens

The original prototype structure considered for
centrifugc model testing in this research effort was a
multi~-bay underground structure (with burster slab) designed
for use as shelter for Ground Launched Cruise Missiles
(Bradlev, 1983). However, the objectives of this research
program are to develop methods and evaluate modéling
relationships and techniques for centrifuge tests, rather
than to be a detailed study of the performance of a specific
structure. Therefore, a slightly simplified version of the
prototype, which included a one-bay (box-type) structure
(instead of 3 bays) with burster slab, was built at two
different scales of 1/60 and 1/82. Figures 3.6 and 3.7
illustrate the shape and sizes of the models.

A total of three 1/60-scale and two 1/82-scale structures
were built using a gypsum mortar mix as concrete aand
deformed steel wire as reinforcement (Chapter 2).
Reinforcement details for 1/60 and 1/82-scale models are
given in Gill (1985). The criteria, based on which, the size
of models for such tests are selected are as follows:

1. Ability to construct small-scale models is a primary
consideration. Super small-scale models may pose
difficulties in terms of building molds or formwork
within acceptable tolerances, desighing and obtaining
micro-concrete with specific properties, and providing

for steal reinforcement and its placement within

acceptable tolerances.
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BURSTER SLAB

ONE-BAY STRUCTURE

Figure 3.6. General Shape of the Structural Model
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2.

3.

Simulating explosives in small-scale models generally
invclves very small-size charges that may have to be
custom-made in order to satisfy geometry and size
(explusive weight) requirements. Another, perhaps more
convenient approach would be to choose from a limited
number of commercially available explosive charges and
calculate the model scale, for which, the commercial
charge would be an appropriate simulation of the size
of the threat on the prototype structure (Section 2.2).
For example, two commercially available explosive
charges (Standard and modified Reynolds RP-83) were
used to simulate a 500-lb bomb threat on 1/60 and 1/82
scale models in this research work. Safety concerns
with regard to detonating large explosive charges in a
centrifuge is also a limiting factor on the model
scale selected.

Size and capacity limitations for the centrifuge

should also be considered in selecting a model scale.

‘Models that are too large may cause obvious problems

in centrifuge tests.

The type of instrumentation planned for model tests
may also be dependent on, and limited by, the size of
the model in super small-scale models. A complete
review of instrumentation for centrifuge tests is

given in Chapter 4.

Based on the above arguments, two model scale sizes (1/60

and 1/82) were selected for the tests reported here.
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CHAPTER 4
INSTRUMENTATION AND DATA ACQUISITION

4.1 Introduction

Instrumentation and data acquisition in centrifugal -
model tests pose unique challenges in that the conventional
methods and instruments may not be adequate to handle the
special conditions associated with a centrifuge. Blast
testing in such an environment also adds to the
complications involved. |

There are several factors that should be considered in
the design of effective instrumentation and data
acquisition methods for such a system. The primary concern
is the existence of electrostatic and mégneti: noise
sources in the centrifuge which could affect the electrical
signals., In fact, slip rings, thrqugh which'all signals
have to pass to exit the centrifuge; are inherently noisy
because of their sliding contac' mechanism,

Another factor to beféonsidergd in;small-scale modeling
is the necessity of hdding measufing'instruments small
enough, both in mass and size, comparéd to the model such
as to minimize distortionsg in the model response. Finally,

the relatively high frequency;signals associated with blast
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waves require accurate instruments with sufficiently high
sampling rates to properly record the event.

In this chapter a complete explanation of the
development of methods for the measurement of strains,
pressures, and accelerations in centrifugal testing of
small scale models subjected to blast loading is presented.
However, most of the following discussions equally apply to

other kinds of instrumented testing in a centrifuge.

4.2 Instrumentation

In this section the basic concepts of electrical
resistance strain gages, piezoelectric pressure transducers
and piezoelectric accelerometers are reviewed. Development
of new procedures and modifications to conventional methods

are also discussed.

4.2.1 Electrical Resistance Strain Gages

Electrical resistance strain gages function on the basis
of the change in the electrical resistance of the gage in
response to strain. When properly bonded to a test surface,
these gages exhibit slight changes in resistance (relative
to their original resistance) as a function of strain in
the test specimen. Each gage has a constant factor, called
the gage factor, which determines the relationship between
the ralative change in resistance and the strain, according

to the following equation:
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g

R
F =i Equation 4.1
€

whera F is the gage factor,GRg and Rg are the change in
resistance and the resistance of the gage, respectively,
and ¢ 1is the strain in the gage.

The usual way to monitor such changes in resistance is
through a Wheatstone bridge (Figure 4.1). The four arms of
the bridge consist of four resistors, one of which is the
strain gage Rg. In such case tne circuit is called a
quarter bridge. The bridge is powered by a voltage power
supply Vi'

A bridge is called balanced when the potential level at
points b and d are equal or, in other words, the output

voltage is zero (Figure 4.l1). Therefore, voltage drop

across a-d is equal to voltage drop across a-b.

Vaa = Vap and V.= V4o
or '

where Il' IZ’ 13, and I_ represent electrical current in

9
the four arwms of the bridge as shown in Figure 4.l.

Similarly, because of zero voltage across b-d,

Il = Ig and I2 2 I3

Therefore,

Rgxl = R312 and RIII 2 RzI2
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Figure 4.1. Basic Wheatstone Bridge

42




Thus, for a balanced bridge,

R R.
=3 - Equation 4.2
R, R

3]

G

[V

In the balanced bridge method of calculating strains,
the Wheatstone bridge has to be first balanced in the 'no-
load' or unstrained condition. This can be accomplished by
using a variable resistor for R, and changing it until the
output voltage V° becomes zero. The bridge must again be

balanced in the strained condition by readjusting R,.

GRl = Rl(strained) - Rl(unstrained)
From equation 4,2:
Ry = (R4/R,) Ry

Since R3 and R2 are constant,

GRq = (R3/R2) §R, Equation 4.3
However, substituting 6Rg into Equation 4.1,
R
€ = GRI Equation 4.4
R2 RgF

Equation 4.4 is valid only when the bridge is balanced.
This is called the ‘balanced bridge' method of calculating
strains. Most regular strain gage indicators are based on
this concept. However, in dynmamic tests, where continuous
monitoring of strain is vequired, the output signal does
not stay constant for a sufficient time to balance the
bridge, specially when several strain gages hava to be

monitorasd simultaneously. The *‘unbalanced bridge' method
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relates the output voltage of the bridge to the resistance
change, or strain, in the gage. Therefore, bridge balancing
is not required and equation 4.4 does not apply any longer.
Williams and McFetridge (1983) present equations relating
strains to the output voltages at unstrained and strained

conditions, supply voltage and gage factor.

Vab: RgIg
Therefore, in the unstrained or initial condition,

R
=———9——Vi

Vi
an
Rg+ Rl

And in the strained or final condition,

&
a + +
(Rg GRg) Rl
R +
voevE oyt | Rgt SRy R
ab® Vab” Vab® | T vl 1
g q 1 g "1
If Rl is selected to be equal to Rg,
6R
8V, = g V.
ab i
'y
4Rg 26Rg
However,
6V°= ~5Vab

This is because the potential at d is unchanged and
theretore any change in potential across bd (6v°) must be

due to the change in potential at b. Therefore,




3R
6V°: - g Vi
4R _+ 28R
g S g
Or,
Rg vi+ 28Vo

Substituting equation 4.1 in the above equation,

46Vo
€ = = Equation 4.5
F (v + 28V )

Therefore, any change in output voltage from the
unstrained condition indicates a strain which can be
calculated using the above equation. This equation
indicates a nonlinear relationship between strain ¢, and
GVO. However, for a strain gage with a gage factor close to
2 and a strain of 10000 micro in./in., the deviation from
linearity is less than 1 percent (Dove aad Adams, 1964).
This indicates that §V, is very small compared to V.

Therefore, the linear appr0xima§ion of equation §.5 can be

written as
4 avo
£ 2 = e Equation 4.%
F Vi

In order to accurately measure strains, it is necessatry
to use accurate voltage measuring deviees.ralso, the power
supply must be stable, Another raciar to be considered is
the effect of temperature changes on lead wires connecting

the strain gage to the Wheatstone bridge. These changes can
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cause resistance variations in the lead wires and thereby
introduce errors in the measurements. For short-term tests
this problem may not be critical because of the small
probability of large temperature variations in a short
period of time. However, this effect can be completely
eliminated by employing a three-wire arrangement instead of
a two-wire setup as shown in Pigure 4.2. In this method,
equal lengths of lead wires exist in two adjacent arms of
the bridge and since resistance changes in adjacent arms
make opposite contributions to the output voltage (Dove and

Adams, 1964), the overall effect is thereby eliminated.

4.2.1,) §train Gage Measurements in a Centrifuge

The use of commercially available strain indicators may
‘net be suitable for centrifugal testing. Because of the
size and number of these indicators, they generally have to -
be pléced outside the céﬁtrifugé. Therefore, the gage
~connection to the Wheatstone bridge passes through slip
rings. Thiz can qause.serioés problems bacause the slip
Tings are inhetently noisy and resistance cbanges in slip
rings can be as large as the resistance changes in the
strain gages (Hetenyi, 1950). In addition, in regular
strain indicators, the low-levélfmacput voltage of the
bridge is increased with an amplifier., Depending on the
gain, the amplifier has a frequeacy range in which that
Qain'r@mains constant and the amplifier wxhibits a lineat

response (Figure 4.3). If the signal frequency is beyond




47

SIUSWSINSEIK UTBIJS I0J JFTNOAT) SITM-93a4lL ' 2Inbta

o

2

STHIMHISNT T VIS

FOVS NIVHLS




AMPLIFIER GAIN

FREQUENCY

Figure 4.3, Gain Versus Frequency Response of Amplifiers




the frequency range of the amplifier, distortion of the
response associated with that frequency will occur.
Therefore, in blast testing, where higher frequency signals
are expected, the characteristics of the regular strain
indicator may not be suitable.

A solution to these problems can be achieved through on-
board signal conditioning and circuitry. This means that
electronic circuit boards containing multiple Wheatstcne
bridges and instrumentation amplifiers can be specially
designed and built. The relatively small size of the
electronic board would pernit the attachment of the box
containing the boa.d on the arm of the centrifuge., Of
course, the box has to be located as close to the center of
rotation as possible to reduce unwanted centrifugal
accelerations on the electronic components. Such an
arrangement would eliminate the effect of resistance
changes in the slip rings on the output voltage of the.
Wheatstone bridge due to the fact that the slip rings are
not on the arm of the bridge anymore. Also, since the
Wheatstone bridge is relatively close to the gage, the lead
wires are shorter and noise pickup by those wires will be
reduced. In addition, since the output voltage is amplified
with an instrumentation amplifier before the signal passes

through slip rings, the signal to noise ratio will be much

higher,




4.2.1.2 Electronic Circuits FPor On-Beoard Strain Measurements

Figure 4.4 illustrates the basic electronic circuit for
each strain gage. The strain gages used in the tests
discussed in this report had a resistance of 120 ohms. The
basic circuit consists of a quarter-bridge (one active
gage) completion unit and an instrumentation amplifier. The
quarter-bridge completion unit consists of one 120-ohm and
two 1000-ohm precision resistors as shown in figure 4.4. It
'is very important that the resistors have high precisions
in order to reduce errors. The bridge is powered with + 3
DC volts, The same power supply is used to power the
instrumentation amplifiers. In these tests the strain gage
pover supply unit was placed outside the centrifuge.
However, batteries can be placed on-board to power the
bridge and the amplifier. The amplifier used is Burr-Brown
Model INA 101 which is a high-accuracy instrumentation
amplifier. It responds only to the difference between the
two inﬁut signals and has very high input impedance (1010
ohms).

Characteristics of INA 10l are presented in Appendix A,
The gain for this amplifier is set through an external
resistor, In this case, the gain was set at 100, which for

frequencies below 10000 hertz remains constant.

4.2.1.3 Calibration of Strain Gage Bridges

The ocutput voltage of the bridye can be theoretically

related to strain through equation 4.6. Therefore, for a one
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volt change in the output voltage of the amplifier (6V°A),

strain can be calculated as follows:

46Vo
8"—'--——-—-——-
F Vi
Amplifier Amplifier Bridge
Output = ‘ X | Output
GVoA Gain GVO
... 46V°A
FV, (Amplifier Gain)
For P= 2.065, Vi = +_ 3 Volts = 6 Volts
4 x 1 -3
€ = = =-3,22 X 107" strain/volt

2.065 x 6 x 100

This is equivalent to 3.22 microstrains per milivolt of
amplifier output.

To verify this relationship, all eight strain gage
chadnels were calibrated. An aluminium cantilever beam with
a 120 ohm strain gage attached to it was loaded. Three
different loads were applied which produced tensile strains
in the gage. The three tests were then repeated with the
beam in a reversed position which resulted in compressive
strains, In each case the statlc strain in the gage was
measured both by a commercial strain gage indicator
(vishay/ Ellis 10) and by each of the eight strain gage

channhels. Table 4.1 shows the results and the calibration

values (sensitivities) obtained for a strain gage with a




gage factor of 2.10. Equivalent calibration values
(sensitivities) for strain gages used in the tests which
had gage factors equal to 2.065 and 2.05 are calculated

using the following equation which is derived from equation

4.6.
Sensitivity at Sensitivity at 2.10
New = Gage Factor X
Gage Factor Equal to 2.10 New Gage Factor

Channel No. 3 shows a different calibration factor than
the others which may be due to lack of precision of the
resistors in the Wheatstone bridge.

For noise considerations, it is important that the lead
wires connecting the strain gages to bridge completion
units be twisted and shielded and the shield be grounded
properly at the ground surface on the bridge completion
board. The cable used in these tests was Microdeasurements'
type 326-DSV which is a stranded tinned-copper wire, 3-
conductor twisted cable with vinyl insulation, braided
shield and vinyl jacket. Separate qround wires were used
for each amplifier. The two.wire outputs for all channels
exited the centrifuge through slip rvings. Bach pair of
wires corresponding to a strain gage channel was then
connected to a coaxial cable through a BNC connector.
Coaxial cables (30 feet long) then carried the signals to
Nicolet digital storage oscilloscopes., Figure 4.5 shows the

overall schematics of the strain gage setup.
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Table 4.1 "
Strain Gage Sensitivity Measurements

Amplifier Output Voltage (Milivolts)
For Strain Gage Channels

GHDODION [20HNZMA

Micro 1 2 3 4 5 6 7 8
Strain
0 0 0 0 0 0 0 0 0
500 158 159 202 155 159 162 160 138
684 216 216 288 211 217 221 217 216
860 273 274 373 268 274 279 273 273
0 0 0 0 0 0 0 0 0

=500 -159 -158 * 2162 -162 -160 -160 -158
-689 -215 -216 * 2215 217 -220 219 -216
~-868 -270 -274 * =270 =271 =279 -278 -273

Sensitivities (ustrain/mvolt)

F=2.10 | 3.179 3.161 2.069 3.181 3.159 3.104 3.138 3.169
F=2.065| 3.233 3.215 2.104 3.235 3.213 3.157 3.191 3.223

F=2.05 | 3.257 3.238 2.120 3,259 3.236 3.160 3.215 3.246

*+ Excitation Voltage = + 3 Volts
* Qut of Range

4.2.1.4 Strain Cage Setup on the Test Structure

A total of eight strain gages were used on each
structure. Their locations are illustrated in Figure 4.6.
Considering the existence of axial strains in the slabs and
walls of the structure under loading in addition to
flexural strains, the gages were applied in pairs, one on
the outside and the othar on the inside of the structure.

This artangement would allow calculation of axial and

i d




CENTRIFUGE
BUCKET

BURSTER

STRAINGAGES [

Figure 4.6. Strain Gage Locations on the Structural Model




flexural strains from the total strains measured on the two
gages. Assuming linear strain distributions, total strains

are c.he algebraic sum of axial and flexural strains (figure

407)0
€a t e = o
€a - &5 = &
Therefore,
€.+ ¢
€. = —— = Equation 4.7
a
2
And,
€g = €5 = €, Equation 4.8
Or
€ = €4 = € Equation 4.9

The size of strain gages used in the tests were chosen
considering several factors. First, the gages have to be
small relative to the size of the structural model. For
example, a gage length of 1/4 inch in a 1/60 scale model is
equivalent to a lS5~inch long gage on the prototype
structure. This may or may not be sufficiently small
depending on the strain gradient in the immediate vicinity
of the gage. Second, the gayge length has to be sevsral
times larger than the maximum aggregate size in the
wicroconcrete mi< so that the gage readings would be
indicative of overall structural strains rather than local
straing in the aggregate. Third, ohysical restrictions

related to the application of extremely small gages in
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hard~to-access areas may be important. Considering the
above factors, a gage length of 1/4 inch was selected for
these tests. The gages are manufactured by Micro-

_ Measurements. The gages were installed according to the

directions recommended by the manufacturer.

4.2.2 Piezoelectric Shock Pressure Transducers

in this study, the pressure transducers were used to
determine the shock pressure applied on the structure due
to blast loading. A piezoélectric material was chosen for
transducer development because of the wide dynamic range
and high resonant frequencies associated with piezoelectric

transducers (Rirndel, 1986).

4.2.2.1 Introduction to Piezoelectricity

Piezoelectricity is defined by W. G. Cady (1964) as
"electric polarization by mechanical strain in crystals
belonging to certain classes, the polarization being
proportional to the strein and changing sign with it" (p.
4) 1In other words, piezoelectric materials generate
electrical charge when subjected to pressura. In fact
piezoelactricity means “pressure electricity” (Raatrowitz,
et al., 1979, p. 308). Pierve and Jacques Curie discqve:ed
this property in 1880 (Cady, 1964).

Some.materiaﬁs such as Rochelle salt, tourmaline and

quartz are naturally piezoelectric. Some other materials,

called ferroelectric, can be made piezoelectric through ..




artificial polarization, ih which material characteristics
can be controlled througii the manufacturing process
(Endevco 101, 1986).

The major advantage of piezoelectric materials when used
as shock pressure transducers is their large bandwidth. In
addition, they ére self-generating and do not need a power
supply to generate an output.

In addition to their sensitivity to pressure,
piezoelectric materials also generate electrical charges
when subjected to temperature variations. This eifect is
éalled pyroelectricity and is not. a faverable effect in
shock pressure transducers because such preésure variations
-are not isothermal. Another disadvantage is that |
piezocelectric materials cannot be used for léng-germ statice
| or steady-state pressyre measurements.

- Piezoelectric materials have been widely used in

- Uacoelerometers and pressure transducers. Piezoelsctric

gccelerométers are essentially "spring-mags® systems with
the “spring” being the piezoelectric material and the mass
Applying compreésive or shear forces {depending cn the
accelerometer design) coh the spring when the systenm is

- subjected to accelerations.

The piezcelectric material used to develop shock
pressure transducers for the tests reported here was
V,a:tiﬁiaially polarized Polyvinylidene Fluoride (PVDF). In
the next section the guneral properties of PVDF are |

presented,



4,2.2.2 Polyvinylidene Fluoride (PVDF)

Polyvinylidene Fluoride (PVDF) is a semicrystalline
polymer which has been widely used in commercial
applications in chemical, food, and nuclear industries
(Thorn EMI notes, 1986). The fact that this material could
be made piezoelectric was discovered in 1969 (Meeks and
Ting, 1983). The piezoelectric response is achieved through
a special manufacturing process which includes electrical
polarization, In addition to its strong piezoelectric
properties, PVDF has a good acoustic impedance match to
water which makes it suitable for use as hydrophones or
underwater shock sensors (Meeks and Ting, 1984). The
National Bureau of Standards has also conducted research on
developing a stress gage for shock pressure measurements
(Bur and Roth, 1985, Chung et al., 1985 and Holder et al.,
1985). PVDF is manufactured in different shapes, sizes and
thicknesses.

Figure 4.8 shows the three principal directions in a
plezoelectric material with axes 1 and 2 in the plane and
axis 3 perpendicular to the plane of the sample. The
relationship between the generated charge per unit area, p,
and the applied uniaxial stress, ¢, can be written as (Nye,

1957)

P=d4dog Equation 4.10

where d is the piezoelectric coefficlent. In general for a
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Figure 4.8. Principle Directions on a-?iezqelectficvMaterialﬁ"




3-dimensional state of stress equation 4.10 can be

rewritten in matrix form (Nye, 1957):

Pi = dij Uj (i= 1,2’3 H j= 1,2’3,000’6) EquatiOD 4011

Or in expanded form,

"ol o 4. a4, dy, die dio] [o)]

1 191 912 913 914 Y15 Q16| [ D2

Py = | 931 422 93 94 925 d26| | T2
L93 Vd3l dyp G35 dgy d3g d3g| {03 Equation 4.12

d L ' d

94

95

96

where P; is the vector of polarization charge per unit

area, dij 1s the matrix of piezoelectric coefficients, and

°j is the stress vector. The six components of oj represent

- the six independent termé in a general stress tensor

Q
(oY}
u
Q
(78
[ 5]

i

i@

For PVDF, the d matrix has several zero components (Bur

and Roth, 1985):




0 6 0 0 d&. 0
dg= |0 0 0 4, o o0
dy d3; dy3 0 0 0

-

When the two surfaces perpendicular to axis 3 are

electroded, the electrical charge, P3 can be written as

Py = dy) 0y * djy 0y * dyq 0,y

When there is a hydrostatic state of stress

01302303'-"0

Therefore,
Py = dgy 0+ dyy 0+ dy50
Py = (dg) *+ dy; +d33) 0
or

whera dh is the hydrostatic piezoelectric coefficient.
Therefore,
d = d

+ d +d

h 3l 32 33

The PVDF sample used in the tests reported here is
produced by Thorn EMI Centcal Research Laboratories in
England. The sample contained microvoids in order to
improve its piezoelectric properties. Table 4.2 shows the
properties of the PVDF sample as reported by the |
mannfacturer.

Meeks and Ting (1983,1984) conducted a series of
hydrostatic and dynamic tests on voided and nonvoided, 0.5

mm thick, PVDF samples. They concluded that relatively high




Table 4.2

General Properties of PVDF Sample

SAMPLE NO 371781
PVDF THICKNESS 570 um

ELECTRODE THICKNESS = 10 um Copper
ELECTRODE/POLYMER ADHESION > 14 MPa

Er 7.8 -1

dh 13.4 pCN

gh 178 mvmi ! P’
SENSITIVITY -199.9 dB (rel 1V pPa-1)
d31 =15pCN-1,

d32 ~C25pCN

d33 =28 pCN ~

Provided By THORN EMI Central Research Laboratories

€5




pressures applied on voided samples can cause tune ccllapse
of microvoids and thereby resuit in a nonlinear,
irreversible response while nonvoided samples exhibited
linear response up to pressures as high as 10000 psi in
both hydrostatic and dynamic tests. However, non-voided
samples show smaller piezoelectric sensitivities. Test
results indicate that for relatively low amplitude
pressures (less than 2000 psi), the response of voided
samples are also close to linear. The degree of linearity
increases with a decrease in the number of voids at the
cost of a decrease in the value of piezoelectric
coefficients. Meeks and Ting (1984) also evaluated the
frequency response of non-voided PVDF for underwater shock-
wave sensor applications, They reported a 2-MHZ bandwidth
and very little high-frequency ringing. These factors are
both favorable in shock-wave sensors which may encounter

high frequency signals.

4.2.2.3 PVDF Pressure Transducer

The transducer used for the tests reported here was a
1/4 in X 1/4 in square which was cut from a sheet of 570 um
thick, copper electroded PVDF material. The selection of
size was based on several factors. First, the gage size
should be small compared to the size of the structural
model. Second, the gage dimensions have to be at least 10
times the mean soil grain size (Bur and Roth, i985). Third,

the aspect ratio of gage thickness to gage size should be




less than 1/5 (Bur and Roth, 1985). Of course, the size is
also limited by the practical restrictions in building and
working with small gages.

Two 30-gage stranded wires were attached to the two
electroded surfaces on the gage. These wires' can be
satisfactorily scldered to the copper electrodes by
following the procedures recommended by the manufacturer:

1. Clean the solder area by dipping it in a 3% solution
of sulfuric acid for a few seconds. Then wash thoroughly in
water and dry it.

2. Place a small piece of s&lder on the electrode
surface and place the tinned wire on top of, and
perpendicular to the solder.

3. Apply the soldering iron to the wire and remove it
quickly as scon as the solder melts.

The above procedure provides for a satisfactory
connection. However, when the gage is used at the soil-
structure interface, the gage surface must be smooth enough
to have full contact with the concrete surface. This might
not be possible if there is a blob of solder on the
surface. In addition, if extreme care is not taken, heat
from the soldering iron may deform or damage the PVDF.
Based on these considerations, it was decided to use silver
filled epoxy to attach wires to the electrode surfaces as
suggested by Meeks and Ting (1983, 1984). The following is
a step-by-step procedure used in these tests to obtain

satisfactory wire connections.




1. To clean the gage, dip it in a 3% solution of
sulfuric acid for a few seconds. Then wash it thoroughly in
water and dry it.

2. Expose a few millimeters of a 30 gage stranded wire
and place it on top of the electroded surface in such a way
that only the exposed wire is on the surface. Tape it down
as shown in Figure 4.9.

3. Mix the two components of silver-filled conductive
epoxy .

4. Apply a small amount of epoxy on the exposed wira.

5. Use a piece of masking tape to cover the epoxy, wire
and the gage. This procedure would level the epoxy to a
smooth surface. Let the epoxy cure for a few hours,

6. Remove the masking tape and check the wire
connection. Repeat steps 2 through 6 for the other
alectroded surface.,

7. Use polyurethane coating to cover the gage for
protection.

The silver-filled epoxy used was Dexter Hysol's Type
K50002. The polyurethane coating used was Micro-
Measurements' M-Coat A sclution,

Another important consideration is the procedure for
applying the gage on the concrete surface for shock
pressure measuraments at the soil-structure interface. The
objective is to measure ) from the measured charge 93 in

the following equation:
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P +d

3 = d3) 03 * d3; 0y * d33 05

If the gage were to be glued to the concrete surface,
the structural strains in the concrete would result in in-
plane strains and stresses in the gage (ol and 02) which,
in turn, would make unwanted contributicns to the measured
charge P3. Therefore, it is essential to decouple the
structural strains from the transducer response. This is
done by taping, rather than glueing, the gage on the
concrete surface. Reinforced nylon strapping tape was used
to apply the gages on the concrete surface. Holder et al.
(1985) used a similar method of gage application.

As mentioned earlier, the pyroelectric effects must be
considered in piezoelectric transducer design. However,
Chung et al. (1985) suggest that the temperature rise, for
stresses below 2000 psi, in a gage embedded in soil is very
small (0.6 °F) and, therefore, temperature correction is

not required.

4.2,.2.4 Electronic Circuits For Piezoelectric Transducers

There are two general ways for qeasuring the electrical
response of piezoelectric transducers. One is basad on
voltage sensitivity and the other is based on charge
sensitivity. In this section these two methods are
discussed and compared. Also, the electronic circuitry
designed for the tests reported here is described in

detail.




§4,2.2.5 Voltage Measurements

A simplified electronic representation of a
piezoelectric transducer is shown in Figure 4.10(a) (Dove
and Adams, 1964, Endevco 101, 1986). The transducer acts
as a capacitor (Cp) which generates electrical charge when
subjected to pressure. The open-circuit voltage output (Vo)
is related to the generated charge g, and the internal
capacitance of the transducer, Cp through the following

equation:

When this transducer is connected to a voltage measuring
instrument (Figure 4.10b), the capacitance of the connectihg
cables and the input capacitance of the measuring |
instrument introauce additional external capacitance Ce’ to
the carcuit. Therefore, the voltage output Vo is a functien

of the total capacitance Cp * G,

The above equation indicates that the voltage output
varies as a function of the external capaciténce, and-is
therefore dependent on such factors as the length and type -
of cable used between the transducer and the instrument.
This is not an ideal situation because sach measurement

would require an accurate knowledge of the total
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capacitance. This problem can be eliminated by using the
charge measurement method as explained in the next section.
Another consideration is the low frequency response of
the transducer. The time constant of the circuit, which is
the product of the input resistance of the instrument R and
the total capacitance Cp + C$, determines the cut-off point
for the .iow frequency responsg of this system. The system
filters out signal frequencies below the cut-off frequency

(£)

1

27 R gcp + ce)

Gurtin (1961) presents a study of the effect of low-
frequency rosponze on transient maasuresments. Fig#fé .11
shows the effect of variations ia the tiag cgnustant of tha
circuit RC, on the accuracy of rasponse Lo transient
Asignalﬁ.ﬂit i8 clear that as RC is decreased, the moaussay
of the-résponsa i3 decreased. This is eguivalent iu the
loss of low-frequency component of the signal, In the
limit, when RC appruches zero, the rasponss approaches the
differentiated form of the actual signal. It is necessacy

12 o

to use devicys with very high input impsdancas {10
1014 ohms] to accurately measurs trassient pulses, The high
frequency response of the transduver is a function’ of its

wechanical characteristics {Endevco 10;, 1986},




Figure 4.11. Effect of Time Constant on Signals {Gurtin, '19613
(Reprinted by Permission of the Soclety £or
Exparimental ﬂachanxcs). :
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4.2.2.6 Charge Amplifiers

In this method, all the charge generated by the
transducer due to applied pressure is transfered to, and
deposited on, a capacitor with a known capacitance. The
voltage across this known capacitor is then measured and

the charge q is calculated from equation:

In this case, C is fixed and is independent of cable
capacitance. This is the major advantage of this method
over the voltage sensing method explained earlier. The
basic electronic circuit is shown in Figure 4.12 (Endevco
General Catalog, 1986). The major elements of the circuit
are an operational amplifier and a feedback capacitor Cf.
This arrangment is called a charge amplifier. The
operational amplifier, through its feedback loop, maintains
point S at virtual common. The charges on the transducer
appear and accumulate on the feedback capacitor Cf as they
are generated. Since point S is at virtual common, the
output voltage of the operational amplifier Vo is, at any
time, equal to the voltage across C; (Malmstadt et al.,
1981). The charge q, calculated from the following
equaticn, is the total accumulated charge by the transducer

at any time, and is proportional to the applied pressure

on the transducer.
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An electronic switch placed across the feedback
capacitor is used to discharge the capacitor and reset the
charge amplifier. This prevents the gradual drift in the
output due to long-term integration of low-level leakage
currents (Malmstadt et al., 1981).

Although the voltage output Vo is not a function of the
length of cables connecting the transducer to the charge
amplifier, long cables can increase the noise level and
therefore should be avoided when possible (Endevco, 1986,
Dove and Adams, 1964). The low frequency response of the
charge amplifier is dependent on the low-frequency response
of the amplifier (Endevco 101, 1986) and on the time
constant Rfcf, where Rf is the off~resistance of the
electronic switch, and Ce is the feedback capacitor (Dove
and Adams, 1964). The high frequency respcnse of charge
amplifier is a tunction of the input capacitance
(transducer plus cable) and any resistance in the cable
connecting the transducer to point S.

A very important consideration for noise reductions in
high impedance piezoelectric transducers is the type of
cable used to connect the transducer to the charge
amplifier, Coaxial cables or shielded twisted-pair cables
are recommended (Endevco, 1986). However, when coaxial cables
are subjected to mechanical distortions such as vibrations,
a separation of the cable dielectric and the outer shield
can occur and thereby create low fregquency "triboelectric®

noise signals (Endevco 101, 1986). Therefore, it is




important to reduce the cable length and to prevent the
flexing and vibration of the cable which could be significant
in an explosive test. Specially treated cables can alsoc be

used to minimize this effect (Endevco 101, 1986).

4.2.2.7 Shock Pressure Measurements in a Centrifuge

On-board signal conditioning is recommended for
piezoelectric pressure transducers in a centrifuge based on
two main reasons. First, the reduction in the length of
cable between the transducer and the charge amplifier
reduces the noise level and improves the high frequency
response (Dove and Adams, 1964). Second, such an arrangement
would prevent the integration of noise signals from the
slip rings. In addition to multiple charge amplifiers,
electronic switches are required on-board to discharge the
feedback capacitors.

Figure 4.13 shows a block diagram of the pressure
transducer set-up in the centrifuge. Charge amplifiers and
electronic switches are shown in an instrumentation box
inside the centrifuge, Upon pressing the "fire" knob on the
detonatof contrel unit, a trigger signal is released 2 to
10 microseconds prior to the explosion. A voltage
comparator is used to reduce the rise time of this trigger
signal to less than 10 nanoseconds. This signal is then
used to trigger the oscilloscopes. The relatively fast rise
time of the signal insures that, regardless of the trigger

levels set on individual oscilloscopes, the difference in
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trigger times on different oscilloscopes would be
negligible (less than 10 ns). Therefore, all
instrumentation channels on the oscilloscopes will have a
common time base.

The output of the comparator is also used to activate
the electronic switches inside the instrumentation box.
However, because of the relatively long distance
(approximately 30 feet) that this high frequency signal has
to travel, it is important to use a line driver to prevent
the distortion of the signal.

Figure 4.14 shows the electronic circuitry for the scope
trigger and the line driver. The trigger signal from the
detonator control unit has an amplitude of 30 wvolts. This
amplitude is first reduced by using a voltage divider (30V
X 1.1 K&/ 5.6 K@ = 5.9 V ). The noise floor for the
comparator, beyond which the comparator (LM 361) output
goes to the limit (5 Volts), is set at 0.5 Volts by using
another voltage divider ( 12 V X 2KR/51 KQ = 0.5 Volts).
The comparator is a very high-gain amplifier with well-
balanced difference inputs and controlled cutput limits
(Malmstadt et al., 1981). If a signal larger than the
noise floor (0.5 V) appears at pin 3, the comparator
outputs a 5 volt signal with a very fast rise time.

A capacitor (0.68 uF) is used for filtering the
reference voltage and two capacitors (1 uF) on the power
supply are also usnd as noise filters. The comparator

output is then used to trigger the oscilloscopes located
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nearby. A line driver (DS 75450) is used to preserve the
high frequency components of the comparator output over a
distance of 30 feet to the centrifuge. An insclation
transformer is used to float the cable: that is to
disconnect the ground of this circuit from the ground in
the instrumentation box in the centrifuge.

Figure 4.15 shows the charge amplifiers and other
electronic circuitry on-board the centrifuge. A monostable
multivibrator or one-shot (1/2 74221) is used to provide a
window in which to accept data. This window is the time
frame during which the electronic switches are activated
and the feedback capacitors are not discharged. This time
is a function of the external capacitance and resistors and
can be changed by adjusting a variable resistor (L0 KQ).
For the tests reported here, the window was set to exceed
the time covered by the oscilloscope screens. DS 1488 is an
interface driver and is used as a level shifter to
interface two families of logic: CMOS and TTL.

Each charge amplifier has an analog switch (4066) which
is placed across a feedback capacitor (1000 pF). Another
switch (IR S0ll) may be used instead in order to obtain
better performance. AD 515 is a very high impedance
electrometer operational amplifier. Information on all
commercial electronic components used in the circuits
explained here are given in Appendix A. A total of eight
charge amplifiers were built and placed in the

instrumentation box on board the centrifuge.
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4.2.2.8 Calibration of PVDF Pressure Transducers

In general, the output voltage of the charge amplifier
can be related to the applied pressure as follows:
Q Adg

v, = = Equation 4.13
Ce Ce

where,
V, = Output voltage of the charge amplifier

Q Charge on the feedback capacitor

Ce = Capacitance of the feedback capacitor

4 = Surface area of the pressure transducer
-4 = Piezoelectric coastant

¢ = Applied pressure

When A, 4, and Cf are known, output voltage and stress

can be directly related:

V6 = Kg Equation 4.14
Where,

Ad
K = Equation 4.15

Ce

The piezoelectric coefficient d33 given in Table 4.2 can
not be used here for pressure measurements at the soil-
structure interface, even though the stress direction is
essentially perpendicular to the gage surface (direction 3).
The xeason is that the confining effect of concrete and soil
creatas a wore complex state of stress in the gage resulting

in a different apparent piezoelectric coefficient (Dragnich
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and Calder, 1973). Therefore, it is essential that the
calibration of transducers be conducted under conditions
similar to the actual test.

A special test arrangement was designed for this
calibration. A 1 inch-thick circular micro-concrete slab (3
inch diameter) was bullt. Three 1/4 in X 1/4 in PVDP gages
were taped on the slab as shown in Figure 4.16. A cardboard
cylinder with an inside diameter of 3 inches was placed
around the slab such that it extended 1/4 inch above the top
of the slab. A 1/4 inch-thick layer of sand was placed on
top of the slab. The test specimen was then placed in an MTS
testing machine to be subjected to cyclic loads., A 1 inch-
thick circular steel plate and a load cell were placed on
the specimen as shown in Figure 4.17.

Sinusoidal loads were applied on the specimen with
varying frequencies of up to 50 hertz. Only one level of
peak stress (162 psi) was tested because of an equipment
malfunction after the first series of tests were completed.
Howevaer, because of the relatively low stress levels (less
than 2000 psi), the gage response is expected to be linear
(Meeks and Ting, 1983).

The charge amplifiers and other electronic circuits used
for the actual tests were also utilized for these
calibration tests. The sequence of events was as follows:
first, the load was applied on the specimen. second, the
control unit of the detonator was used to send a trigger

signal (no explosion) to activate the switches and trigge:
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Figure 4.16. Test Specimen for Calibrating Pressure Gages
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| Figure 4_.17. Test Setup for Calibrating Pressure Gages




the oscilloscope which, in turn, recorded the outputs of the
load cell and the three charge amplifiers for the pressure
transducers.

Figures 4.18 to 4.21 show the applied load and pressure
gage response curves for different frequencies of up to 50
hertz. These figures indicate that, in all cases, the |
pressure gage response is sinusoidal and corresponds to tae
applied load. It is interest;ag to note that some pressure
transducers show negative responses. This is due to the fact
that, when the trigger signal is released, the pressure at
that time is shown as zero on the output. Thereiore, any
pressure less than the pregsure at trigger time appears as
negative {n the ovutput. Thus, calibration is based on the
ratio of peak<to-peak amplitudes of applied load and gage
cutputs rather than absolute peaks. -

The amplitude of resgénse_for the gage closest to ths
edge of the slab (cazdboard cylinder) is consistantly lowar
than the other two gages which exhibit similar responses.
The reason for lack of uniformity of pressure near the edge
of the slab is believs! Lo be due to transfer of some of the
load in that immediate areé to the c¢ylinder. The response of
the gage located in that area i{s omitted from the
~ calculation of calibration factor. Table 4.3 summarizes the
calibration test resulis. These results indicate that
frequency variations {up to 50 Hz) do not have a ma jor
influence on the calibration values.

The calibration factor (369 psi/volt) can be related to
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piezoelectric coefficient d through Egquations 4.14 and 4.15.

Thus:

1

— = 369 psi/volt

K

K Cf 1000 pF
A (389 psi/volt)(l/16 in“)(4.488 N/1b)
Table 4.3
Calibration of Pressure Transducers
Frequency (Hertz)
20 39 40 50

Load

(1b) 1090 1100 1100 1100
Pressure

(psi) 161 162 162 162
Gage 1

(volt) 472 512 .468 414
Gage 2

{volt) .418 . 440 .414 .382
Gage 3

(volt) .208 .238 .260 236
Average

Gl & G2 « 445 476 441 .398
Calib.

(psi/v) 362 340 367 407

Average Calibration Value = 369 psi/volt
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4.2.2.9 Pressure Gage Setup on the Test Structure

A total of six PVDF pressure transducers (1/4 in X 1/4
in) were used on each structure. Their locations are shown
in Figure 4.22. The gages were distributed around the
structure in order to determine pressure distributions on

the top slab and the side wall.

4.3 Piezoelectric Accelerometers

In this study, accelerometers were used to measure
accelerations on the top slab and the side wall.
- Piezoelectric accelerometers are essentially spring-mass
systems (Endevco, 1986) in which the mass exerts a force on
the spring (piezoelectric material) when the base is
subjected to accelerations. The amount of generated charge
on the piezoelectric material is then related to -
acceleration. In small scale medel tests, it is important
that the mass and size of the accelerometer he as small as
possible to prevent distcrtions in the structure response.
Miniature accelerometers are commercially available which
can be suitable for blast tests on small scale models. Baird
(1984) presents an evaluation of differentAcommerclally

available accelerometars for such tests.

4.3.1 Coriolis Accelerations

Acceleration measurements in a centrifuge may include

unwanted components due to the nature of a rotating
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Figure 4.22. Pressure Gage Locations on the Model
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coordinate system. Figure 4.23 shows an inertial coordinate
system X ¥ 2 and a coordinate system X'Y'Z' which moves aad
rotates with respect to X ¥ 2. The following equation
relates the acceleration of point P in the two coordinate

systems (D'Scuza and Garg, 1984 and Baird, 1984):

a=a'+ T+ 2wxr + wxr + wx(wxr) Equation 4.16
where,
a = Acceleration vector for point P with respect to X ¥ 2

(absolute acceleration)

[
]

Acceleration vector for point O' with respect to X Y 2

Position vector for point P with respect to X'Y'2'

1]

= Velocity vector for polnt P with respect to X'Y'2!

v pree s
1

Acceleration vector for point P with respect to X'Y'z!

U

14

Angular velocity vector for X'y'z’

£+ 1€

= Angular acceleration vector for X'Y'z’

In a centrifuge test, the angular velocity w is constant.
Therefore,

ézo and a' = 0

Therefore, for centrifuge tests equation 4.16 can be
rewritten in the following form

A,

a = E + 2uxf + wx(wxr)

where w X ( ¥ X r) is the centripetal acceleration and
2w X £ is the coriolis acceleration. The magnitude of
- cotiolis acceleration is proportional to the angular
velocity of the centrifuge and the particle velocity in the

rotating coordinate system. The direction of the coriolis
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Figure 4.23. Inertial and Rotating Coordinate Systems
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acceleration is perpendicular to both the particle velocity
and the angular velocity vectors.

Accelerometer measurements indicate the component of the
absolute acceleration (inertial coordinate system) aloag the
gsensitive axis of the accelerometer. In the tests reported
here the velocity and acceleration vectors have the same
directions (on the top slab and the side wall where
accelerometers are located). Therefore, the coriolis
acceleration is perpendicular to the sensitive axis of the
accelerometer which is in the same direction as the
acceleration and velocity vectors. Thus, in this case, the
effect of coriolis acceleration on the accelerometer
readings is limited to the transverse sensitivity of

accelerometer,

4.3.2 Accalerometer Setup on the Test Structure

Two Endevco (model 2255A4) accelerometers wereréttaeﬁeé to
the structure as shown in Pigure 4.24. Charactérfstigsvdf
these accelerometers which have integrallexéét:onics are
illustrated in Table‘4.4. The,accelstomeﬁa;s were screwed on
a nut and then epoxied on the structure. ‘A sealant vas used
on the threads to prevent relative motioh\between the o
accelerometer and the nut, Figure a;zs_shdws the block

~ diagram for acceleration wmeasurements in the centrifuge.
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Figure 4.24. Accalerometer Lecations on the Model
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Table 4.4

ICharacteristics of Endevco Model 2255A Accelerom=ters

Sensitivity 0.1 mv/g
Range, Full Scale 50000 g
. Ffequency Response 50 KHz

Mounted Resonant
Frequency 270 KHz
Transverse Sensitivity 5 %

Weight 1.6 grams

4.4 Detonators
Baéed on the similitude requirements for modelling a 500

1b bomb (explained in Section 2.2) and the availability of

 commercial detonators to meet those requirements at 60 and
82 g's, Reynolds Industries' Standard and Modified RP-83
detonators are used., Figure 4.26 shows the standard RP-83

"~ detonator. It consists of an exploding bridge wire, a loQ
density pressing of Pentaerythritol (PETN), a high density
Cyclotrimethyleretrinitramine (RDX) initiator, and a high
density output charge. All of these charges are contained in
a .007-inch thick aluminum cup. Each of the fouvr RDX
pressings weigh 0.200 grams and the composite RDX-PETN
initiator weighs 0.125 grams (Nielson, 1983, and Gill,
1985)., The modified RP-83 used in these tests contains only
one pressing of RDX. The exploding bridgewire (EBW) type
detonators resist exblosion when subjected to heat,

'friction, and low voltages because of the exclusive use of
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Pigure 4.26. Reynolds Industries' RP-83 Detonator
{Nielsen, 1984)
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secondary explosives (FS10 Operating Manual, 1981).

Reynolds Indﬁstries' FS-10 firing system is designed to
fire EBW detonators. This system consists of a control unit
and a firing module. The control unit provides low voltage
(32-40 volts) electrical energy to the firing module which
is accumulated on a capacitor. When the capacitor voltage
reaches 4000 volts, the system is armed and ready to fire.
The signal to release the 4000 volt signal to explode the
. detonator is released from the control unit by the operator.
when the operator presses the "fire" switch, another signal _
(30 volts) to be used to trigger scopes is also released
which precedes the explosion by approximately 2 to 10
 microseconds.

Figure 4.27 shows a block diagram for the detonator and
firing system arrangements in the centrifuge. The firing
module is located inside the centrifuge (on the arm) in
order to avoid transmitting 4000~volt signals through slip
rings. The firing module and the high-voltage cables were at
least 10 inches away from the instrumentation wires and

equipmen. at all times to minimize interference.

4.5 Qverall Instrumentation and Data Acqulsition

Figure 4.28 illustrates a block diagram of overall
instrumentation and data acquisition for centrifuge testing
of small scale models subjected to blast loading. Figure
4.29 shows the instrumentation box attached to ‘the

~ ceiatrifuge arm.
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A number of digital oscilloscopes (16 channels) were used
to record the signals from the transducers (Figure 4.30).
These oscilloscopes were Nicolet models 4094 and 2090. The
oscilloscope digitizing rate was selected to be 1MHz for
pressure transducers and 200 KHz for strain gages and
accelerometers (l2-bit resolution). The output signals were
recorded on 5 1/4 inch diskettes. The waveforms were also
transferred to an HP 9816 computer for further analysis and
plotting on a digital plotter. Appendix B contains programs
written on the HP computer for the transfer of waveforms,

plotting on a plotter, and analysis of data.
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Pigqure 4.30. Nicolet Digital Oscilloscopes




CHAPTER 5
TESTING PROCEDURES

The following is a step-by-step account of the
preparations made and the procedures followed in cairying
out experiments on the test specimens. Detailed information
on the geometry of the test specimens is given in Chapter 3.

small styrofoam panels were used to cover the two open
sides of the structural model in order to prevent sand from
entering the box structure. Fiberboard panels were used to
line the walls and floor of the centrifuge bucket in order
to dampen shock wave reflections.

The next step was the placement of the structural model
and sand ingide the bucket. First, a l-inch layer of dry
sand was placed on the bottom of the bucket (Pigure 5.1). In
all cases, sand was dropped from a height of approximately
10 inches in order to obtain a uniform density distribution.
Density of sand was measured by placing a small container
inside the bucket when sand was heing dropped. The weight
and volume of the sand in the container was measured after
removing it from the bucket. An average density of 89 pef
was obtained.

The box structure was then placed on the bottom sand

layer. Great attention was given to the placement of the
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structure at the exact center of the bucket. A PVC pipe
located at a corner of the bucket was used to shield the
instrumentation wires from damage due to explosion (Figure
5.2). More sand was then placed all around the structure
(Figure ..3).

'The box structure was subsequently covered with 7 scaled
feet of sand (l.4" in 1/60-scale and 1.0" in 1l/82-scale
models). The exact height of sand above the top of the
structure was verified by dipping a metal ruler (marked at
the desired height) into the sand.

The next step was to place the burster slab on top of the
sand and at the exact center of the bucket (Figure 5.4). The
burster slab was then covered with 2 scaled feet of sand
(0.4" in 1/60-scale and 0.3" in 1/82~-scale models) as shown
in Pigure 5.5. A wooden frame was used tc hold the detonator
in the exact position on top of the burster slab (Fiqure
5.6). The detonator was attached to the bottom of the bolt
located at the center of the wooden frame. The distance
between the bottom of the detonator and the top of the
burster slab (standoff distance) varied between 2 scaled
feet to zero feet (direct contact between detonator and
burster slab) in different tests.

The next step was to connect the instrumentation wires
from the structure to the instrumentation box on the
- centrifuge arm using RS-232 type coannectors.

OQutput wires from the instrumentation box were connected to

binding posts for slip rings. Outside the centrifuge, the
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Figute 5.2. Structural Model Placed Ingide the Bucket
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Figure 5.4. Burster Slab in Place
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Figure 5.6. Wooden Frame to Support the Detonatox




output of each instrumentation channel was connected to a
digital storage oscilloscope through a 30-foot long coaxial
cable.

A complete check of the wiring systems, electronic
components, mechanical connections, oscilloscopes, power

3upplies, and detonator control systems was then performed.

Neceysary measures were taken to insure safety at all”times.

An explosives expert was in charge of storage, handling,
safety, and operation of explosives. and associated
equipment,

Upon completion of the equipment and safety checks, the .
syatem was ready for performing experiments. At this peint,
for tests at lg, the explosive charge was put in place and
the charge was exploded when the signal to detonate was -
given to the operator. For tests at 60 or 82 g's, the
explosive charge was put in place and the centrifuge was
spun until it reached the desired speed (242 rpm for 60 é‘s
and 276 rpm for 82 g's). The signal to detonate was then
given and the charge was exploded. The resulting waveforms
displayed on the oscilloscope screens were then stored on
diskettes so0 that the waveforms could be recalled at a later
time for transfer to, and analysis on a computer (Hewlett
Packard model 9816).

Although some variations existed for some model tests,
the general testing sequence for each test specimen was as
follows; First, a test was performed at lg at a standoff

distance of 2 scaled feet. Next, the same test was repeated

113




114

but at 60 or 82 g's depending on the scale of the model.

Subsequentiy, another test was performed on the same

structure at lg but at a standoff distance of zero. Finally,

a test with a standoff distance of zero was performed at 60

or 82 g's. Teble 5.1 illustrates the characteristics of the

various tests performed on different models.

Table 5.1

Tests Performed on Structural Models

1/60 scale

1/82 scale

- Test No. AL A2 A3 A4 A5 A6 A7

“Model No.. L 1 1 1 2 2 2

StandoffE 2 2 0 0 2 2 O
(scaled ft) ,

Gravity 1
(g's)

Bl B2 B3 B4 BS

1 82 82 82 82

In tests Al and A3 (1/60 scale), the centrifuge was spun.

to 60 g9's before tests at lg were performed. Therefore, the

density of sand for these tests at lg were expected to be

higher than if the centrifuge had not been spun before the

tests, In tests AS (1/60 scale) and Bl

(1/82 scale), the

centrifuge was not spun before the test.

All structures and burster slabs were reinforced, except

for the burster slab in model Mo. 2 which was unreinforced.

There were no tests performed on models no. 2, 3 and 4 at lg




with a standoff distance of zero. The reason is that tests

. at zero standoff result in cratering and cracking on the
burster slab which render it useless for further tests.

" Therefore, it was decided to perform the tests at zero
étandoff ﬁor models 2, 3 and 4 only at 60 and 82 g's and not
at 1lg.
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CHAPTER 6
EVALUATION OF TEST RESULTS

In this chapter the test results are presented and
evaluated in such a manner as to help answer the questions
raised in this research effort. Therefore, the main focus
of this chapter is on evaluating the significance of
increased gravity (centrifuge) rather than studying the
performance and survivability of undarground structures
subjected to blast loading. Measurements of pressures,
accelerations and strains on the models in tests at 1 g and
60 or 82 g's are compared. Also, the scaling relationships
are evaluated by comparing tests at 60 and 82 g's. Table
5.1 lists the characteristics of the various tests

performed on different models.

6.1 Pressures
Locations of various pressure gages attached to the
structural model and the burster slab are shown in Figure
4.21. In this section, the pressure-time histories at each
gage location in different tests are compared and studied.
Exélosive tests generally have spurious effects on
transducer responses. This can be seen in most of the

pressure responses during the first few microseconds.
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6.1.1 Pressure Gage Pl

Pressure gage Pl is located on the bottom of the burster
slab. Because of the close proximity of this gage to the
explosive, the pressure gage (Pl) responses in some tests
were not satisfactory; Figure 6.1 is one such example. It
shows the pressure response from gage Pl in tests Al and
LZ. The slow rise of the signal after the passage of the
- main shock wave may be attributed to a severe vibration of
the cable which could be significant in piezoelectric
transducers (see Chapter 4). There were some tests that
yielded reasonable responses for Gage Pl. Figure 6.2 shows
the response of pressure gage Pl in test A4 (0' standoff,
60 g's). The first peak of the response exceeded the range
set on the oscilloscope at approximately 1500 psi. The
signal shows a second peak of magnitude 1060 psi at a time
of 294 useconds. This second peak is believed to be a
reflection of the main shock wave on the top slab of the
box structure. In this case, the average speed of the shock
wave in soil is approximately 930 ft/sec.

Figure 6.3 shows the pressure response Pl for test A7
(0* standoff, 60 g's). This test is similar to test Ad
(Figure 6.2) with one important difference. The burster
slab in test A4 was already damaged and cracked during test
A3 while test A7 was performed using an intact burster
slab. It is not clear wheather the first sharp peak in tie

regponse in the A7 test is due to the effacts of explosion
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on instrumentation or a precursor wave front. This effect
is observed in almost all of the pressure gage responses.
The second peak is considerad to be the main shock front
and the third peak is believed to be a reflection of the
main wave on the top slab of the box structure. It can be
seen that at 640 useconds the wire connection to the gage
was cut and the rest of the signal was lost. The main shock
front is estimated to have a rise time ( the time it takes
for the signal to rise from 10% to 90% of its peak) of
approximately 65 useconds with a peak pressure of 1400 psi
which is slightly smaller than the corresponding préssure
.in test A4 (1500 psi). However, the reflected pressure in
test A7 is approximately 1345 psi which is higher than the
second peak in test A4 by 27%. The wave speed in soil is
calculated to be 1003 ft/sec which is close to the value
obtained from test A4, The accuracy of this speed is
verified by checking the time of arrival for pressure gage
P2 in tests A4 and A7 which yield very similar results.
Figure 6.4 shows the pressure response Pl for test Bj
(0' standoff, 82 g's). According to the scaling
relationships (Chapter 2), the peak pressures in this test
should be the same as in tests A4 and A7 (Figure 6.2 and
6.3). In addition, the arrival times in test B3 should be
less than the corresponding arrival times in tests A4 and
A7 by a factor of 60/82. The first peak in test B3 exceedad
1500 psi (similar to test A4). However, the second pressure

peak in test B3 (662 psi) was less than the second peak in
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test A4 (1060 psi) by approximately 37%. The arrival time
of the second peak in test B3 was 191 useconds which is
equivalent to 261 useconds on a 1/60 scale model (191 X
82/60 = 261 ). The actual arrival time in test A4 was about
10% higher (294 useconds). Again, the residual observed
pressure in test B3 is believed to be due to the vibration
of the cable (triboelectric effect) explained in Chapter 4.

Figure 6.5 shows the pressure gage response Pl for test
B2 (2' standoff, 82 g's). The arrival time for the peak of
the main wave is 103 microseconds. It should be noted that
this arrival time is the same as the arrival time in test
A7, even though the standoff distances in the two tests are
different and the model scales (and therefore the time
relationships) are different. If the standoff distances had
been the same in both tests, the theoretical arrival time
for test B2 (based on scaling laws) would have been 60/82
times the arrival time in test A7 or 75 useconds. However,
since the standoff distance in test B2 is 0.29 inches (2
scaled £t) compared to zero inches in test A7, the wave
front has to travel a longer distance (40% longer).
Assuming equal wave speeds in soil and microconcrete, the
arrival time should be 40% longer than 75 useconds (105
| pseconds), which is very close to the arrival time observed
in test B2.

The rise time of the main signal is about 60 pseconds
but the pressure is much smaller (564 psi) than the A4, A7

or B3 tests because of the larger standoff distance in test
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B2, The wave speed in soil is calculated by dividing the
distance between the bottom of the burster slab and top of
the structure by the time difference between the peaks in
Pl and P2 for test B2. A speed of 918 ft/sec is obtained
which is similar to the value obtained in other tests. The
second peak on the Pl response has a delay and therefore a
lower speed compared to the other tests.

Pigure 6.6 shows the pressure response Pl in test Bl (2
standoff, lg). The arrival time of the main peak is the
same as in test B2. Test B2 is similar to test Bl except
that the test is performed at 82 g's. Equal arrival times
for the main peak pressure in Pl are expected because
gravity mainly affects wave speed in soil but not concrete.
The peak pressure in test B2 (564 psi) is larger than the
peak pressure in Bl (430 psi) by about 31%. This is because
of a larger soil stiffness (under the burster slab) due to
greater confinement stresses at higher gravities. The speed
of shock wave in soil (test Bl) is calculated to be 688
ft/sec by observing the arrival time of the main wave on
the top of the structure. The wave speed in test B2 is
higher than speed in test Bl by approximately 33%.

Although the number of satisfactory pressure responses
on the bottom of the burster slab are limited, the results
indicate generally repeatable responses in similar tests
and larger peak pressure in the test at 82 g's (2°

standoff) as compared to the test at lg (2' standoff).
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6.1.2 Pressure Gage P2

Pressure Gage P2 is located on top of, and at the center
of the top slab of the box structure (Figure 4.21). Figure
6.7 shows the pressure gage P2 rasponse for tests Al (2'
standoff, lg) and A2 (2' standoff, 60 g's). The centrifuge
was spun to 60 g's before the test at lg (Al) was
performed. Therefore, the density of sand in both tests
were equal and the only difference was the effect of
gravity.

It can be seen that the shock wave arrives faster in the
60g test and has a slightly larger peak pressure. The two
pressure responses show ripple effects before the arrival
of the main wave. As mentioned earlier, this effect is seen
in almost all the pressure gage responses and it is not
clear wheather this is a side effect of explosion on
instrumentation or a precursor wave. | |

The exact wave speed in soil can not be determined in

this case because of a lack of precise information on the
arrival time of the shock wave 6ﬁ.t5eAbottom of the burster
slab (Pressure Gage Pl in tests Al and A2 did not function
properly).'The-arrival time of the first peak of the shock
wave in test Al is 393 seconds thch is. larger than the
corresponding arrival time for test R2 {264 uﬁegahds) by
50%. Also, the arrival time for the second peaklin test Al -
(561 useconds) is larger than the corresponding arrival
time for test A2 (460 useconds) by about 22X. The rise tims

of the signal in test Al is 96 useconds while the rise time
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in test A2 is 68 useconds which is a reduction of about
30%. The first peak pressure in test Al is 120 psi which is
slightly smaller than the first peak pressure in test A2
(123 psi). However, the second peak pressure in test A2
(148 psi) is larger than the corresponding peak pressure in
test Al (139 psi) by about 7%. These differences can be
explained by considering the fact that the stiffness of
sand is a function of gravity stresses. Therefore, in tests
at high gravities, the soil stiffness is higher and thus
the shock wave arrival times are smaller and the peak
pressures are higher. The shape of the pressure response
curve is a complex function of the reflections on the
burster slab and the structural motion of the box structure
in response to the load. Wong and Weidlinger (1983) suggest
that the motion of an underground structure and the loading
acting on the structure are closely coupled.

Figure 6.8 shows the impulse (area under the prassure -
time curve) for pressure gage P2 at 1 and 60 g's. The peak
impulse (at zero pressure) in test A2 is larger than the
peak impulse in test Al by about 28%.

Figure 6.9 shows the Pressure Gage P2 responsas in tasts
A5 (2' stand ff, lg) and A6 (2' standoff, 60 g's). Thesa
two tasts are similar to tests Al and A2 respectivaly,
except that the centrifuge was not spun to 60 ¢'s beioras
test A5 (at lg) was performed. Therefore, in additicn to

the difference in gravities between tests A5 and A6, thz

sand densities were not equal either.
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The arrival time of the first peak in test A5 is 408
useconds which is larger than the corresponding arrival
time for test A6 (361 useconds) by about 13%. The arrival
time for the second peak in test A5 (500 useconds) is
8% smaller than the corresponding arrival time for test A6
(541 useconds).

. The rise time of the signal in test A5 (137 useconds) is
much larger than the rise time in test A6 (61 useconds).
The first peak pressure in test A6 is 108 psi which is
higher than the corresponding peak pressure in test A5 (99
psi) by about 9%. However, the difference in second peak
pressures in these two tests is larger. Test A6 has a
second peak of 129 psi which is larger than the second peak
in test A5 (105 psi) by 23%.

Figure 6.10 illustrates the difference in impulse curves
betweer tests A5 and A6. The peak impulse in test A6 is
larger than the peak impulse in test AS by about 73%.

In order to evaluate the repeatability of tests
conducted under similar conditions, tests Al and A2 are
compared with tests A5 and A6 respectively. It should be
noted that the densities of gand in tests Al and AS were
not equal. Table 6.1 summarizes the results for Pressure
Gage P2. For tests Al and A5, the difference in the
amplitede of the first and second peaks are 21% and 32%
respectively. Larger values in test Al can be attributed to
a larger density. The arrival time for the first peak in

tests Al and A5 are fairly close (4% difference). The
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arrival time for the second peak in test Al is higher the
corresponding arrival time in test A5 by 1ll%. The
differences in magnitudes of the first and second peaks in
tests A2 and A6 are slightly smaller. Both peaks in test A2
are larger than the corresponding peaks in test A6 by about
l4¥. However, the difference in arrival times are
relatively larger than in tests Al and A5. It should be
noted that the selection of the first peak in test A6 may
be arbitrary because of a lack of a clear first peak. The
comparison of the impulse curves for tests Al and AS
indicate a noticeable difference in the peak impulse
between the two tests. However, this ¢ 3ference is much
smaller in tests A2 and A6.

Figure 6.1l shows Pressure Gage P2 responses for tests
Bl (2' standoff, lg) and B2 (2' standoff, 82 g's). The
centrifuge was not spun to 82 g's before test Bl was
performed. These twé_nestslare similar to the two sets of
tests explained earlier (Al, A2 and A5, AS) in that the
standoff distaﬁcé is 2 scaled feet. However, tests Bl and
B2 are cenducted on 1/82-scale models rather than 1/60-
scaleAmm&els. It is clear that the arrival time of the main
wave in test B2 is fastar and the peaks are higher than in
test Bl. Table 6.1 includes the results from these two
test.s, It shbuld be noted that all arrival times for tests
on 1/82-scale models as listed in table 6.1 have been
multiplied by 82/60 for the purpose of comparing these

arrival times with the corresponding arrival times in tests
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on 1/60-scale models. The arrival time for the first peak
in test Bl is larger than the first peak arrival time in
test B2 by 11%. However, the arrival time of the second
peak in test Bl is smaller than the corresponding arrival
time in test B2 by 24%.

The first peak pressure in test B2 (142 psi) is higher
than the first peak pressure in test Bl (133 psi) by 7%.
The second peak pressure in test B2 (168 psi) is larger
than the corresponding pressure in test Bl (163 psi) by 3%.
Both pressure responses show residual apparent pressures
after the main shock wave has passed. This is believed to
be due to the vibration and flexing of the cable. Figyre
6.12 illustrates the impulse curves for tests Bl and B2
which show very slight differences.

According to the laws of similitude and, assuming that
the structure and the explosive charge are scaled properly,
the magnitudes of pressures and arrival times (including
adjustments for different scale models) should be the same
~ in tests at 2' standoff on 1/60- and 1/82-scale models,
However, although in selecting the explosive charge the
tetal mass of explosive was scaled properly, the
distribution of the mass in the detonator, the relative
size of the detonator, thickness of the case, etc. were not
taken into account because of limitations with regard to
availability of commercial detonators. Therefore, slight
differences in pressures and arrival times are to be

expected, The first peak pressure ln test Bl (133 psi) is
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larger than the average of the first peak pressures in
tests Al and A5 (110 psi) by 21% (see Table 6.1).
Similarly, the second peak pressure in test Bl (163 psi) is
larger than the average second peak pressure for tests Al
and A5 (122 psi) by 34%. The arrival time (adjusted) of the
first peak in test Bl (279 useconds) is smaller than the
corresponding average time in tests Al and A5 (400
useconds) by 30%. The arrival time (adjusted) of the second
peak in test Bl (488 useconds) is smaller than the avarage
arrival time for tests Al and A5 (531 useconds) by 8%.

Figure 6.1l3 shows the Pressure Gage (P2) response for
tests B2 (2' standoff, 82 g's) and B4 (2' standoff, 82
g's). These two tests are conducted under similar
conditions and should yield similar results. Table 6.1
indicates that the arrival times for the first peak in both
tests are very close (251 and 259 useconds). However, the
first peak in test B2 (142 psi) is larger than the first
peak in test B4 (113 psi) by 26%. This situation is
reversed for the second peak where the pressure in test B4
| (180 psi) is larger than the second peak in test Bz (168
psi) by 7%. Pigure 6.14 shows that impulse curves in tests
B2 and B4 are very close.

The next step is to evaluate tests at zero standoff
distance. Only one test (A3) was performed at lg and at
zero standoff distance. The reason for this was that any
test at zero standoff destroys the buarster slab and further

tests on such a slab may not provide accurata information,
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Figure 6.15 shows the Prassure Gage (P2) responses in
tests A3 (0' standoff, lg) and A4 (0' standoff, 60 g's).
Test A4 was performed using a burster slab which had a
crater and some cracks which appeared during test A3. Test
A3 exhibits an unusual response considering the observed
responses in tests at 2' standoff explained earlier. The
peak pressure in test A3 (277 psi) is higher than the peak
pressure in test A4 (163 psi) by 70%. This phenomenon may
be explained by considering several factors. First, in
tests at zero standoff, the explosive charge rests on the
top surface of the burster slab and most of the pressure is
expected toc transfer to the soil at a point directly
beneath the charge. If thera is increased soil stiffness
{60-g test); the pressure is expected to distribute more
evenly on top of the box structure. Second, a part of the
total energy of explosion is expended in ezaﬁer excavation.
Crater {ormation in»sails is shown to be a Eunction oOf
gravity (Schmidt and Holsapple, 1980 and Kutter et aL;,

N 1985). Assuming that the same holds true for crater
formations in concrete, a larger portion'of the total
efiergy is used in crateé_formations at high-gravity
eavironments. Therefore, a smaller portton of the total
energy is transmitted to the structure or soil as shock
wave. Third, there is a slight possibility that the
placement of the model or the explosive may not have been
precise in the only test performed at lg with a standoif

distance of zero (test Aal).
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Figure 6.16 shows the impulse curves for tests As and
A4. The peak impulse (impulse at zero pressure) in test A3
is 23% larger than the peak impulse in test A4.

Figure 6.17 compares the Pressure Gage (P2) responses in
tests A3 (0' standoff, lg) and A7 (0' standoff, 60 g's). In
this case, the burster slab used in test A7 was intact
before the test. Again, the pressure peak in test A3 (277
psi) is larger than the peak in test A7 (169 psi) by 64%.

Table 6.1 shows the two similar tests (A4 and A7) with
very good agreement with respect to the magnitude and the
arrival time of the first peak but the values of the second
peak have large differences. Figure 6.13 shows a
considerably larger impulse values for test A3 compared to
test A7.

Figure 6.19 shows the Pressure Gage (P2) response curves
for tests B3 (0' standoff, 82 g's) and B5 (0' standoff, 82
g's). These two tests are similar. However, even though the
arrival time of the shock waves are very close, the peak
pressures in test B5 (404 psi and 337 psi) are higher than
in test B3 (313 psi and 240 psi) by 29% and 40%
respectively. Figure 6.20 shows large impulse values for
test B5 compared to test B3. Table 6.1 shows that the first
peak pressures in tests on 1/82-scale models at zero
standoff are higher than the pressures in tests on 1/60-
scale models.

In summary, Table 6.1 shows that for tests at 2'

gstandoff, the arrival times of the first peak pressure in
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lg tests are consistently and substantially higher than the
corresponding arrival times in 60 or 82g tests. Moreover,
the impulse curves show larger values in high-gravity

tests at 2' standoff. The peak pressures in tests at 60 g's
are slightly higher than tests at 1g. For tests at 0
standoff distance, the only test performed at lg shows
larger pressures and impulses as compared to high-gravity
tests. These facts indicate the importance of properly
accounting for the effect of gravity stresses through
centrifuge testing. Comparisons of tests on 1/60 and 1/82-
scale models indicate slight variations from the
theoretical scaling relationships. This can be attributed
to inaccurate scaling of the geometry and mass distribution

of the explosive charge in 1/82-scale tests.

6.1.3 Pressure Gage P3

Pressure Gage P3 is located on top of the box structure
and directly over the side wall (sée Figure 4.21). In this
section, only the largest peak pressure is used as a basis
for comparisons between different tests because, in most
cases, only one significant peak appeared in the rasponss
of Pressure Gage P3. Figure 6.21 shows the Prassure Gage
(P3) responses in tests Al (2' standoff, lg) and A2 (2'
standoff, 60 g's). The peak pressure in the 60-g test (58
psi) is much larger than the peak in test Al (7 psi,. Also,

the arrival “ime of the peak in test Al (548 useccnds) is

larger than the corresponding arrival time in test A2 {482
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useconds) by 14%. Figure 6.22 shows the impulse curves for
the two pressure curves in Figure 6.21.

Figure 6.23 shows the Prassure Gage (P3) response in
tests A5 (2' standoff, lg) and A6 (2' standoff, 60 g's). It
is clear that the peak pressure in the 60-g test (194 psi)
is much larger than the peak pressure in the l-g test (69
psi) by 181%. Although the arrival time of the peak in test
A6 is larger than the arrival time in A5 by 12%, the
arrival time of the shock froat is clearly smaller in test
A6.

Comparisons of tests Al and A2 with A5 and A6
raspectively indicate that therz arz wide variations in
magnitudes of pressures ia similar tests even though the
arrival times are close. The reason may be due to an
incorrect placement of the burster slab which r=sulted in
the burster slab not being precisely over the box structure
in tests Al and A2. Also, variations in soil density at
different locations may be a contributing factor. Figur=
6.24 shows much larger impulse for test A6 as comparad to
AS.

Figure 6.25 shows pressure responses in tests Bl (2'
standoff, lg) and B2 (2' standoEf, 82 g's) on 1/82-scal=
models. Test Bl exhibits a very well-defined pressure
rasponsae. This type of rasponse is expected for Pressur=
Gage P3 because of its location on top of the side wall.
Gage P3 i3 subjected to much smaller structural

deformations and wave reflections than Gage P2, The arrival

152
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time of the shock front in test B2 is slightly smaller
(faster) as expected. However, the peak pressure in test B2
is smaller (double-peak) by about 45%. This unusual
behavior may be attributed to a rigid-body movement of the
structure when subjected to pressure. The duration of the
pressure wave in test B2 is longer than in test Bl. Figure
6.26 illustrates the difference in impulse curves bhetween
these two tests.

A similar-shape response is obtained in tests Aj (o'
standoff, lg) and A4 (0' standoff, 60 g's) as shown in
Figure 6.27. The peak pressure in test A3 (135 psi) is
larger than the peak pressﬁre in test A4 (108 psi) by 25%.
Figure 6.28 shows the impulse curves for these two tests.

Figure 6.29 shows pressure responses in tests A3 (0’
standoff, 60 g's) and test A7 (0' standoff, 60 g's). The
difference between these two tests and tests AJ and A4
shown in Figura 6.27 is that the burster slab in test A7
was intact before the test was performed while the burster
slab in test A4 was damaged during test A3. The peak
pressure in test A7 (158 psi) is larger than the peak
pressure in test A3 (135 psi) by 17%. The arrival time of
the peak in test A7 is also higher by 21%.

Figure 6.30 shows the pressure results for tests B3 (0'
gstandoff, 82 g's) and BS (0' standoff, 82 g's) which are
similar. The arrival time of the shock wava and tha peaks
are very close (206 and 208 useconds). However, the

magnitude of the peak in test B3 is larger by 31% (see
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Table 6.2). These two tests show larger pressures and
smaller arrival times than the corresponding 1/60-scale
tests (A4 and A7). Table 6.2 also shows that 1/82- and
1/60-scale tests at high g's have better agreement in tests
at 2' standoff.

In summary, the peak pressures (P3) in tests at 60 g's
(2' standoff) are substantially larger than the
corresponding pressures in tests at lg. The arrival times
of thé shock fronts are also faster in the 60g tests. This
type of behavior is not observed in tests on 1/82-scale
model (Bl and B2) which may be due to a rigid body movewment
of the structure in test B2. The peak pressure in the ig
test at 0 standoff is higher than»the corresponding test at
60 g's.

6.1l.4 Pressure Gage P4

Pressure Gage P4 is located on top of the side wall as
shown in Figure 4.21. If the sand used in these tests was
saturated, then pressure Gage P4 would register relatively
high pressures due to a hydrostatic pressure condition.
However, the sand used in these tests were dry and
therafore very little pressure is expectad at the location
of Gage P4. Figures 6.3l and 6.32 are two examples of P4

rasponses which are very close to zero.
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6.1.5 Pressure Gage P5

Pressure Gage P5 is located in the middle of the side
wall as shown ian Pigure 4.21. Figure 6.33 shows the
Pressure Gage (P5) response in tests Al (2' standoff, lg)
and A2 (2' standoff, 60 g's). The peak pressure in the 60-g
test (32 psi) is larger than the peak pressure in the lg
test (16 psi) by 100%. Figure 6.34 also indicated larger
impulse for the 60-g test.

Figure 6.35 shows thé pressure responses (PS) for tests
A3 (0' standoff, 1g) and A4 (0' standoff, 60 g's). The
pressures are very close to zero in both tests. Figure 6,36
shows a similar response for tests A3 and A7, Pressure Gage
(P5) did not perform satisfactorily in tests on 1/82-scale
models (B series). Therefore, those results ars not |

presented here.

6.1.6 Pressure Gage P6

Pressure Gage P6 is located on the botﬁom of the side
wall as shown in Pigure ¢.21. This gage also indicﬁtas
pressuras very close to zero in all tests‘(low and high-
gravitf tésts). Figures 6.37 to 6.40 show the results for

Gage P6 in some of the tests.,

v.2 Accelerations

Locations of the two accelerometers (Al and A2) used in
the tests reportad here are shown in Figure 4.23. In this

section, the accelerometer waveforms for differeut tests




168

000€E

¢Y pue TV s3S3) ul G4 36eH 9INsS8a’1gd 3JO Isuodsay -"gg-9 aiubig

62a¢e

gseee

(SONOJ3SCYIIW) 3WIL

SL81

gos1 Gcit 0sL GLE G

—

Rd BTN

| v @ e

mse

1w

£d FHETYE]

‘8.9

11418830

W

4 T " L] ?

Gd 3IVI - 2V 1531 ONV G&d 33¥I - IV 163l

o0e-

go2-

ooi-

ool

002

00€E

(ISd) 3¥NSS3d




b

-

Z¥ pue 1Y 83533 3 (GI) s2@ain) ssindwy ‘vg°9 2anbi1g

(SONO3SFS0M3IH 3WIL

0GSE OGOE 0as2 ooce CoS! Coo1 005 o
T T t : i - 4 7 — g
R/ 2¥ Al L v ] it _
7 Iy EE BT P )
FTeIE | 1S3 ] MM 4SS0 w1
g . Ilfll.\. —
i R, SR
., m——— ——

SI 3ISTINIWI - 2V 1S31 OWNV SI 3ISTHdWI - 1V 1534

051~

col-

0s
001

oSl

(E-3 J35#I1Sd) IS Ndw

4
i




170

vV pue g¥ 53593 ul gd aben aansssig 3jo assuodssy cggt9 aanbry

(SUONOJ33STAUTIW) 3KIL
(1]818)4 g0se 000€e 0gsce oooe 00s1 agool 005 G
: T T T T T T ngl
od
s | - - ooe-
T | |
=]
-1 001-
Al
m
e — ¢ ———— ¢ e e + €t %
e—.. " -
5
} go1
L4
[ ] o oe/8 ” Sd FUEWEIUAY T T , , — QQN
s 0 o/t 4 Gd FURTIUS}—
%,3 HJIOUNVIS | FIWOS | A531 ) WNOIIJINOENT | E ]
GCE

Sd JOVO -~ vV 1S31 ONV &d 39VD - EV 1S31




LY pue ¢y S$359] Ul Gd 9ben 2inssaig Jo osuodsay -9¢-9 ainbrg

(SONOJISOY3TW TINIL

gooy 00SE 000€E 0gse oaoe2 00G1 0001 60Ss C
os | )
s4 —
1L
]
- }{ - —— - —— et \/n\/g
oo o oost | zv | 4 mssaye|—— |
3 ] o/t ey £d MINEETUS
8.0 HJOINVIS ] BVoS | 18311 NOSLJINOSHO NI

Sd 39Vvg - LY 1531 CNV Gd 39vI

- EV 1531

OCE-

00Z-

gort-

0ol

0ac

goE

(ISd) IFH¥NSS3Nd




17

ZVY pue [y sis9o] utr 94 9ben sinssaig jo ssuvodsay “rg°9 aanbig

(SONOJ3ISOYITIW 3INIL

(818]8)4 00SE 000€E gose gooe 00S1 0c01 00s
od
4
v
W]

o™ 2 wort | v om!!RH&TI.IIII

' 2 oor3 | v | o4 3unss3Na

s.o pawawie| vos |isu| wendosa | e

9d 39Y9 - 2V 1S31 ONV 9d 39Y9 - 1V 1531

00€E-

002~

0o01-

001

00<c

00€E

(ISd) FUNSS3dd




9Y pue GV 53S9 ut 94 9beH sanssoixg Jo osuodsay -gg 9 anbirg

(SONQI3SOUIIHW) dWIL
ooV 00gse 00oge 00sce 0coOc gost 0001 00s I
T ¥ ¥ ¥ L 4 1 Qcml
Pod
= H{ ooz-
rd
<]
H oo1-
A
m
1)}
1))}
|
A
m
&
- oot @
oo 2 oo/t 14 od SUNSSIUS} " ] QQN
| L (274§ sY 84 IUNSSIYI
8.9 HIOONYIS | Fvss | 1530 | NOTLJSTHOSIO ANIY
00€E

9d 39vVI - 9V 1S3dl ONV 8d 39v3 - SV 1S3l




17

¥¥ pue g€y 53591 uTr 94 96D 9anssoi1d JO osuodsay °"g£°9 IInbig

(SONGI3ISOUIIW) 3JNWIL

000V 00SE 000E 00Se 000c 00St GO0t 00s G
o L LI v . LJ
4
vd
v ]
————

0o o oess | vv | o4 Funssausl—— |

' o oo/t | &v | 0d FwsEIuL

§.0 piooNvas | Iwas | 1531 | NOILdINOSIO E D))

9d 39VI - vV 1S3l ONV 9d 33V3 — EV iS3l

0ocE-

00Z-

001-

oot

aoc

8B

(ISd) IJUNSSIYd




175

29 pue g S3s9] Ut wm oben aiussaigd Jo ssuocdsay °gy°-9 2anbig

(SONOJISOHIIW) FNWIL

oooy 00sE 00g0€E 00s<e gooc 00St 0001 00S
o ¥ L] L ¥ v
4
"
W]

z8 2 zery | 2o | o4 sunssma|— ——

' 2 2ot | 18| o4 swssavs

.9 58| wwos |asm| monanosa |

9d 33v9 - 28 1S3L OGNV 9d 39vI - 18 1S3l

00€E-

002-

001-

001

aoc

00€

(ISd) 3JYNSS3ud




are compared to evaluate the significance of gravity
effects in the response of an underground structural model
subjected to blast loading.

As explained in Chapter 4, the outputs of piezoelectric
accelerometers generally drift with time. Prior to
conducting each test, the output of each accelerometer was
adjusted to zero on the oscilloscope, and the oscilloscopes
were then set to trigger when the explosion occurred.
During the time period between the adjustment and
explosion, the accelerometer output may have a slight
drift. Therefore, digital zero on the oscilloscope may not
indicate zéro acceleration and the absolute acceleration
va;ues should be calculated by including the amount of
drift in the calculation. The values of accelerations given
here in the text and tables are adjusted for the amount of
drift. Also, in a way similar to other traansducers,
explosions have spurious effects on the accelerometer
response in the time span of a few microseconds. This
effect can be seen in all accelerometer rasponses presented
here.

Positive acceleration is directed away from the base.
Therefore, for accelerometer Al, positive acceleration is
directed downwarq and for accelerometer A2, positive

acceleration is directed to the right.

176




6.2.1 Accelerometer Al

Accelerometer Al is located in the bottom and at the
middle of the top slab of the box structure (Figure 4.23).
Figure 6.41 shows accelerometer response Al in test Al (2'
standoff, lg). The main accelerometer response occurs at
250 useconds which is slightly later than the time shock
wave hits the top slab (see Pressure Gage P2). The first
peak has a magnitude of 447 g's and occurs at 285 useconds
(see Table 6.3). Figure 6.42 shows accelerometer response
(Al) in test A2 (2' standoff, 60 g's). Comparing Figurss
6.41 and 6.42 shows that the peaks in test A2 are larger
and the arrival times of the peaks are faster. Table 6.3
shows that the first peak in test A2 (519 g's) is larger
than the first peak in test Al (447 g's) by 1l6%. The
difference in the second peak (negative) is as much as
300%. The arrival time for the first peak in test Al (285
useconds) is larger than the corresponding arrival time
in test A2 (225 useconds) by 27%. The difference in the
arrival times of the second peak for these two tests lis
18%.

Figures 6.43 and 6.44 show accelerometer (Al) responses
in tests A5 and A6. These two tests are similar to tests Al
and A2, respectively, except for the density variations
explained earlier. Table 6.3 shows that the magnitude and
arrival times of the first peak in test Al and A5 are very

close (447 and 453 g's, 285 and 280 useconds). The second
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peaks vary substantially in magnitude but are very close
with respect to arrival times,

Tests A2 and A6 show agreement with respect to arrival
times of the first and second peaks. However, the
magnitudes of those peaks are substantially smaller in test
A6. This may have been due to a possible problem with the
connection of the accelerometer to the surface of the
microconcrete.

The values presented in Tables 6.3 and 6.4 and
discussed here for magnitudes and arrival times of peak
accelerations in tests on 1/82-scale models ars multipliad
by 60/82 and 82/60 resgectively‘to adjust for scaling size
diffe:ences in /60~ and 1/82-scale models and theraby have
a gommoﬁ'basis for comparisons.

Figures 6.45 and 6.46 show accelerometer (Al) responses
‘in tests Bl and B2 (1/82-scale model). Both the magnltude
and the arrival time of the first peak in test Bl (786 g¢'s,
226 usaconds) are larger than the corraesponding values ia
test B2 (677 g's, 198 useconds) by about 15% {(see Table
6.2),7The second peak in test Bl (-437'9'3) is also larger
than the second peak in test B2 (-362 g's) by 21X while the
~arrival time for the second peak in test BL {280 useconds)
is larger thad the corresponding arrival time in test B2
(267 useconds) by 5%.

Figure 6.47 shows the Accelercmeter (Al) response in
test B4 {2' standoff, 82 g's). This test is similar to test

B2. However, the first peak response in test B4 (886 g's)
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is higher than the first peak response in test B2 (677 g's)
by 31% while the second peak in test B4 (-100 g's) is
smaller than the second peak in B2 (-362 g's) by 72%. The
arrival time of the first peak in B2 (198 useconds) is
larger than the corresponding arrival time in test B4 (157
useconds) by 26%.

In summary, acceleration responses in tests at 2'
standoff on 1/60-scale models show larger peaks and faster
arcival times at 60 g's as compared to tests at lg. The
average first peak acceleration in tests on l/82-scale
models (B2 and B4) is very close to the peak in test Bl
while the average second peak is smaller in tests 82 and B4
as compared to test Bl, However, the arrival times in 82-3
tests are faster compared to lg tests on l1/82-scale models.
Comparable tests on different scale models (1/60 and 1/82)
show larger flrst peaks and faster arrival times rfor 1/82-
scale models. This may be attributed to an improper scaling
of the explosive, not in terms of total mass which was
properly accounted for, but rather in terms of mass
distribution and charge geometry. Also, dimensional
tolerancaes with regard to the placement of structural model
in the centrifuge bucket may be harder to maintain in 1/82-
scale models.

Figures 6.48 and 6.49 show accelerometer (Al) responses
in tests A3 (0' standoff, lg) and A4 (0' standoff, 60 g's).
The adjusted first acceleration peak (see Table 6.3) in

test A3 (1605 g's, is larger than the fivst acceleration
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peak in test A4 (1038 g's) by 55%. The second peak in test
A3 (-1247 g's) is also higher than the second peak in test
A4 (-501 g's) by 149%. The arrival times for the first and
second peaks however, are very close (140 and 144 useconds
and 190 and 190 useconds). The higher peak accelerations in
the 1lg test (A3) is expected here because of an observed
higher pressure P2 (see Figure 6.15).

Figure 6.50 shows accelerometer (Al) response in test A7
(0' standoff, 60 g's). This test is similar to test A4
except for the damaged and cracked burster slab used in
test A4. Test A7 shows higher first peak accelerations than
in test A4 (1163 g's comparad to 1038 g's) by 12%. The
second peak in test A7 (-728 g's) is also higher than the
second peak in test A4 (-501 g's) by 45%. The arrival times
for the first and secound peaks in test A7 (170 and 210
useconds) are higher than the corresponding arrival times
in test A4 (144 and 190 useconds) by 18% and 1l1%
raspectively.

Figures 6.5l and 6.52 show Accelerometer {Al) responses
in tests B3 (0' standof€, 82 g's) and BS (0' standoff, 82
g's). These two tests are conducted uncsi siwiiar
conditions. Test BS5 shows a higher adjusted first peax
(3938 g*'s) as compared to test B3 (2790 g's) by 4l%. The
sacond peak in test B5S (-2196 g's) is higher than the
second peak in test B3 (-847 g's) by 159%. The arrival
times for the first and second peaks in test 83 (123 and

157 useconds) are larger than the corresponding arrival
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times in test B5 (109 and 150 useconds) by 13% and 5%,
respectively.

In summary, acceleration responses in tests at zero
standoff on 1/60-scale models at 60 g's result in smaller
peak accelerations compared to the test at lg. The arrival
times for the peaks in tests at 60 g's are, on the average,
higher than in lg tests. High-g tests on 1/60- and 1/82-
scale models show different responses. 82-g tests (B
series] show larger adjusted peak accelerations and faster
arrival times as compared to 60-g tests (Table 6.3). As
explained earlier, this is believed to be due to an
incorrect scaling in terms of the distribution of explesive

. mass and the geometry of the detonator.

6.2.2 Accelerometer A2

Accelerometer A2 is located on the inside and the wmiddle
of the side wall as shown in Pigure 4.23. Figures 6.53 and
6.54 show Acceleroweter (A2) responses in tests Al (2!
standoff, lg) and A2 (2' standoff, 60 g's). The first
response time of Accelerometer A2 in test Al (290 useconds)
has a delay of 40 useconds couwpared to the first response
time of Accelerometer Al in test Al (250 useconds). The
negative first peak acceleration in these taests indicate an
outward direction (on the side wall) for the first
acceleration peak. The Ffirst peak in test AJ (-12) g's) is
higher than the first peax in test Al (~94 g's) by 29%

(Table 6.4). The second peak in test A2 (231 g's) is’
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smaller than the second peak in test Al (248 g's) by 7%.
The arrival t}mes for the first and second peaks in test Al
(310 and 430 useconds) are larger than the corresponding
arrival times in test A2 (260 and 335 useconds) by 19% and
28% respectively.

Figure 6.55 and 6.56 show Accelerometer (A2) responses
in tests A5 (2' standoff, lg) and A6 (2' standoff, 60 g's).
Tests A5 and A6 are similar to tests Al and A2 respectively
except for the difference in soil density between tests Al
and A5 explained earlier. The first response time of
Accelerometer A2 in test A3 (285 pseconds) is 45 psecoands
larger than the first response time of Accelerometer Al in
test A5 (240 useconds), Test A6 shows smaller peak
accelerations as compared to test A5. A similar response
was obtained from the Accelerometer Al results. The first
peak in test A5 (-138 g's) is higher than the first peak in
test Al (-94 g's) by 47%. Howevar, the second peak in test
A5 (248 g's) is slightly smaller than the second peak in
test Al (253 g's). The arrival times for the first and
second peaks in test A5 (320 and 420 useconds) and AL (310
and 430 pseconds) are very close.

Although the magnitudes of the first and second peaks in
tests A6 and AS vary substantially, the arrival times for
the peaks in these tests are relatively close (270 and 355
useconds in A5 and 260 and 335 useconds in A6).

Figures 6.57 and 6.58 show Accelerometer (A2) responses

in tests Bl (2' standoff, lg) and B2 (2' standoff, 82 g's)
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on 1/82-scale models. The adjusted first and second peaks
in test B2 (-173 g's and 475 g's) are smaller than the
corresponding peak accelerations in test Bl (-205 and 503
g's) by 16% and 6% respectively. The adjusted arrival times
for the first and second peaks in test Bl (246 and 355
useconds) are larger than the corresponding arrival times
in test B2 (239 and 335 pseconds) by 3% and 6%
raspectively. The time at first response for Accelerometer
A2 in test Bl (212 useconds) is 27 useconds larger than the
time at first response for Accelerometer Al in the same
test,

Figure 6.59 shows Accelerowmeter A2 response in test B4
(2' standoff, 82 g's). This test was conducted under
conditions similar to test B2. The first and second
accela2ration peaks in test B4 (-165 and 503 g's) are
relatively close to the first and second peaks in test B2
(<173 and 475 g's), respectively. The arrival time for the
first peak in test B2 (239 useconds) is higher than in test
B4 (178 useconds) by 34%. The arrival times for the sacond
peak in these two tests are close (335 and 301l useconds).

Figures 6.60 and 6.61 show Accelerometer (A2) responsas
in tests A3 (0' standoff, lg) and A4 (0' standoff, 60 g's).
Both peak accelerations in test A3 (-424 and 902 g's) are
higher than the peak accelerations in test A4 (-281 and 594
g'as) by about 51%. The arrival time for the peak

accelerations in test A4 (175 and 290 useconds) are
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slightly higher than the corresponding arrival times in
test A3 (165 and 285 useconds).

Figure 6.62 shows Accelerometer (A2) response in test
A7. Test A7 was conducted under conditions similar to test
A4 except that test A4 was performed using a cracked
burster slab. The peak accelerations in test A7 (-369 and
638 g's) are higher than the peak accelerations in test A4
(-281 and 594 g's) by 31% and 7% respectively. The arrival
times in test A7 (200 and 315 useconds) are higher than the
corresponding arrival times in test A4 (175 and 290
useconds) by 14% and 9% respectively.

Figures 6.63 and 6.64 show Accelerometer (A2) responses
in test B3 (0' standoff, 82 g's) and BS (0' standoff, 82
g's). These two tests were performed under similar
conditions. The peak accelerations and arrival times are
close as shown in Table 6.4.

In summary, blast tests at 2' standoff show consistently
faster arrival times for the first and second acceleration
peaks (A2) in tests at high gravities &as compared to tests
at lg. The only lg test performed at zero standoff on a
1/60-scale model (A3) shows larger peaks and faster arrival
times compared to similar tests at 60 g's. On the other
hand, high-g tests on l/82-scale models at 32 g's show
larger adjusted peak accelerations and faster arrival times

than tests on 1/60-scale models at both lg and 60-g tests.

20
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6.3 strains

A total of eight (four pairs) strain gages were used on
each structure. Locations of these strain gages are shown
in Figure 4.6. Because of the unavailability of a
sufficient number of digital oscilloscopes with disk
storage capabilities, results from strain gages S3 and S4
were only recorded photegraphically. Therefore, results
from these two gages were not transferred to the computear

(HP 9816) for reduction and analysis. Results from other
strain gages (stored on oscilloscope disks) were
transferred to the computer through a diract link between
the oscilloscopes and the couwputer after the completion of
all tests. '

- During tests of the trigger system for the detounator
(before actual explosive tests), it appeared that the
trigger signal had an influence .un the strain gage
responses. This interference lasted for a relatively short
period of time. This influence was recorded and
subsequently subtracted from corresponding strain gage
outputs in different blasi tests to compensate for that
unwanted effect. However, vecause of possible variability
of such an interference in different tests, the first 150
to 200 microseconds of all strain gage data should be
viewed and interpreted cautiously and with due

consideration of a great possibility of interference.

%Y




Fortunately, the main shock wave arrives at the structure
just after this time period has passed.

axial and flexural strains in the slabs and sidewall of
each structure in different tests are calculated (on the
computer) from the adjusted strain gage data using
Equations 4.7 and 4.8 (see Figure 4.7). Strain gages Sl and
82 (top slab) did not function properly in tests on 1/82-

scale models (B series).

6.3.1 Strains in Top Slab

In this section, only the rasults of tests on l/60-scale
models are presented because strain gages Sl and L2 did not
work properly in tests on 1/82.scale medels. Figure 6.65
shows flexural strains in the top slab for teats Al (2'
standoff, lg) and A2 (2' standoff, 60 g's). As wmentioned
earlier, the respouse in the first 150 useconds should be
éonsidared as influenced by interference froam the triggar
system and the explosion. In these discussions, only the
time frame during which the shock wave is applied on the
structure is considereﬁ.

It igs clear that the compressive flexural strains (on
top ot the top slab), which appear in the same time frame
as the applied pressure P2, are substantially larger in the
60g test (93% differeace in peak strains). Figures 6.66
shows flexural strains (in top slab) for tests a5 (2'
standoff, lg) and A6 (2' standoff, 60 g's). These two tests

are conducted under coanditions similar to tests Al and A2
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except for a difference in soil density as explained
earlier. Again, the flexural strain curves show larger
compressive strains in the 60g test (A6) compared to the lg
test (A5). The peak compressive strain in test A6 is larger
than the peak strain in test A5 by 100%. However, these
flexural strains are smaller than the corresponding
flexural strains in tests Al and AZ.

Figure 6.67 shows flexural strains for test A3 (0'
standoff, lg) 'and A4 (0' standoff, 60 g's). As explained
earlier, test A4 was performed on a cracked burster slab.
It is clear that the 60g test results are not much larger
than the lg test results. In fact, flexural strains in test
A3 (lg) show slightly larger values at the beginning. This
effect can be better seen in Figure 6.68 which shows
flexural strains for tests A3 and A7 (0' standoff, 60 g's).
Tests A4 and A7 are similar except for the condition of
burster slab which was intact in test A7. Flexural strains
in the lg test (A3) are larger than strains in the 50g test
(A7). This effect can be explained by considering the fact
that Pressure Gage P2 also recorded higher pressures in
test A3.

Figure 6.69 shows axial strains in the top slab for
tests Al and A2. It appears that, at smaller deflections
(times), thera is compressive axial strain in the slab and
as the deflection (time) increases, the axial strain
becomes tensile due to rigidity of the sidewalls. Test A2

shows smaller compressive strains than test Al, Of course,
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compressive axial strains (stresses) help with ultimate
flexural strength of slabs subjected to dynamic loads
(Krauthammer, 1984), Figure 6.70 shows axial strains in
tests A5 and A6. In this case, test A6 shows larger
compressive strains than test A5 in the beginning, but then
they both show tensile axial strains.

Figure 6.71 shows axial strains in tests A3 and A4. Test
A4 shows larger tensile strains than test A3. A similar
type response is observed in Pigure 6.72‘for tests’ A3 and

A7.

6.3.2 Strains in the Side Wall

Figure 6.73 shows flexural strains in the side wall for
tests Al and A2. The large tensile strains in test A2 are
due to existance of larger pressures on the top slab of the
structure in test A2 as compared to test Al. Flexural
‘strain in test Al {on the side wall) fluctuate between
compression and tension,

Figure 6.74 shows flexural strains in test A5 and A6.
Again, there are larger flexural tensile strains on the
outside of the side wall in the 60g test (A6) compared to
the lg test (A5). However, the magnitudes of strains are
smaller than in tests Al and A2,

Figure 6.75 shows flexural strains in tests 8Bl (2'
standoff, lg) and B2 (2' standoff, 82 g's) performed on
1/82-scale models. Larger tensile strains appear in the 82g

test (B2) comparaed to the lg test (BlL). The magnitudes and

219
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e

shapes of the strain response curves in tests Bl and B2 are
similar to the curves in tests Al and A2 (Figure 6.73). 1In
fact, the arrival time for the first tensile peak in test
B2 (during the time the shock wave is applied on structure)
is almost exactly 60/82 times smaller than the first
comparable peak in test A2. Figure 6.76 shows flexural
strains in tests B2 and B4 (2' standoff, 82 g's). These two
tests are similar and they show equal magnitudes for the
first tensile peak. The arrival tfmes of this peak are also
close.

Flexural strains in tests A3 and A4 (Figure 6.77) show
equal peak magnitudes of tensile strain on the outside of
the side wall. A similar type of response is obtained from
tests A3 and A7 (Figure 6.78). Figure 6.79 shows flexural
strains in the side wall for test B3 (0' standoff, 82 g's)
and B5 (0' standoff, 82 g's). These two tests show very
different responses even though they are essentially the
same tests. It appears that test B5 presents a more valid
response considering the similarity of this response to the
results obtained in test A7.

Figure 6.80 shows axial strains in the side wall for
tests Al and A2. It appears that the compressive strains in
tests Al and A2 are almost equal even though a larger
compressive strain was expected in test A2 considering
larger pressures applied on the top slab in this test. This
may be explained by pointing out that the increased

confinement by the soil on the structure could result in a
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larger degree of load transfer to the soil. Figure 6.81
shows axial strains in tests A5 and A6. The magnitudes of
strains in this case are smaller compared to tests Al and
A2 (Figure 6.80)., However, the first compressive peak is
larger in the 60g test (A6) compared to the lg test (a5).

Figures 6.82 and 6.83 show axial strains for tests Bl,
B2 and B2, B4 respectively. The magnitudes of these straias
are smaller than the corresponding strains in tests on
1/60-scale models (A series).

Figure 6.84 shows axial strains in tests A3 and A4, Test
A4 shows slightly larger compressive strains than test A3.
Considering larger pressures observed on the top slab in
test A3, it is expected that compressive strains in test A3
be larger. This effect can be clearly observed in tests A3
and A7 (Figure 6.85), Tests B3 and B5 (Figure 6.86) show
substantially different rasults. It is believed that this

is due to a gage malfunction in test B3.

6.3.3 Strains in Bottom Slab

Figure §.87 shows flexural strains in the bottom slab
for tests Al and A2. Test A2 shows residual strains after
the shock wave has passed, This is due to gravity stresses
in the 60g tests which ramain after the explosion occurred.
Compressive flexural strains on the outside of the bottom
slab are consistently and considerably higher iu the 60g
test (A2). The peak strain in the 60-g test (#2) is 200%

larger than the peak strain in the )g test (Al). Figure
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6.88 shows flexural strains in tests A5 and A6. Again,
flexural comprecsive strains are larger in the 60g test
(A6). The magnitudes of these strains are close to those
obtained in tests Al and A2. Similar tests at 2' standoff
on 1/82-scale models (Figure 6.89) exhibit behaviors
similar to those observed in tests Al, A2, A5 and A6. Peak
strains in test B2 are close to peak strains in test A2,
Also, the arrival times for the peak in test B2 is 60/82
times smaller than the corresponding arrival times in test
A2. These facts point to the validity of scaling
relationships presented in Chapter 2. Tests B2 and B4 which
are conducted under similar conditions show very similar
responses as shown in Figure 6.90.

Tests on 1/60-scale models at zero standoff distance
(A3, A4, A7) also show a response similar to tests at 2°
standoff (Al, A2, A5, A6) as shown in PFigures 6.91 and
6.92., Test A7 showé slightly larger peak compressive
strains than test A4. Figure 6.93 shows flexural responses
in tests on 1/82-scale models au zero standoff distance.
The do not show similar responses as would be expectad and
the peak strains are larger than those in tests on 1/60-
scale models at zeroc standoff distance.

Axial strain curves in the bottom sla?s for tests on
1/60-scale wmodels (Figures 6.94 and 6.95) are ve.y similac
to the axial strain curves in the top slab fcr the same

tests. The reason may be that the axial strains in the top
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slab are transferred to the bottom slab through shear waves
.+ the side walls.

Tests on 1/82-scale models at 2' standoff show very
little axial strains in the bottom slab (Figures 6.96 and
6.97). Figures 6.98 to 6.100 show axial strains in the
bottom slab for tests A3, A4, A7, B3 and BS,.

In summary, tests at 60 or 82 g's show substantially
higher flexural strains in the top slab, the side wall, and
" the bottom slab of the box structure as compared to tests
at lg. Again, these facts illustrate the significance of
gravity stresses (centrifuge testing) in the rasponse of

these structures.

6.4 Velocities

Velocities at the center of the top slab and the side
wall are calculated by integrating the responses of
Accelerometers Al and A2, respectively. Because of the
observed drift in the accelerometer responses prior to the
explosions, the digital zero on the accelerometer rasponses
does not indicate zero acceleration. Thecefore, a reference
voltage (zero acceleration) has to be established for each
acceleromater response. This is equivalent to shifting the
accelerometer response by a constant value to account for
the drift. The reference voltage is determined through the
process of trial and error. The selected refersace voltage
which results in the convergence of velocity and

displacement responses to zero after a relatively long

249
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period of time (5 to 10 ms) is a valid reference point for
each accelerometer response.

The first 80 useconds in the response of each
accelerometer was set equal to zero so thit the effect of
explosion on the instrumentation would not be integrated.
Positive velocity is directed downward for the top slab,

and inward for the side wall.

6.4.1 velocity V1

Velocity V1 (top slab) is cbtained by integrating the
resgonse of accelerometer Al. Figure 6.101 shows Velocity
V1 responses in tests Al (2' standoff, lg) and a2 (2°
standoff, 60 g's). The neak velocity in test Al (17 in/sec)
is larger than the peak velocity in test A2 (l4 in/sec) by
21l%, The duration of positive velocity in test Al (2400
useconds) is larger than the corresponding time ia test A2
(1150 useconds) by 109%. Velocity V1 in test A2 also has a
faster arrival time for the first peak, which is expected
considering the observed faster arrival time of the
pressure wave on the top slab in test A2 (see Figure 6.7).
The smaller peak velocity in test A2 may be attributed to
larger confinement of the structure by the soil at high
gravities. Figure 6.102 shows a very similar type of
response for tests AS (2' standoff, lg) and A6 (2°
standoff, 60 g's).

Figure 6.103 shows Velocity V1 responses for test Bl (2'
standoff, lg) aad B2 (2' standoff, 82 g's). The general
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shapes of the two curves are similar to the corresponding
responses in tests Al, A2, A5, and A6 (Figures 6.101 and
6.102). Based on the scaling relationships (Table 2.3),
peak velocities in comparable tests on 1/60- and 1/82-scals
models should be equal. However, specific times in tests on
1/82-scale models should be smaller than the corresponding
tests on 1/60-scale models by a factor of 60/82. Figure
6.103 shows that the peak velocity in test Bl is 20 in/sec
which is slightly larger than the peak velocities in
comparable tests Al and A5 (17 in/sec). The peak velocity
in test B2 (ll in/sec) is slightly smaller than the peax
velocity in test A2 (14 in/sec) and test a6 (13 in/sec).
The adjusted time for the duration of positive velocity in
test Bl (1536 x 82/60 = 2100 useconds) is smaller than the
correspoanding times in tests Al (2400 useconds) and A5
(2170 useconds) by 12% and 3%, respectively. The adjusted
time for the duration of positive velocity in test B2 (696
x 82/60 = 951 pseconds) is also smaller than the
correspondiang times in tests Al (1150 useconds) and A2
(1200 useconds) by 17% and 21%, respectively.

Figure 6.104 shows the Velacity Vi responses in tests 82
and B4. These two tests wer2 conducted under identical
conditions aand should yield similar results. The general
shapes of the two curves and the magnitudes of the peak
positive valocitlies are in close agreement.

Figure 6.105 shows the Velocity V1 responses ia tests Al

and A4. The peak velocity in test A3 (26 in/sec) is larger
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than the peak velocity in test A4 (19 in/sec) by 37%. The
duration of positive velocity in test A3 (1730 useconds) is
also larger than the corresponding time in test A4 (1310
pseconds) by 32%. Figure 6.106 shows Velocity V1 responses
in tests A4 and A7. Tests A7 and A4 were conducted under
gimilar conditions (except for the condition of burster
slab explained earlier). Test A7 shows slightly smaller
peak velccities as comparad to test A4,

Figure 6.107 shows Velocity V1 responses in tests B3 and
B5. These two tests are also comparable to tests A4 and A7
(Pigure 6.106) except for the size of the model (1/82
versus 1/60). Although, the peak velocities for the 1/82-
scale models are larger, the general shape of the respoase
curves are very similar considering that the times in 1/82-
scale wodels are smaller than the corresponding times in
1/60-scale models by a factor of 60/82. For example, the
adjusted arrival time of the third peak velocity in test B3
(342 x 82/60 = 467 useconds) is relatively close to the
corresponding arrival time in test A4 (528 useconds).

In general, for tests conducted on 1/60 and l/82-scale
models, the peak velocities (V1) in tests at lg are larger
than the peak velocities in corresponding tests at 60 and
82 g's. Moreover, the general shape of velocity responses
differ significantly for high~-gravity and lg tests. These
results are believed to be due to larger confinement of the
structure by soil in high-gravity tests. This fact

illustrates the significance of gravity stresses

404
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(centrifuge testing) with respect to the structural
response of such systems. A high degree of repeatability of
velocity responses is evident for tests condusted under

similar conditions.

6.4.2 Velocity V2

Velocity V2 (side walli:is obtained by integrating the
response of Accelerometer?$2. Pigure 6.108 shows Velocity
V2 rasgénses in tests Al and A2. The magnitude of peak
velocities (4 in/sec) is much smaller than the velocity
peaks on the top slab (Figure &.101). As axpected, the
velocity on the side wall is first directed outward
(negative velocity). Figure 6.109 shows Velocity V2
raspongses in tests A5 and A6 which are in general agreenant
with the response in tests Al and A2 (FigureAé.iﬁa}; Thers

was a problem with the coovergence of the velocity resgonse
| in tast AS,

Tests Bl and B2 {Pigure 6.110) show siivhely different
velocity responses. The peak negative walocity in test Bl
has a magnitude of 6 ia/sec which is lavgsr than the |
corresponding peaks in tests Al {4 in/sec) and AS (5
in/sec). The adjusted arrival tima of the peak velocity in
tast Bl (215 x 82/60 = 292 usecouds) id smaller than the
corrasponding times in tests Al and A3 (360 upseconds).
Figura 6.111 illustrates that tests B2 and B4, which wersa
conducted under similar couditions, show very similar

velocity responsas,
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Figure 6.112 shows Velocity V2 responses in tests A3 and
A4, The first negative peak velocity in test A3 (10 in/sec)
is larger than the corresponding peak in test A4 (7
in/sec). However, the arrival times of these two peaks are
very close. Velocity responses for tests A4 and A7 are
shown in Figure 6.113. As expected, the two curves are very
gimilar because the two tests were conducted under similar
conditions. This type of similarity in response can also be
seen in tests B3 and B5 (Figure 6.114). The first negative
peak velocity in test B3 (17 in/sec) is larger than the
coreesponding peak in comparable test A4 (10 in/sec). The
adjusted arrival time of this first peak in test B3 (138 x
82/60 = 189 useconds) is smaller than the corresponding
time in test A4 (228 useconds).

6.5 Displacements

Displacements at the ceater points of the top slab and
the side wall are calculated through double integration of
the responses of Accelerometers Al and A2, respectively.
Positive displacement is directed downward for the top slab

and inward for the side wall.

6.5.1 Displacement Dl

Displacement Dl (top slab) is obtained by integrating
the response of Velocity V1. Figure 6.115 shows the
Displacement Dl in tests Al and A2. Test Al shows a peak

displacement of 0.018 in which is larger than the peak in

270
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test A2 (0.005 in). This difference in displacements at 1
and 60 g's is due to a larger confinement of the structure
by soii at 60 g's which results in a higher stiffness for
the top slab. Figure 6.116 shows a similar-type behavior in
tests A5 and A6.

The adjusted peak displacement in test Bl (0.015 x 82/60
= 0.02 in) is slightly larger than the corresponding peaxk
displacements in tests Al (0.018 in ) and A5 (0.017 in).
The adjusted peak displacement in test B2 (0,003 x 82/60 =
0.004 in) is smallar than the corresponding peaks in tests
A2 (0.005 in) and A6 (0.006 in). Figure 6.118 shows the
displacement curves for tests B2 and B4, They show simiiar
responses except for the divergence of the négati?e
displacement in test B{4,

Figure 6.119 shows the displacement (Dl) curves ‘in tests
A3 and A4. The peak displacement in test’hB (0.022 in) ié
larger than the peak displacement in test A4 (0.010 in).
Again, the increased confinement of the structure in.test
A4 is believed to be the main reason for this observed
differenca. Test A4 shows a divergence in displacement
regponse. A similar test (A?) is shown {n Figure 6.120. The
peak displacement in test A7 is 0.006 which is smaller
than the peak in test a4 (0.010 in),

In supmmary, deflections of the top alab of the
structure are much larger in the lg tests as compared to
the tests at high gravities. These observatious are

believed toc be due to larger confinement of the structure
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by soil (along the side walls) in high-gravity tests
resulting in different (more restrictive) boundary
conditions for the top slab as comparesd to tests at lg.
These results clearly indicate the significance of
-centrifuge testing in terms of the effect of gravity
 stresses in modifying the structural response of the

. 8ystem, In addition, the repeatability of deflection
responses iﬁ similar tests are clearly illustrated and the

‘scaling rnlatiohships_are,:to a';argeAeXténtl verified.

6.5.2 Displacement D2

Diéplécemen;_Dz (side wall) is obtained Ly integrating
~the velooity response V2. Most of the displacement curves
for the side wall do not convaerge to zero displacewment.
- This may be because of very small displacements (less than
0.001 in) involved, and the errors introduced in doubla
iotegrations to obtain such small displacements. Therzfore,
only Figures 6.121 and 6.122 which indicate mora reasonable
responses are shown. Displacement scalas in these two

figures are d:fferent from previous figures.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Based on the tests performed in this research effort,
the following conclusions can be made:
1) an effective instrumentation system including
piezoelectric shock pressure transducers, strain gages and
accelerometers can be designed and built for centrifuge
tests on small-scale models of underground structures
subjected to blast loading,
2) PFor blast tests at a standoff distance of 2 scaled feet,
the arrival times of pressure waves on the top slab of the
box structure are consistently and substantially faster in
the high-gravity- tests (both 1/60- and l/82-scale) as
compared to lg tests. In addition, the peak pressures in
high-gravity tests are also higher. These results are
believed to be due to larger stiffness of sand in high-
gravity tests. Accelerometer and strain gage data also
show faster acceleration response times and higher flexural
strains in the high-gravity tests.

Tests on l/82-scale models (2' standoff) show larger
pressures than similar tests on 1/60-scale models even

though equal pressures were expectad according to the
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scaling relationships. The reason for this discrepancy is
believed to be due to an improper scaling of the explosive,
not in terms of total mass, but rather in terms of mass
distribution and charge geometry. Also, dimensional
tolerances with regard to the building and placement of
very small-scale structural models and explosive charges
may be a factor. Despite these differences, the arrival
times of peaks in most tests on l/82-scale models were
close to 60/82 times smaller than the corresponding tiwnus
on the l/60-scale models. This relationship satisfies the
basic time scaling relationship. Based on these tests, it
appears that 1/82-scale models may be close to the limit in
terms of the smallest acceptable size model to be used in
such tests.

Por blast tests at zero standotf distances, the only
test performed at lg showed larger pressures and
accelerations on the top slab of the hox structure as
compared to high-gravity tests, This condition may be
explained by considering that, for tests at higher
gravities, the higher soil stiffness (under the burster
slab) would distribute the highly localized pressure (zero
standoff) wore evenly and therefore reduce peak pressurses
at the center of the top slab of the box structure. In
addition, a larger portion of the total explosive energy
may be expended in crater formations in tests at high
gravities, resulting in smaller enerqy transmission to the

soil, Also, testing errors such as incorrect placement of
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the detonator wmay be a distiact possibility for this
specific test. Again, consistent results were obtained for
high-gravity tests on 1/60-scale models but tests on 1/82-
scale models showed some variations.

Velocity and displacement responses for tests on 1/60
and 1/82-scale models indicate substantially different
results between tests conducted at high gravities and at
lg. This fact illustrates the significant effect of gravity
stresses (centrifuge testing) on the soil-structure
interaction and the structural response of such systems., A
high degree of repeatability of velocity and displacemeat
responses is also evident for tests conducted under similar
conditions,

3) Based on the test results reported here, it can bLe
concluded that the centrifuge is a necessary and viable
tool for blast testing on small-scale models of underground
gtructures. This method of testing can result in
substantial cost savings as comparad to full-scale tests
and would be ideal for parametric studies on underground
structures. Ultimate sirength (failure) studies on such
gystems in a centrifuge should be peiformed only after a
sufficient understanding of the dynamic ultimate strength
properties of microconcrete and their relationship to

regular concrete is achieved.
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7.2 Recommendations for Future Studies

Further improvements tc the instrumentation systen
should be directed at eliminating the use of slip rings and
multiple oscilloscopes. The use of telemetry to bypass slip
rings may not be advisable hecause of the relatively high
costs of such systems specially when signals with wide
frequency bandwidths (such as blast) are involved. It is
recommended that on-board data capture and storage systems
be designed for future tests. These systems are
technologically and economically feasible, Multiple high-
speed, high~accuracy analog-to-digital converters together
with storage modules can be designed to store the waveforms
for transfer to a computer at a later time,

How that the basic methods and devices for blast tests
in centrifuge hava been developed and the importance of
gravity stresses are established, future such tests should,
at Eiest, be directed at understanding the major
contributing parameters independent from each other. For
example, an study of the characteristics of shock wave
propagation in different soils (no suructure) should be the
first step in that process. Next, a structure with a simple
geometry such as a slab should be included in the tests.
Finally, complex structures such as box~type structures can
be tested for parametric studies on the structural
performance of such systems, More information is needed on
the dynamic ultimate strength (failure) properties of

microconcrete compared to regular concrete specially for
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the shear failure mode. This information is needed for
performing reliable ultimate strength blast tests in a

centrifuge.
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Peripheral/Power Drivers
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Voltage Comparators

LM161/LM261/LM361 High Speed Differential

Comparators
Generai Description
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APPENDIX B
COMPUTER PROGRAMS WRITTEN ON HP 9816

The following are several computer programs written on
an HP 9816 computer for analysis of the test results. One
such program is for the retrieval of waveforms from Nicolet
4094 oscilloscopes and storage of data on computer

diskettes. Other programs analyze and plot the rasults on a
digital plotter.
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