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PREFACE

This report was prepared by the Department of Civil Engineering, University
of Florida, Gainesville, Florida, 32611 under Contract Number
F0835-83-C-0136, TASK 85-1, for the Air 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. Gill, 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 (0 g).
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
is available to the general public, including foreign nationals.

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

T. KUENNEN, 2LT, USAF T
Project Officer Chief, Engineering esearch

Division

WILLIAM S. STRICKLAND, GM-14 JN4ES R. VAN ORMAN
Chief, Facilities and Systems Deputy Director of Engineering

and Services Laboratory

i
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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 majot 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
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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 undarstanding

of the scaling 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
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have generally ignored the effect of gravity on the

response of buried structures based on the argument 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 soi.-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 Work

During the last 50 years, the centrifuge has been

frequently used as a tool in geotechnical testing,

especially in Europe and the Soviet Union. In recent years,

there has been an increased interest in using this

technique to study soil mechanics and soil-structure

interaction problems including underground structures.

Many researchers have conducted centrifuge tests to

study varied subjects such as offshore gravity structures

iPrevost et al., 1981), coal waste embankments (AI-Hussaini

et al., 1981), consolidation of phosphatic clay
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(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).

chmidt 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 jto 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 these tests, they also suggest that the

Coriolis ei.ects are insignificant (Coriolis effects are

explained in Chapter 4). In addition, the authors recommend

a non-dimensional parameter (discussed in Chapter 2) for

determining an equivalent charge for simulating large

explosive yields with small charges at elevated gravities.

Nielsen (1963) conducted a number of blast tests in a

centrifuge to evaluatu the suitability of the centrifuge

technique for the measurement of free-field blast pressures

in soil. In some tests less than I gram of

Cyclotrimethylenetrinitramine (ROX) 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 90 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. (3.985) report preliminary results of a

number of blast tests on scaled aluminum models of a buried

reinforced 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 graity becomes more important
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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 (ig) 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 1/82-scale models).

1.4 Scope Of Work

A complete discussion of the scaling relationships for

blast tests on underground structures is presented.

Research work performed 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 oi tests are performed on 1/60- and 1/82-scale

models of an underground structure subjected to a scaled

500-lb bomb blast at low-gravity (1g) 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 analytical 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

to prototype testing at a ge.erally reduced cost.

The design of a model and _he relationships, based on

which the prototype response caa be predicted from the

observed response on the model, are based on the laws of

similitude. Murphy (195C) defines mndels and prototypes as

follows4 " A model is a device which is so related to a

physical system that ooservations on the model may be used

to predict accuzately the perforwance of the physical system

in the desired respect. The physical system for which the

predictions are to be made is called the prototype" (p. 1).

Murphy (1950) also comments that " the theory of similitude

includes a consideration of the conditions under which the

behavior of two separate entities or systems will be

8
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similar, and the techniques of accurately predicting results

on the one from observations on the other" (p. 1).

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, Z, is defined

by the following equation:

R
Z a wl/ 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 far

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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R

II

Figure 2.1. Hopkinson Blast Scaling (Baker et al., 1973)
(Repcinted by Permission of the Southwest
Research Institute)
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described by a set of S dimensionless and independent terms

called Pi (i) terms which are products of the pertinent

variables.

S = n - r Equation 2.2

Where S is the number of i 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 i 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 i terms in the model and prototype. Therefore

ifim 'Tip i = l,2,...,S 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

(1951), 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.c'e 2.1), w terms (Table 2.2) and scaling relationships

T ole 2.3) for underground structures subjected to blast

loading. The relationships in Table 2.3 are based on the
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Table 2.1

List Of Parameters (Bradley, 1983)

a - Stress Es  - Soil Modulus

d - Displacement c - Soil Cohesion

a - Acceleration PC - Preconsolidation

Pressure

P0  - Characteristic Pressure g - Gravity

En - Energy T - Time

R - Radius o - Soil Angle of Friction

H - Thickness Est - Steel Strain

PC  - Concrete Mass Density es - Soil Strain

cc  - Concrete P-Wave Speed cc - Concrete Strain

F c - Concrete Strength lst - Steel Poison's Ratio

ac  Concrete Modulus PC - Concrete Poisson's Ratio

Pst - Steel Strength Est - Steel Modulus

Ast - Area Of Steel

ps - Soil Mass Density

Cs - Soil P-Wave Speed
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Table 2.2

Solution ff Terms (Bradley, 1983)

a Ast

d Ps
2 - i - - -

H PC

a H P c PC C2s
3 =  - 12 =

EC

p 0
4 =r 13

C CEn  c

i 5 a " H EC I14 EC
R p C

6 -- -5 -
H EH

17 PC C2 c  it 16 = g

Ec  EC
F' I Ec T2

iT = - - -9-17

st

9 = --E-
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Table 2.3

Scaling Relationships (Bradley, 1983)

Parameter Symbol Scaling Law

Stress a am =a p

Displacement d dm = dp/n

Acceleration a am =na

Velocity v vm 2Vp

Explosive Pressure Po Pom = op

Explosive Energy En  Enm :Enp/n3

Radius R Rm Rp/n

Thickness H Hm = H p/n

Material Density 0 m p

Material Modulus E Em E

Material Strength F Fm Fp

Material Wave Speed C C M Cp

Area A Am  A Apin2

Volume V V = Vp/n 3

Mass M Im = p/n 3

Strain e m  M Cp

Dynamic Time t tm = t /n

Poisson's Ratio U Um = p

Soil Cohesion c c C

Soil Preconsolidation Pc Pcm Pep

Pressure

Force f F m Ffp/n 2

Acceleration of Gravity g gta n g p
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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 (gm) should be n times the acceleration of gravity in

the prototype (gP - 1g). This condition can be achieved by

subjecting the model to an acceleration field. An elevator

arrangement or, more suitably, a centrifuge can provide the

desirable acceleration field.

Almost all research involving model tests on underground

structures subjected to blast loads has been performed at Ig,

i.e. ignoring the gravity effect and thereby violating one of

the requirements for a true model. An evaluation of the

significance or lack of significance of ignoring gravity

effects in such model tests is presented in Section 2.3.

Modeling explosives is another important consideration in

such tests. The geometric scaling of the shape of cased

explosives may be an important parameter. For example,
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cylindrical-shaped charges may be necessary to model some

weapons. Table 2.3 shows that the energy of explosion is

3scaled by a factor of 1/n . For example, a 500 lb bomb

containing 267 lb of TNT can be simulated by a 0.267 lb TNT

explosive in a 1/10 scale model test.

Schmidt and Holsapple (1980) suggest the following r

term for scaling of energy for various types of explosives

for centrifuge testing:

1/3

Equation 2.4

where Q Heat of detonation per unit mass of explosive

6 = Initial density of the explosive

W = Mass of the explosive

G = Gravity

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

the scaling relationship can be established

n p

Gm Wm 1/3 GP W 1/3

9M am p 6p

Or

Gp 3 0m 3 6m
Wm (--) (----) (p M ) W Equation 2.5

Gm Q p

Based on this relationship, Table 2.4 shows calculated

explosive weights 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 i00 g
Designation

(lb) 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 106.95 13.37 3.98 1.67 0.86

Schmidt and Holsapple's v term provides satisfactory

results for centrifuge testing. However, this w term implies

that, in order to compensate for the error introduced by

ignoring gravity in simulating explosive energy, the mass of

explosive in the model as predicted by Equation 2.5 should

be increased by a factor of (G m/Gp3 or i 3 . This is of

course an improper extension of the use of Schmidt and

Holsapple's v term. To observe strict adhorence to the

similitude requirements, the type of explosive to be used

for modeling should have the saine detonating rate as the

prototype explosives to simulate the blast effects

correctly.

There are commercially available detonators such as the

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



18

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 i 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 v term in deriving a relationship for dynamic time:
Ft2

Equation 2.7

where F is dynamic force, H is mass, t is dynamic time and 1

is any relevant length. Equating this i term for model and

prototype,

Im  P

m 

Therefore,

t2m Mm  3

t P4 1Cniei p p m s
Consideri.ng the scaling relationships in Table 2.3,
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t 2 1 2

t p n

Or

tm  tp Equation 2.8
n

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
2

1

Equating ir terms for model and prototype

m p

gm t2  g
, 1

im 'p

Therefore,

t2m 9 m

tgm 1p

If the effect of gravity is not neglected, then

2 1-t m = --- XC -- ) t

n n

or

tm 
t pn

Which is the same as the relationship in equation 2.8.



20

Hcwever, if the effect of gravity is neglected, then

1
t2m- ())( t 2

n

Or I
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 the 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 if vibration (T) of an ideal pendulum of length L is

T = 21 it7 Equation 2.10

If a test is performed on a scaled-down version of this

pendulum, the resulting period of vibration can be

calculated as follows:

T

mT p

Tm T 

-P P

Then

If gravity is not neglected, then

Tm = (1/n) Tp

tf gravity is neglected, then

Tm = /7.n)l TP
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Or

Tm = (l//'n) Tp

Another similar example is the case of determining the time

Ct) that it takes for a point mass to drop from a height H

with zero initial velocity (figure 2.2 (b)).

t = V'-H7F Equation 2.11

This is similar to Equation 2.10 and yields the same

results as in the previous example.

Consider a spring-mass system (Figure 2.2 Cc)) 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 = 21r A7 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 (i983)

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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Tm =(11-5i) Tp at I g

Tm= (1/n) Tp atng9's

mg

(a) Ideal Pendulum

mg? tm = (1/4-n-) tp, at 1 g

tm = (1/n) tp at n g's

(b) Free Fall

K Tm =(1/n) Tp at I g

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

Mg

(c) Spring-Mass System

Figure 2.2. Gravity Effects on Dynamic Time
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blast loading increases. If gravity stresses are not scaled

properly, it is believed 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 aluminum 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 loads 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.

Young and Murphy (1964) conducted tests on buried aluminum

cylinders at different scales. Load was applied by dropping a

weight 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

mass to an increased 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 1/6-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:

i. 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

cures 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:

fc = 4085 psi

ft = 327 psi

y = 130 pcf

Ec = 3.3 X 106 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

ksi 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 University 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 (Figure 2.3).
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Figure 2.3. Aluminum Mold for Structural Model (Gill, 1985)



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 containing the test specimen (Figure 3.2) and

the counterweight (Figure 3.31 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

rotate 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

29
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Figure 3.1. University of Fl~ori.da Geotechnical Centrifuge
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Fi.gure 3.2. Bucket Containingq Test Specirmon

Figure 3.3. Bucket Containing Counterweight
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point. This results in the rotation of the bucket by 90

degree3 at which point the net moment is zero (Figure 3.5).

The relationship between centrifugal acceleration (a) and

angular velocity of the centrifuge (w) is given in the

following equation:

a = r w2  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 ft/sec 2)(12 in/ft) = (36 in) (w
2

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 wiras must pass

through slip rings, unless other schemes such as telemetry

or on-board data capture and storage are devised. Slip rings

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

slip rings are available on the U.F. centrifuge.
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3.2 Test Specimens

The original prototype structure considered for

centrifuge 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

(Bradley, 1983). However, the objectives of this research

program are to develop methods and evaluate modeling

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 and

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, designing 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. Simulating explosives in small-scale models generally

involves very small-size charges that may have to be

custom-made in order to satisfy geometry and size

(explvsive 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.

3. 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.

4. 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.



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 nwigneti. noise

sources in the centrifuge whicb could affect the electrical

signals. In fact, slip rings, through which all signals

have to pass to exit the centrifuge, are inherently noisy

because of their sliding contact mechanism.

Another factor to be considered in small-scale modeling

is the necessity of having measuring instruments small

enough, both in mass and size, compared to the model such

as to minimize distortions in the model response. Finally,

the relatively high frequency signals associated with blast

39
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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 relative change in resistance and the strain, according

to the following equation:
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SRg

R
F = Equation 4.1

where F is the gage factor,SR and R are the change in
g 9

resistance and the resistance of the gage, respectively,

and e is 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 R g 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 4.1). Therefore, voltage drop

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

Vad = Vab and Vbc2 Vdc

or

R g 1=R33 and R111=R212

where Ii, 12, 13, and Ig represent electrical current in

the four arms of the bridge as shown in Figure 4.1.

Similarly, because of zero voltage across b-d,

1  = g 1 and 12 -13

Therefore,

RgI 1 = R3 12 and R111 = R212
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a

C

Figure 4.1. B~asic Wheatstone Bridge
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Thus, for a balanced bridge,

R R.
g =-- Equation 4.2
R1  R2

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 V0 becomes zero. The bridge must again be

balanced in the strained condition by readjusting R1 .

SR, = R (strained) - Rl(unstrained)

From equation 4.2:

R= (R 3/R2) R1

Since R3 and R2 are constant,

dg = (R3/R2) 6R1  Equation 4.3

However, substituting 6R into Equation 4.1,

3 _ 4R Equation 4.4
R2 Rg9F

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 dynamic tests, where continuous

monitoring of strain is required, the output signal does

not stay constant for a sufficient time to balance the

bridge, specially when several strain gages have to be

monitored 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.

ab= Rg g

Ig= Vi/(Rg +R1)

Therefore, in the unstrained or initial condition,

V ab=  9 V i
Rg+ R1

And in the strained or final condition,

Vg + Rg)
(Vab= 9 + 6Rg )+ RR

(Rg + 6Rg)+R1  Rg R1

If R1 is selected to be equal to Rg,

6Vab 6Rg V
4Rg 26Rg

However,

6V0= -6Vab

This is because the potential at d is unchanged and
therefore any change in potential across bd (6Vo ) must be

due to the change in potential at b. Therefore,
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6Rg
6Vo 0 SR . Vi

4Rg+ 26Rg

Or,

SRg 46Vo

Rg Vi+ 26Vo

Substituting equation 4.1 in the above equation,

46V 4 0. Equation 4.5

F (V. + 2V o )

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 c, and

6Vo. 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 and Adams, 1964).

This indicates that 6V0 is very small compared to Vi.

Therefore, the linear approximation of equation 4.5 can be

written as

4 6Vo
- Equation 4.6

P V

In order to accurately measure strains, it is necessary

to use accurate voltage measuring devices. Also, the power

supply must be stable. Another Lactor 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 Figure 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.X Strain GageMeasurements lna Centrifuie

The use of commercially available strain indicators may

not be sqitable for centrifugal testing. Because of the

size and number of these in-icators, they generally have to

be placed outside the centrifuge. Therefore, the gage

connection to the Whoatetone bridge passes through slip

rings. This can cause serious problems because the slip

-rings are inherently noisy and resistance changes 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-level output voltage of the

bridge is increased with an amplifier. Depending on the

gain, the amplifier has a frequency range in which that

gain remains constant and the amplifier *xhibits a linear

response (Figure 4.3). If the signal frequency is beyond
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Figure 4.3. Gain Versus Frequency Reaponse of Ampl.ifiers



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 Wheatstone

bridges and instrumentation amplifiers can be specially

designed and built. The relatively small size of the

electronic board would permit the attachment of the box

containing the board 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 For On-Board 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 nigh 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

power 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 input signals and has very high input impedance (1010

ohms).

Characteristics of INA 101 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 output voltage of the bridge 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 (6VoA),

strain can be calculated as follows:

4V0

F V

-Amplifier= Amplifier Bridge
Output j ] X Output 
NVA Gain J j6V 0

46VoA

F Vi (Amplifier Gain)

For F= 2.065t Vi = + 3 Volts = 6 Volts

C = - =-3.22 X 10-3 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

channels 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 static strain in the gage was

measured both by a commercial strain gage indicator

(Vishay/ Ellis 10) and by each of the eight strain gage

channels. Table 4.1 shows the results and the calibration

values (sensitivities) obtained for a strain gage with a
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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]" 2.101
GaNew c = Gage Factor X
Gage Factor J 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 MicroMeasurements'

type 326-DSV which is a stranded tinned-copper wire, 3-

conductor twisted cable with vinyl insulation, braided

shield and vinyl jacket. Separate ground wires were used

for each amplifier. The two-wire outputs for all channels

exited the centrifuge through slip rings. Each 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

Micro 1 2 3 4 5 6 7 8
Strain

T 0 0 0 0 0 0 0 0 0
E
N 500 158 159 202 155 159 162 160 158
S
I 684 216 216 288 211 217 221 217 216
0
N 860 273 274 373 268 274 279 273 273

C 0 0 0 0 0 0 0 0 0
0
M -500 -159 -158 * -162 -162 -160 -160 -158
p
R -689 -215 -216 * -215 -217 -220 -219 -216

S -868 -270 -274 * -270 -271 -279 -278 -273

Sensitivities (pstrain/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 3.180 3.215 3.246

* Excitation Voltage = + 3 Volts
* Out 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 other on the inside of the structure.

This arrangement would allow calculation of axial and
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flexural strains from the total strains measured on the two

gages. Assuming linear strain distributions, total strains

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

4.7).

Ca + Cf 0

Ca - Cf = i

Therefore,

~Co + € i

C = 0 i Equation 4.72

And,

ef c€o - ea  Equation 4.8

Or

f C a - Ci  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 15-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 gage length has to be several

times larger than the maximum aggregate size in the

tmicroconcrete mi4 so that the gage readings would be

indicative of overall structural strains rather than local

strains in the aggregate. Third, physical 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 piezoelectric material was chosen for

transducer development because of the wide dynamic range

and high resonant frequencies associated with piezoelectric

transducers (Riedel, 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 strain ani changing sign with it" (p.

4) In other words, piezoelectric materi3is qenerate

electrical charge when subjected to pressuce. In fact

piezoelectricity means "pressure electricity" (Kantrowitz,

et al., 1979, p. MO8). Pierre and Jacques Curie discovered

this property in 1880 (Cady, 1964).

Some ateriais such as Rochelle salt, tourmaline and

quartz are naturally piezoelectric. Some other materials,

called ferroelectric, can be made piezoelectric through



artificial polarization, in which material characteristics

can be controlled through 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 are 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 affect is

called pyroelectricity and is not a favorable effect in

shock pressure transducers because such pressure variations

are not isothermal. Another disadvantage is that

piezoelectric materials cannot be used for long-term static

or steady-state pressure measurements.

Piezoelectric materials have been widely used in

-accelerometers and pressure transducers. Piezoelectric

accelerometers are essentially "spring-macs" systems-with

the =spring" being the piezoelectric material and the mass

applying compressive or shear forces (depending on the

accelerometer design) on the spring when the system is

subjected to accelerations.

The piezoelectric material used to develop shock

pressure transducers for the tests reported here was

..artificially polarized Polyvinylidene Pluoride (PVDF). In

the aext section the general properties of PVDP 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 shapest sizes and

thicknesses.

Figure 4.8 shows the three principal directions in a

piezoelectric 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, a, can be written as (Nye,

1957)

P = d a Equation 4.10

where d is the piezoelectric coefficient. In general for a



Figure 4.8. Principle Dire~ctions on a-Piezoelectric Material'



3-dimensional state of stress equation 4.10 can be

rewritten in matrix form (Nye, 1957):

?i= dij aj (i= 1,2,3 : j= 1,2,3,...,6) Equation 4.11

Or in expanded form,

P2= d21 d22 d23 d24 d25 d26 j 2

P 3  d31 d32 d33 d34 d35 d36  a3 Equation 4.12

o4
a5

a6

where P is the vector of polarization charge per unit

area, di, is the matrix of piezoelectric coefficients, and

a is the stress vector. The six components of a represent

the six independent terms in a general stress tensor

a Oa l

S2 2022

3 33

4  a 23

5 31

0 6 12

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

and Roth, 1985);



0 0 0 0 d1 5  01

dii= 0 0 0 d24  0 0

d31 d32 d33  0 0

When the two surfaces perpendicular to axis 3 are

electroded, the electrical charge, P3 can be written as

P3 = d31 a1 + d32 a2 + d33 a3

When there is a hydrostatic state of stress

al = G2 =3 = a

Therefore,

P3 = d31 a + d32 a + d33 a

P3 = (d31 + d32 + d33) a

Or

P3 = dh a

where dh is the hydrostatic piezoelectric coefficient.

Therefore,

dh : d31 + d32 + d33

The PVDF sample used in the tests reported here is

produced by Thorn EMXI Central 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 oy the

manafacturer.

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
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Table 4.2

General Properties of PVDF Sample

SAMPLE NO 37171
PVDF THICKNESS 570 g.m
ELECTRODE THICKNESS -10 g~m Copper
ELECTRODE/POLYMER ADHESION > 14 MPa
Er 7.8
dh 13.4 pCN 1

gh 178 mVm 1 Pa~
SENSITIVITY -199.9 dB3 (rel 1V liPa-1)
d31 15 pCN- 1
d32 -0.25 pCN 1

d33 -28 pCN -

Provided By THORN EMI Central Research Laboratories



pressures applied on voided samples can cause the ccllapse

of microvoids and thereby result in a nonlinear,

irreversible response while nonvoided samples exhibited

linear response up to pressures as h:.gh 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 soldered 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 solder 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 soon 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 Reeks 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 electroed 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 wire.

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

electroded surface.

7. Use polyurethane coating to cover the gage for

protection.

The silver-filled epoxy used was Dexter Hysol's Type

KS0002. The polyurethane coating used was Micro-

Measurements' -Coat A solution.

Another important consideration is the procedure for

applying the gage on the concrete surface for shock

pressure measurements at the soil-structure interface. The

objective is to measure 03 from the measured charge P3 in

the following equation:
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P3 = d31 al + d32 a2 + d33 G3

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 (a1 and a 2 ) which,

in turn, would make unwanted contributions 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 OF) and, therefore, temperature correction is

not required.

4.2.2.4 Electronic circuits For Piezoelectric Transducers

There are two general ways for measuring the electrical

response of piezoelectric transducers. One is based 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 (C p which generates electrical charge when

subjected to pressure. The open-circuit voltage output (V )

is related to the generated charge q, and the internal

capacitance of the transducer, Cp through the following

equation:

q
VO

When this transducer is connected to a voltage measuring

instrument (Figure 4.10b), the capacitance of the connecting

cables and the input capacitance of the measuring

instrument introauce additional external capacitance Ce, to

the circuit. Therefore, the voltage output V0 is a function

of the total capacitance Cp + C a

q

0  C +Cp e

The above equation indicates that the voltage output

varies as a function of the external capacitance, 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 each measurement

would require an accurate knowledge of the total
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Figure 4.10. Voltage Measuring Method



capacitance. This problem can be eliminated by using the

charge measurement method as explained in the next section.

Another consideration is the low frequen~y resiponse 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 C p+ C,,determines the cut-off point

for the hiow frequency responsle o~f this systemt. The system

filters out signal frequencies below the cut-off frequency

(f)

21 R (C + C e)

Gurtin (1961) presents a study of the effect of low-

frequency response on transient faea-urements. iguze 4.1.

shows the effect of' variations in the time car~stant of the

circuit RC, on the accuracy of response to traoeiant

signals.- It is clear that as RC is dbcreaseil, -the iy

of the response i3 decreased. This is equivalent te. the

loss5 of, low rA;;equency comnpon~ent of the aigrial. Ikn the

limit, when RC appr.ches zero, the raspons approaches the

differentiated form of the actual signal. It it necessary

to u148e devictes with very high input irnt~lances (10~ to

1014 ohms) to accurately Meaigure tr:&nsliritpulses, The hig~h

frequency response of the tranisducer is, ai f Unc Li Om of i tP

mechanical characteristics (CEn4eveo 101, 1986).



a) " 4 )0 to

0. ftqc. h "MF ~

(WI %. rnt .

It. - 14 " C

40)

Pigure 4.11. Effect of TiMe Constant on Signals (Gurtin, :1961)
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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:

q =C V

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 V0 is, at any

time, equal to the voltage across Cf (Malmstadt et al.,

1981). The charge q, calculated from the following

equation, is the total accumulated charge by the transducer

at any time, and is proportional to the applied pressure

on the transducer.

q = Cf V0
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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 V 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 i01, 1986) and on the time

constant RfCf, where Rf is the off-resistance of the

electronic switch, and Cf is the feedback capacitor (Dove

and Adams, 1964). The high frequency response 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 frequency "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 also 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

detonator control 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 volts. This

amplitude is first reduced by using a voltage divider (30V

X 1.1 KQ/ 5.6 K2 = 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 2K/51 Ka = 0.5 Volts).

The comparator is a very high-gain amplifier with well-

balanced difference inputs and controlled output 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 pF) is used for filtering the

reference voltage and two capacitors (I iF) on the power

supply are also used as noise filters. The comparator

output is then used to trigger the oscilloscopes located
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nearby. A line driver CDS 75450) is used to preserve the

high frequency components of the comparator output over a

distance of 30 feet to the centrifuge. An insolation

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 aajusting a variable resistor (10 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 (IH 5011) 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

instrumen tation 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 A da
V C = f- = Equation 4.13Cf C f

where,

V0 = Output voltage of the charge amplifier

Q = Charge on the feedback capacitor

Cf = Capacitance of the feedback capacitor

A = Surface area of the pressure transducer

d = Piezoelectric constant

a = Applied pressure

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

can be directly related:

V, = K a Equation 4.14

Where,

Ad
K =- Equation 4.15

Cf

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 reason is that the confining effect of concrete and soil

creates a more 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 built. Three 1/4 in X 1/4 in PVDF gages

were taped on the slab as shown in Figure 4.16. A cardboard

cylinder with an inside iiameter 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.

However, 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 trigger
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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 the

applied load. It is interesting 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. Therefore, any

pressure less than the pressure at trigger time appears as

negative in the output. Thus, calibration is based on the

ratio of peak-to-peak amplitudes of applied load and gage

outputs rather than absolute peaks .

The amplitude of response for the gage closest to the

edge of the slab (cardboard cylinder) is consistantly lower

than the other two gages which exhibit similar responses.

The reason for lack of uniformity of pressure near the edge

of the slab is belie> t be due to transfer of some of the

load in that immediate area to the cylinder. The response oAt

the gage located in that area is omitted from the

calculation of calibration factor. Table 4.1 summarizes the

calibration test resuiits. These results indicate that

frequency variations (up to 50 Hz) do not have a major

influence on the calibration values.

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

Thus:

1
-- = 369 psi/volt
K

K Cf 1000 pF 9.66 pC/Nd = = 9.6C/

A (369 psi/volt)(1/16 in2 )(4.488 N/lb)

Table 4.3

Calibration of Pressure Transducers

Frequency (Hertz)

20 30 40 50

Load
(ib) 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
G1 & 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 model tests, it is important

that the mass and size of the accelerometer be as small as

possible to prevent distortions in the structure response.

Miniature accelerometers are commercially available which

can be suitable for blast *t on small scale models. Baird

(1984) presents an evaluation of different commercially

available accelerometers 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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coordinate system. Figure 4.23 shows an inertial coordinate

system X Y Z and a coordinate system X'Y'Z' which moves and

rotates with respect to X Y Z. The following equation

relates the acceleration of point P in the two coordinate

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

a = a' + r + 2wxi + wxr + wx(wxr) Equation 4.16

where,

a = Acceleration vector for point P with respect to X Y Z

(absolute acceleration)

a'= Acceleration vector for point O' with respect to X Y Z

r =Position vector for point P with respect to X'Y'Z'

Velocity vector for point P with respect to X'Y'Z'

= Acceleration vector for point P with respect to X'YIZ'

w = Angular velocity vector for X'Y'Z'

4 *Angular acceleration vector for X'Y'Z'

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

Therefore,

4 v 0 and a' = 0

Therefore, for centrifuge tests equation 4.16 can be

rewritten in the following form

a =r+ 2wxi + wx(wxr)

where w X ( w X r) is the centripetal acceleration and

2w X r is the coriolis acceleration. The magnitude of

coriolis 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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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) along the

sensitive 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 Accelerometer Setup on the Test Structure

Two Endevco (model 2255A) accelerometers were attached to

the structure as shown in Figure 4.24. Characteristics of

these accelerometers which have integral electronics are

illustrated in Table 4.4. The accelerometers were screwed on

a nut and then epoxied on the structure. A sealant was used

on the threads to prevent relative motion between the

accelerometer and the nut. Figure 4.25 shows the block

diagram for acceleration measurements in the centrifuge.
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Table 4.4

Characteristics of Endevco Model 2255A Acceleromaters

Sensitivity 0.1 mV/g

Range, Full Scale 50000 g

Frequency Response 50 KHz

Mounted Resonant

Frequency 270 KHz

Transverse Sensitivity 5 %

Weight 1.6 grams

4.4 Detonators

Based on the similitude requirements for modelling a 500

lb 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 low

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 foi.r RDX

pressings weigh 0.200 grams and the composite RDX-PETN

initiator weighs 0.125 grams (Nielson, 1983, and Gill,

1985). The mod'fied RP-83 used in these tests contains only

one pressing of RDX. The exploding bridgewire (EBW) type

detonators resist explosion when subjected to heat,

friction, and low voltages because of the exclusive use of
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Figure 4.26. Reynolds Industries' RP-83 Detonator
(Nielsen, 1984)
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secondary explosives (FSl0 Operating Manual, 1981).

Reynolds Industries' 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

equipmenu at all times to minimize interference.

4.5 Overall Instrumentation and Data Acquisition

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

centrifuge 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 (12-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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Figure 4.29. Instrumentation Box on the Centrifuge Arm

Figure 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 carrying

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 inside the bucket. First, a 1-inch layer of dry

sand was placed on the bottom of the bucket (Figure 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 being dropped. The weight

and volume of the sand in the container was measured after

removing it from the bucket. An average density of 89 pcf

was obtained.

The box structure was then placed on the bottom sand

layer. Great attention was given to the placement of the

108
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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 (1.4" in 1/60-scale and 1.0" in 1/82-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 Figure 5.5. A wooden frame was used to hold the detonator

in the exact position on top of the burster slab (Figure

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 connectors.

Output wires from the instrumentation box were connected to

binding posts for slip rings. Outside the centrifuge, the
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Figure 5.1. A Layer of Sand on the Bottoma of the Bucket

Figure 5.2Z. Structural Model Placed Insi.de the Bucket



F~igure 5.3. Sand Placed Around the Model

F'igure 5. BUrster Slab in Place
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Figure 5.5. Sand Placed on Top of the Burster Slab

Figure 5.6. Wooden Frame to Support the Detonator
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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

supplies, and detonator control systems was then performed.

Necessary 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

system was ready for performing experiments. At this point,

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 gla

and 276 rpm for 82 g1s). 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 so 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
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but at 60 or 82 g's depending on the scale of the model.

Subsequently, another test was performed on the same

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

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

or 82 g's. Table 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 AS A6 A7 Bl B2 B3 B4 B5

Model No. I I 1 1 2 2 2 3 3 3 4 4

Standoff 2 2 0 0 2 2 0 2 2 0 2 0
(scaled ft)

Gravity 3 60 1 60 1 60 60 1 82 82 82 82(g' a)"

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

to 60 9*s before tests at Ig 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 A5 (1/60 scale) and BI (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 Vo. 2 which was unreinforced.

There were no tests performed on models no. 2, 3 and 4 at 1S



115

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

standoff for models 2, 3 and 4 only at 60 and 82 g's and not

at 1g.



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 underground 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 differenL 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.

Explosive tests generally have spurious effects on

transducer responses. This can be seen in most of the

pressure responses during the first few microseconds.

116
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6.1.1 Pressure Gage P.

Pressure gage P1 is located on the bottom of the burster

slab. Because of the close proximity of this gage to the

explosive, the pressure gage (PI) responses in some tests

were not satisfactory. Figure 6.1 is one such example. It

shows the pressure response from gage P1 in tests Al and

A2. 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 P1. Figure 6.2 shows

the response of pressure gage P1 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 P1 for test A7

(0' standoff, 60 g's). This test is similar to test A4

(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. Xt is not clear wheather the first sharp peak in tIe

response in the A7 test is due to the effects 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 pressure

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 B3

(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 83 exceeded

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 seconds 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 P1 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 artival time in test A7 or 75 pseconds. However,

since the standoff distance in test B2 is 0.29 inches (2

scaled ft) compared to zero inches in test Al, 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

4seconds), which is very close to the arrival time observed

in test B2.

The rise time of the main signal is about 60 Vseconds

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

P1 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 P1 response has a delay and therefore a

lower speed compared to the other tests.

Figure 6.6 shows the pressure response PI in test Bl (2'

standoff, 1g). The arrival time of the main peak is the

same as in test B2. Test B2 is similar to test B1 except

that the test is performed at 82 g's. Equal arrival times

for the main peak pressure in P1 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 B1 (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 BI) 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 82 is

higher than speed in test Bi by approximately 33A.

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 response for tests Al (2'

standoff, Ig) and A2 (2' standoff, 60 g's). The centrifuge

was spun to 60 g's before the test at ig (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 oi precise information on the

arrival time of the shock wave on the bottom of the burster

slab (Pressure Gage P1 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 Useconds which is larger than the

corresponding arrival time for test A2 (264 iseco-nds) by

50%. Also, the arrival time for the second peak in test Al

(561 oseconds) is larger than the corresponding arrival

time for test A2 (460 Useconds) by about 22%. The rise timi.

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 pressure -

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 responses in tests

A5 (2' stand ff, ig) and A6 (2' standoff, 60 g's). These

two tasts are similar to tests Al and A2 respectively,

except that the centrifuge was not spun to 60 g's beors

test A5 (at lg) was performed. Therefore, in addition to

the difference in gravities between tests A5 and A6, tK%

sand Aensities were not equal either.

--. ------ -- -
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The arrival time of the first peak in test AS is 408

Useconds which is larger than the corresponding arrival

time for test A6 (361 pseconds) by about 13%. The arrival

time for the second peak in test AS (500 4seconds) is

8% smaller than the corresponding arrival time for test A6

(541 useconds).

The rise time of the signal in test AS (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 AS (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 AS (105 psi) by 23%.

Figure 6.10 illustrates the difference in impulse curves

between 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 AS and A6 respectively. It should be

noted that the densities of sand in tests Al and AS were

not equal. Table 6.1 summarizes the results for Pressure

Gage P2. For tests Al and AS, the difference in the

amplitude 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 AS 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 AS by 11%. 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

14%. 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 A5

indicate a noticeable difference in the peak impulse

between the two tests. However, this 6 'ference is much

smaller in tests A2 and A6.

Figure 6.11 shows PresSure Gage P2 responses for tests

B1 (2' standoff, ig) and B2 (2' standoff, 82 g's). The

centrifuge was not spuO to 82 g's before test Bl was

performed. These two tests are similar to the two sets of

tests explained earlier (Al, A2 and AS, A6) in that the

standoff distance i 2 scaled feet. However, tests Bl and

B2 are cQnducted on 182-scale models rather than 1/60-

scale models. It is clear that the arrival time of the main

wave in test B2 is faster and the peaks are higher than in

test B1. Table 6.1 incla4es the results from these two

tests. It shoAld 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 B1 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 B1 (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. Figqre

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

total 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 in test B1 (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 B1 (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 B1 (279 Useconds) is smaller than the

corresponding average time in tests Al and A5 (400

gseconds) by 30%. The arrival time (adjusted) of the second

peak in test B1 (488 seconds) is smaller than the average

arrival time for tests Al and AS (531 useconds) by 8%.

Figure 6.13 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 B2 (168

psi) by 7%. Figure 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 ig and at

zero standoff distance. The reason for this was that any

test at zero standoff destroys the burster slab and further

tests on such a slab may not provide accurate information.
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Figure 6.15 shows the Pressure Gage (P2) responses in

tests A3 (0' standoff, ig) 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 to transfer to the soil at a point directly

beneath the charge. If there is increased soil stiffness

160-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 crater excavation.

Crater formation in soils is shown to be a function of

gravity (Schmidt and Holsapple, 1980 and Kutter et al.,

1985). Assuming that the same holds true for crater

formations in concrete, a larger portion of the total

energy is used in crater formations at high-gravity

environments. Therefore, a smaller portion of the total

energy is txansmitted 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 Ig with a standoff

distance of zero (test A3).
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Figure 6.16 shows the impulse curves for tests A3 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, ig) 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 6.18 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'

standoff, the arrival times of the first peak pressure in
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Ig 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 (see 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 response

of Pressure Gage P3. Figure 6.21 shows the Pressure Gage

(P3) responses in tests Al (2' standoff, Ig) 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 time of the peak in test Al (548 Useccnd!) is

larger than the corresponding arrival time in test A2 r42
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pseconds) by 14%. Figure 6.22 shows the impulse curves for

the two pressure curves in Figure 6.21.

Figure 6.23 shows the Pressure Gage (P3) response in

tests A5 (2' standoff, ig) 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 front is clearly smaller in test

A6.

Comparisons of tests Al and A2 with A5 and A6

respectively indicate that there are wide variations in

magnitudes of pressures in similar tests even though the

arrival times are close. The reason nay be due to an

incorrect placement of the burster slab which resulted 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. Figure

6.24 shows much larger impulse for test A6 as compared to

A5.

Figure 6.25 shows pressure responses in tests Bl (2'

standoff, lg) and B2 (2' standoff, 82 g's) on 1/82-scale

models. Test Bl exhibits a very well-defined pressure

response. This type of response is expected for Pressure

Gage P3 because of its location on top of the side wall.

Gage P3 is subjected to much smaller structural

deformations and wave reflections than Gage P2. The arrival
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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 between

these two tests.

A similar-shape response is obtained in tests A3 (0'

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 pressure 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 A3 and A4

shown in Figure 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 Zor tests 83 (0'

standoff, 82 g's) and B5 (0 standoff, 82 g's) which are

similar. The arrival time of the shock wave and the peaks

are very close (206 and 208 pseconds). 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 1g. The arrival times

of the shock fronts are also faster in the 60g tests. This

type of behavior is not observed in tests on 1/82-scale

model (31 and B2) which may be due to a rigid body movement

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.

6.1.4 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

therefore very little pressure is expected at the location

of Gage P4. Figures 6.31 and 6.32 are two examples of P4

responses 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 in Figure 4.21. Figure 6.33 shows the

Pressure Gage (P5) response in tests Al (2' standoff, ig)

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 the pressure responses (P5) for tests

A3 (0' standoff, lg) 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). Thefefore, those results are not

presented here.

6.1.6 Pressure Gae _P6

Pressure Gage P6 is located on the bottom of the side

wall as shown in Figure 4.21. This gage also indicates

pressures very close to zero in all tests (low and high-

gravity tests). Figures 6.37 to 6.40 show the results for

Gage P6 in some of the tests.

o.2 Accelerations

Locations of the two accelerometers (Al and A2) used in

the tests reported here are shown in Figure 4.23. In this

section, the accelerometer waveforms for different tests
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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 zero acceleration and the absolute acceleration

values 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 transducers,

explosions have spurious effects on the accelerometer

response in the time span of a few microseconds. This

effect can be seen in all accelerometer responses presented

here.

Positive acceleration is directed away from the base.

Therefore, for accelerometer Al, positive acceleration is

directed downward and for accelerometer A2, positive

acceleration is directed to the right.
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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, ig). 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 Figures

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 16%. The

difference in the second peak (negative) is as much as

300%. The arrival time for the first peak in test Al (285

pseconds) is larger than the corresponding arrival time

in test A2 (225 pseconds) by 27%. The difference in the

arrival times of the second peak for these two tests is

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 Vseconds). 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 are multiplied

by 60/82 and 82/60 respectively to adjust for scaling size

differences in 1/60- and 1/82-scale models and thereby haqe

a common basis for comparisons.

Figures 6,45 and 6.46 show accelerometer (Al) responses

in tests B and 82 (1/82-scale model). Both the magnitude

and the arrival time of the first peak in test U1 (766 g's,

226 useconds) are lar4er than the corresponding values in

test B2 (677 g's, 198 psecoads) by about 15% (see Table

6.2). The second peak in test 81 (-437 g's) is also larger

than the second peak in test B2 (-362 g's) by 21% while the

arrival time for the second peak in test 81 (280 pseconds)

is larger than the corresponding arrival time in test B2

(267 useconds) by 5%.

Figure 6.41 shows the Accelerometer (Al) response in

test B4 (2 standoff, 82 g's). This test is similar to test

82. 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 82 (198 4seconds) 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

arrival times at 60 g's as compared to tests at 1g. The

average first peak acceleration in tests on 1/82-scale

models (82 and B4) is very close to the peak in test B1

while the average second peak is smaller in tests 82 and 84

as compared to test 81. However, the arrival times in 82-g

tests are faster compared to lg tests on 1/82-scale models.

Comparable tests on different scale models (1/60 and 1/82)

show larger first peaks and faster arrival times ror 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

tolerances 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, ig) and A4 (0' standoff, 60 g's).

The adjusted first acceleration peak (see Table 6.3) in

test A3 (1605 g'si is larger than the first 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 Oseconds). The higher peak accelerations in

the lg 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 Eor the damaged and cracked burster slab used in

test A4. Test A7 shows higher first peak accelerations than

in test A4 (1163 g's compared 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 45X. The arrival times

for the first and second peaks in test A7 (170 and 210

Vseconds) are higher than the corresponding arrival times

in test A4 (144 and 190 useconds) by 18% and 11%

respectively.

Figures 6.51 and 6.52 show Accelerometer (Al) responses

in tests B3 (0' standoff, 82 g's) and R5 (0' standoff, 82

g's). These two tests are conducted unc .ji~:llar

conditions. Test 85 shows a higher adjusted first peak

(3938 g's) as compared to test 83 (2790 g's) by 41%. The

second peak in test 85 (-2196 g's) is higher than the

second peak in test 83 (-847 g's) by 159%. The arrival

times for the first and second peaks in test B3 (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 1g. The arrival

times for the peaks in tests at 60 g's are, on the average,

higher than in ig 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 explosive

mass and the geometry of the detonator.

6.2.2 Accelerometer A2

Accelerometer A2 is located on the inside and the middle

of the side wall as shown in Figure 4.23. Figures 6.53 and

6.54 show Accelerometer (A2) responses in tests Al (2'

standoff, ig) and A2 (2' standoff, 60 g's). The first

response time of Accelerometer A2 in test Al (290 useconds)

has a delay of 40 oseconds compared to the first response

time of Accelerometer Al in test Al (250 useconds). The

negative first peak acceleration in these tests indicate an

outward direction (on the side wall) for the first

acceleration peak. The first peak in test A2 (-121 g's) is

higher than the first peak 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 times 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 4seconds) is 45 pseconds

larger than the first response time of Accelerometer Al in

test A5 (240 pseconds). Test A6 shows smaller peak

accelerations as compared to test AS. 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%. However, 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 A5 vary substantially, the arrival times for

the peaks in these tests are relatively close (270 and 355

Useconds in A5 and 260 and 335 Pseconds in A6).

Figures 6.57 and 6.58 show Accelerometer (A2) responses

in tests 81 (2' standoff, Ig) 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 B1 (246 and 355

pseconds) are larger than the corresponding arrival times

in test B2 (239 and 335 4seconds) by 3% and 6%

respectively. The time at first response for Accelerometer

A2 in test Bl (212 pseconds) is 27 seconds larger than the

time at first response for Accelerometer Al in the same

test.

Figure 6.59 shows Accelerometer A2 response in test 84

(2' standoff, 82 g's). This test was conducted under

conditions similar to test B2. The first and second

accel3ratlon peaks in test B4 (-165 and 503 g's) are

relatively close to the first and second peaks in test 82

(-173 and 475 g's), respectively. The arrival time for the

first peak in test B2 (239 oseconds) is higher than in test

B4 (178 4seconds) by 34%. The arrival times for the second

peak in these two tests are close (335 and 301 wseconds).

Figures 6.60 and 6.61 show Accelerometer (A2) responses

in tests A3 (0' standoff, Ig) 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's) 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 pseconds).

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 4seconds) are higher than the

corresponding arrival times in test A4 (175 and 290

pseconds) by 14% and 9% respectively.

Figures 6.63 and 6.64 show Accelerometer (A2) responses

in test B3 (01 standoff, 82 g's) and B5 (0' standoff, 82

g's). These two tests were performed under similar

conditions. The peak accelerations and arrival timos 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 1g. 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 1/82-scale models at 82 g's show

larger adjusted peak accelerations and faster arrival times

than tests on 1/60-scale models at both Ig and 60-g tests.
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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 photographically. Therefore, results

from these two gages were not transferred to the computer

(HP 9816) for reduction and analysis. Results from other

strain gages (stored on oscilloscope disks) were

transferred to the computer through a direct link between

the oscilloscopes and the computer after the completion of

all tests.

During testa of the trigger system for the detonator

(before actual explosive tests), it appeared that the

trigger signal had an influence in 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 blasu tests to compensate for that

unwanted effect. However, because 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.
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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 S. and

S2 (top slab) did not function properly in tests on 1/82-

scale models (8 series).

6.3.1 Strains in Top Slab

In this section, only the results of tests on 1/60-scale

models are presented because strain gages Sl and 2 did not

work properly in tests on 1/82-.scale models. Figure 6.65

shows flexural strains in the top slab for tests Al (2'

standoff, lg) and A2 (2' standoff, 60 g's). As mentioned

earlier, the response in the first 150 useconds should be

considered as influenced by interference from the triggAr

system and the explosion. In these discussions, only the

time frame during which the shock wave is applied on the

structure is considered.

It is 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% difference in peak strains). Figure 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 conditions 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 A2.

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 (1g) 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 '0g test

(M). 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), there 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 Figure 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 AS and A6.

Again, there are larger flexural tensile strains on the

outside of the side wall in the 60g test (6) 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 81 (2'

standoff, lg) and B2 (2' standoff, 82 g's) performed on

1/82-scale models. Larger tensile strains appear in the 82g

test (82) compared to the ig test (BI). The magnitudes and
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shapes of the strain response curves in tests B and B2 are

similar to the curves in tests Al and A2 (Figure 6.73). In

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 times 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



227

U .4M

2c

In In (
r4 "J .mU

m U,

cm-
ri M C)

W ;

U, N
T

r- 0 E-4In

In In C

r-

L c

Lo
-n C: rIN

0 (M0

'In

-

C)-4

N W

(NI/N OrIHkIV±



228

CD
____ __ _ ____ ___ C

UC=

CL
cn , 4

Z I
- In

00

z~ zO

< ~COM

Tj- uj/ V)
C) C)

C)
Lu c

< r-4

Cm -4

00

I- Co c

(NI/N CC: 1I)NI~



229

I-.-

W(\
Wj >

In
in C)

i. n m

cm W

- U In (\

cA (A

<I

Cr)) -lTn

z wC C)

CI U) U

xC) 0

C s)

I--

z- < x
rn

UC)

.C

C C C C Co C
C Cz C C C C

(NI/NI : ~I N) N I Vd.S



230

C)c

m in

ClN N

~~14

I cc U

z. w

(~~J*) 0 I I

Zr t;- z

Z VII

C -n

x C cm)

LL.

U') W
m-

CC4

C)
cr, C)

C)-:)

C

C C C C) C C C)
C C C C C) C

cc IT

(NI/NI CJ I N) N IVdJIS



231.

IcI

'-a E-

z ~U
0 V)

U)
Q U)

x-

N N

z

00

I- 3
w 3 Ca

0 It N

(N I/N I MOI W) N IV.IS



232

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 CA6) compared to the lg test CA5).

Figures 6.82 and 6.83 show axial strains for tests Bl,

B2 and B2, B4 respectively. The magnitudes of these strains

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 results. It is believed that this

is due to a gage malfunction in test 83.

6.3.3 Strains in Bottom Slab

Figure 6.87 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 remain after the explosion occurred.

Compressive flexural strains on the outside of the bottom

slab are consistently and considerably higher ini the 60g

test (A2). The peak strain in the 60-g test (A2) 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 compressive 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 84 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, AS, A6) as shown in Figures 6.91 and

6.92. Test A? shows slightly larger peak compressive

strains than test A4. Figure 6.93 shows flexural responses

in tests on 1/82-scale models aL zero standoft distance.

The do not show similar responses as would be expected and

the peak strains are larger than those in tests on 1/60-

scale models at zero standoff distance.

Axial strain curves in the bottom slabs for tests on

1/60-scale models (Figures 6.94 and 6.95) are ve.y similar

to the axial strain curves in the top Jlab tcr the same

tests. The reason may be that the dxial stzains 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' standofE 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 B5.

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 1g. 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 digltal zero on the accelerometer responses

does not indicate zero acceleration. Therefore, a reference

voltage (zero acceleration) has to be established for each

accelerometer 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 reference voltage

which results in the convergence of velocity and

displacement responses to zero after a relatively long
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period of time (5 to 10 ms) is a valid reference point for

each accelerometer response.

The first 80 tseconds in the response of each

accelerometer was set equal to zero so thr..t 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 Vl

Velocity Vl (top slab) is obtained by integrating the

response of accelerometer Al. Figure 6.101 shows Velocity

V1 responses in tests Al (2' standoff, Jg) and A2 (2'

standoff, 60 g's). The peak velocity in test Al (17 in/sac)

is larger than the peak velocity in test A2 (14 in/sec) by

21%. The duration of positive velocity in test Al (2400

vseconds) is larger than the corresponding time in test A2

(1150 pseconds) 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, Ig) and A6 (2'

standoff, 60 g's).

Figure 6.103 shows Velocity VI responses for test BI (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-scale

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 A. and A5 (17 in/sec). The peak velocity

in test B2 (11 in/sec) is slightly smaller than the peak.

velocity in test A2 (14 in/sac) and test A6 (13 in/sec).

The adjusted time for the duration of positive velocity in

test 81 (1536 x 82/60 = 2100 useconds) is smaller than the

corresponding times in tests A' (2400 pseconds) and A5

(2170 useconds) by 12% and 3%, respectively. The adjusted

time for the duration of positive velocity in test 82 (696

x 82/60 = 951 Pseconds) is also smaller than the

corresponding times in tests Al (1150 Dseconds) and A2

(1200 useconds) by 17% and 21%, respectively.

Figure 6.104 shows the Velocity VI responses in tests 82

and 84. These two tests were conducted under identical

conditions and should yield similar results. The general

shapes of the two curves and the magnitudes of the peak

positive velocities are in close agreement.

Figure 6.105 shows the Velocity V1 responses in tests A3

and A4. The peak velocity in test A3 (26 in/see) 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

Useconds) by 32%. Figure 6.106 shows Velocity Vl responses

in tests A4 and A7. Tests A7 and A4 were conducted under

similar conditions (except for the condition of burster

slab explained earlier). Test A7 shows slightly smaller

peak velocities as compared to test A4.

Figure 6.107 shows Velocity Vl responses in tests B3 and

B5. These two tests are also comparable to tests A4 and A7

(Figure 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 response

curves are very similar considering that the times in 1/82-

scale models 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 S3

(342 x 82/60 = 467 useconds) is relatively close to the

corresponding arrival time in test A4 (528 pseconds).

In general, for tests conducted on 1/60 and 1/82-scale

models) the peak velocities (Vl) in tests at 1g 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
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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 testb conducted under

similar conditions.

6.4.2 Velocity V2

Velocity V2 (side wall) is obtained by integrating the

response of Accelerometer k2. Figure 6.108 shows Velocity

V2 responses 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 6.101). As expected, the

velocity on the side wall is first directed outward

(negative velocity). Figure 6.109 shows Velocity V2

responses in tests A5 and A6 which are in general agreemeot

with the response in tests A1 and A2 (Figure 6.108). Therq

was a problem with the convergence of the velocity reaconse

in test AS.

Tests 81 and B2 (Figure 6.110) show sli-jhly differolit

velocity responses. The peak negative v Iia y in test 81

has a magnitude of 6 in/sec whicth is lak-r than the

corresponding peaks in tests Al (4 in!sec) and A5 (5

in/sec). The adjusted arrival t ,a of the peak velocity in

test 81 (215 x 82/60 = 294 useco-ais) ii smaller than the

corresponding times in tests Al and A5 (360 useconds).

Figure 6.1il illustrates that tests 82 and 84, which were

conducted under similar conditions, show very similar

velocity responses.
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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

similar 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 83 (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 pseconds).

6.5 Displacements

Displacements at the center 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 D1 (top slab) is obtained by integrating

the response of Velocity Vl. 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
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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 soil 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 peak

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 smaller than the corresponding peaks in tests

A2 (0.005 in) and A6 (0.006 in). Figure 6.118 shows the

displacement curves for tests 82 and B4. They show siiilar

responses except for the divergence of the negative

displacement in test B4.

Figure 6.119 shows the displacement (DI) curves in tests

A3 and A4. The peak displacement in test A3 (0.022 in) is

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

difference. Test A4 shows a divergence in displacement

response. A similar test (A7) is shown in 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 summmary, deflections of the top slab of the

structure are much larger in the ig tests as compared to

the tests at high gravities. These observations are

believed to 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 compared to tests at 1g.

These results clearly indicate the significance of

centrifuge testing in terms of the effect of gravity

stresses in modifying the structural response of the

system. In addition, the repeatability of deflection

responses in similar tests are clearly illustrated and the

-scaling rrlationships are, to a large extent, verified.-

6.5.2 Displacement D2

Displacement D2 (side wall) is obtained by integrating

the veloc ity response V2. Most of the displacement curves

for the side wall do not converge to zero displacement.

This may be because of very small diapi.acements (less than

0.001 in) involved, and the errors introduced in double

integrations to obtain such small displacements. Therafore,

only Figures 6.121 and 6.122 which indicate more reasonable

responses are shown, Displacement scales in these two

figures are different 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 centriEuge

tests on small-scale models of underground structures

subjected to blast loading.

2) For 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 Ln

the high-gravity-tests (both 1/60- and 1/82-scale) as

compared to Ig 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 1/82-scale models (2' standoff) show larger

pressures than similar tests on 1/60-scale models even

though equal pressures were expected according to the

284
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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 smal.-scale structural models and explosive charges

may be a factor. Despite these differences, the arrival

times of peaks in most tests on 1/82-scale models were

close to 60/82 times smaller than the corresponding tiius

on the 1/60-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.

For blast tests at zero standoff distances, the only

test performed at ig showed larger pressures and

accelerations on the top slab of the box 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) more evenly and therefore reduce peak pressures

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 energy transmission to the

soil. Also, testing errors such as incorrect placement of
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the detonator may be a distinct 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

1g. 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 displacement

responses is also evident for tests conducted under similar

conditions.

3) Based on the test results reported here, it can be

concluded that the centrifuge is a necessary and viable

tool for blast testing on small-scale models of underground

structures. This method of testing can result in

substantial cost savings as compared to full-scale tests

and would be ideal for parametric studies on underground

structures. Ultimate ~srength (failure) studies on such

systems in a centrifuge should be performed 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 to the instrumentation system

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 because 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.

Now that the basic methods and devices for blast tests

in centrifuge have been developed and the importance of

gravity stresses are established, future such tests should,

at first, be directed at understanding the major

contributing parameters independent from qach other. For

example, an study of the characteristics of shock wave

propagation in different soils (no scructure) 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.



APPENDIX A
ELECTRONIC COMPONENTS OF THlE INSTRUMENTATION SYSTSM
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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 results on a
digital plotter.
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