R-7824-5489
FBi- 133578

VALIDATION OF

PULSE TECHNIQUES FOR
THE SIMULATION OF
EARTHQUAKE MOTIONS
IN CIVIL STRUCTURES

il
b

AV} ‘W\\Jﬂ \rv\ 7

Any opinions, findings, conclusions
or recommendations expressed in this
publication are those of the author(s)

May 1983 and do not necessarily reflect the views
of the National Science Foundation.

Prepared Under

National Science Foundation
Grant No. CEE77-15010

REPRODUCED BY

NATIONAL TECHNICAL
INFORMATION SERVICE

U.S. DEPARTMENT OF COMMERCE
SPRINGFIELD, VA. 22161

AGBABIAN ASSOCIATES
250 North Nash Street

P.0O. Box 958

El Segundo, CA 90245-09586






30272101

REPORT DOCUMENTATION |1 AEPORT wO. z
PAGE NSF/CEE-83211

3. Recipient’'s Acceision Neo.

R

4. Thtie and Subtitte
Validation of Pulse Techniques for the Simulation of
Earthquake Motions in Civil Structures :

8. Report Dats

May 1983

-

7. Author(s)
F.B. Safford, S.F. Masri

& Performing Egnn‘untnon Rept. Mo.
9

R-7824-

9. Parforming Organizetion Namsg and Address

Agbabian Associates

250 North Nash Street

P.0. Box 956

E1 Segundo, CA 90245-0956

10, Projuct/Task/Work Unit No.

11. Contract(C) or Qrant(G) Ne.
©

@ CEE7715010

12, Sponrsoring Organization Name and Address g
Directorate for Engineering (ENG)
National Science Foundation

1800 G Street, N.W. ’
Washington, DC 20550

13. Type of Report & Period Covered

14.

15. Suppiemantary Notes

13, Abstract (Limit: 2CC worza)

Results are presented of research undertaken to validate the application of pulse
techniques for the simulation of earthquake motions in civil structures. A pulse
train algorithm was developed and is shown to closely approximate structural motions
induced by earthquakes. A simple anti-earthquake algorithm was also developed. This
algorithm, when used in conjunction with various types of pulse units, shows promise
in the reduction of 'structural motions at the damage or 1ife-threatening thresholds.
The anti-earthquake algorithm is presently limited to preselected fixed amplitude
pulses. Two gas pulse generating systems were produced and are said to be in a state
of operational readiness. It is suggested that additional calibration tests at Jow to
medium nozzle throat settings be conducted. In addition, surge suppressors should be
added to the plenum chambers to improve nozzle efficiencies and to reduce the
interaction of pneumatic surges with the plenum chamber balancing piston.

17. Document Anaiytis 2. Daterigtors
Earthquakes
Algorithms
Structures

Generators

b, ldentifiars /Cpen-Ended Torms

Dynamic structural analysis

Earthquake resistant structures

M et R et e e

(Soe ARSH223.13) o8 Instructions on Jeveria

DPTIONAL FOAM 272 (177

(Formarly itTi3-35)
Capartment of Commerss

Pulse techniques F.B. Safford, /PI
Ground motion S.F. Masri, /PI
¢ COSATI Flald/Group , Q
1% Availsbility Ctatemont 12, Zocurity Class (This Raporn) 21, Mo. of Pazes :
NTIS 3. Socurity Class (Thus Pone) 2. Price :
)






ﬁ\ : ‘ R-7824-5429

ABSTRACT

This research project was undertaken to validate the appli-
cation of pulse techniques for the simulation of earthquake
motions in civil structures. Major efforts were in the develop-
ment of algorithms to generate pulse trains and to develop
digitally programmable gas pulse thrusters.

An algorithm employing adaptive random search was success-
fully developed to generate pulse trains which, when applied to
a system, will closely approximate structural motions induced by
earthquakes. This algorithm permits placement of pulse excita-
tion units in multiple locations of test convenience. Computer
studies of several structures yielded information on the per-
formance required for pulse units with respect to optimum
exciter locations, phase effects, thrust magnitude, pulse
widths, and impulse. A rudimentary anti-earthquake algorithm
was also developed which has potential applications at extreme
structural motions to reduce severe building damage or life
threatening situations.

Two programmable cold gas ﬁulse systems were successfully
developed and are available for tests. The gas pulse systems
performed reliably and safely. Start-up, shut-down and repeat
tests may be performed quickly and efficiently. Changing pulse
train commands involves entering only time and amplitudes on the
keyboard of the control microcomputer. The system 1s readily
transported to test sites and set-up time is expected to be less
than a day. Peak output force 1is slightly less than 10,000 1bf
and minimum pulse width is about 25 ms. Signal monitors provide
time history records of input command signals, metering nozzle

position, chamber pressure and output force.

Demonstration tests on a single story commercial structure

(D

were conducted and the gas pulsers performed as 1intended.
Output forces and pulse durations cbtainable with these units
make them suitable for use on small buildings, large eguipment,
piping systems, open frame structures and electric power distri-

bution centers.

Preceding page blank 11
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SECTION 1

INTRODUCTION

A research program was undertaken to validate the applica-
tion of pulse techniques for the simulation of earthquake
motions in c¢ivil structures. Such a program for on-site exci-
tation of civil structures to earthquake motion can provide for
the feollowing needs:

° Adequate experimental justification for complex compu-
ter models

° Proof testing of new and rehabilitated structures
° Seismic testing of existing structures

This determination of the behavior of structures subjected to
such jolts is accomplished using three-orthogonal-axes earth-
quake simulation of civil structures.

1.1 BACKGROUND

Previous analytical and experimental work with mechanical
(metal-cutting) pulse generation indicated that pulse trains
placed at convenient locations on a civil structure could simu-
late motion closely approximating earthquake-induced moticns.
The simplicity of the pulses (on, off, and amplitude) suggested
that large amounts of power or energy could be reasonably
handled in a test situation.

The very low periods of large buildings require long dura-
tion pulses and high forces. Military and small space rockets
would appear to be an attractive application. Rockets have been
used to measure modal properties by Scruton and Harding (UK) on
a chimmey in 1957, by Corvin and Steinhilber (W. Gr.) on a
nuclear power plant ccntainment structure in 197%, and by Sato
and Sawabe {(Japan) on microwave communications towers in 1980.
Trade-off studies were conducted for adaptability of rockets for
pulse train applications. These pulse train studies showed a

need for flexibility in thrust magnitude and burn time, both of

1-1
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which required awkward modifications of the rockets at this
early stage of investigation.

Alternative studies were conducted on variable throat
nozzles and on other forms of propellants such as cold gas,
steam, and hydrazine. From these studies, a nozzle with an
internal metering plug was chosen, and used with nitrogen at a
commercial pressure of 2460 psig as a propellant. This approach
provided the flexibility required in pulse programming but the
thrust levels would be useful only on small structures and large
equipments. The two pulse rockets are pictured in Figure 1-1.

1.2 SCOPE OF WORK

The first major phase of this research program was the
development of efficient algorithms for pulse generation for
earthquake simulation in civil structures and also for the sup-
pression or reduction of earthquake-induced structural motions
by counteracting pulses. The second major phase involved the
development of the pulse generating system itself, a system that
involved electrical, mechanical, hydraulic and gas dynamic sub-
systems. The use of a metering nozzle for variable thrust
control raised questions of thrust efficiency at the onset. A
final phase of the research program included a demonstration
test upon a structure.

This report covers the main development phases of the
research grant.. The first sections describe the gas pulse sys-
tem (Sec. 2) and the gas pulse generator (Sec. 3). A discussion
of motion simulation by pulse trains is given in Section 4.
Section 5 presents data from calibration and initial test runs
of the pulse generators. A demonstration of motion reduction by
pulses (Sec. 6) and a demonstration test upon a structure
(Sec. 7) completes the technical sections of the report. The

final sections discuss a utilization plan and conclusions.



FIGURE 1-1. TWO PULSE THRUSTER UNITS
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SECTION 2

GAS PULSE SYSTEM

2.1 GAS PULSE SYSTEM

Two gas pulse systems have been developed and are schema-
tically illustrated in Figure 2-1. Two independent systems were
produced so as to place each system in opposing directions for
tests of structures or large equipments. This "opposed posi-
tioning" permits the sense of positive and negative force.
pulses. The operations of the two systems are controlled by a
common microcomputer. Each gas pulse system is composed of the
following subsystems:

Pulse Rocket
Hydraulic subsystem
High pressure gas supply

e © o o

Control microcomputer

In addition, signal monitors and data recordings are pro-
vided for. Signal monitoring is particularly critical when the
gas pulse system is used in the anti~earthgquake mode (rocket
thrusts to counter structural motions). Monitor signals of
supply pressure and stroke position regquirements of the metering
nozzle of the pulse rockets are used as feedback signals.

2.2 PULSE ROCKET

The pulse rocket is pictured in Figures 2-2 and 2-3, and
schematically shown in Figure 2-4. The pulse unit mounted upon
a hydraulic actuator 1is 55 in. in length and weighs 500 1b.
Thrust amplitudes are controlled in the on-state by positioning
the metéring plug for the required throat area in the nozzle for
flow control. The off-state for the pulse occurs by signaling
the hydraulic actuator to move the metering plug to seal off gas

flow at the nozzle.

Nominal thrust or output force with gas supply at initial

pressure 1is 10,000 1lbf. The convergent-divergent nozzle 1is the
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FIGURE 2-1, SCHEMATIC OF TWO GAS REACTION PULSE-GENERATING
SYSTEMS CONTROLLED BY CENTRAL MICROCOMPUTER
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FIGURE 2-3. FRONT VIEW OF GAS PULSE GENERATOR
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FIGURE 2-4. GAS REACTION FORCE PULSE GENERATOR EQUIPPED WITH
A 90-GPM SLAVE VALVE AND A 5-GPM PILOT VALVE
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De Laval type and is 8.2 in. in length, with a 2-in.-dia. throat
and a &.78-in. exit diameter. This configuration gives a cone
éngLa of 32.5 deg and an efficient flow of 98% (2% loss by
divergence). The plenum chamber behind the nozzle houses the
metering shaft, gas seals, and air supply hose connections. The
chamber is 9 in. long and 8 in. ID.

2.3 HYDRAULIC SUBSYSTEM

The function of the hydraulic subsystem, upon command from
a microcomputer, is to position the metering plug in the gas
rocket. This subsystem consists of a hydraulic actuator,
hydraulic ‘power supply, power control panel and signal con-
troller.

The hydraulic actuator is pictured in Figure 2-2 and sche-
matically in FigutYes 2-1 and 2-4. This actuator has an output
force of 6,600 1bf and a stroke of 2 in. Overall dimensions are
24 in. in length and 6.3 in. body diameter. Two units were
acquired from Ling Electronics.

The force cutput rating of the actuator was selected on the
basis of the total mass to be moved (metering plug, shaft, and
hydraulic piston) and the gas pressures in the plenum chamber of
the rocket. High output force is required for rapid opening and
closing of the metering plug. To improve rise times, oversized
hydraulic pilot wvalves (5 gpm) and slave valves (50 gpm) are
used. Rise times less than 13 msec have been achieved.

The hydraulic power supply is given in the schematic of
Figure 2-5. The principal energy source is the 10 gal accumu-
lator which is used to drive the actuators. The accumulator has
sufficient capacity for most earthquake applications and thereby
eliminates the need for a high cost hydraulic pump. A small
hydraulic pump (5 gpm) proved adequate to bring the subsystem up
to operating pressure (3000 psi) and sustain the leakage flow in
the actuator because actuator leakage occurs in both slave and
pilotvalves and in the hydrostatic bearings. One of the 10 gal

accumulators is pictured in Figure 2-6.

2-5
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FIGURE 2-6. 3000 PSI HYDRAULIC ACCUMULATOR USED AS POWER
SOURCE FOR HYDRAULIC ACTUATOR

FIGURE 2-7. CONTROL CONSOLE FOR TWO HYDRAULIC ACTUATOR SYSTEMS.
TOP TWO PANELS ARE SERVOCONTROLLERS FOR EACH ACTUATOR.
BOTTOM PANEL IS HYDRAULIC PUMP CONTROL.
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Operation of the hydraulic power supply is performed by
control electronics to power up the system to pressure and
includes override and interlocks for temperature and fluid
levels. Command of the hydraulic actuator is through the servo
controller. Two of these units are pictured in Figure 2-7.
. These units receive input commands from the ndcrocomputér b&v
" which each servo controller operates an actuator. Feedback
signals from pressure differentials, servo wvalve position and
actuator position provide accurate response to the input sig-
nals. Schematics of the hydraulic servo and servo controller
—'éfe—given in Figures 2-8 and 2-9. e

" To assure safety, all pipe fittings, valves:mahd hoses are
..rated at 12,000 psi burst pressure. The hydraulic system
operates under pressure at 3000 psi.

2.4 GAS STORAGE SUBSYSTEM

Gas supply storage for nitrogen gas consists of six stan-

- dard industrial high pressure tanks, four 10 ft long 1-1/4 in.
dia. flexible hoses and the plenum chamber for each gas pulse
generator system. Three pressure tanks are mounted as a group
with each tank equipped with a valve and a manifold. A typical
unit is pictured in Figure 2-10. Gas capacity for each pulse
unit is as follows: o

Unit
Element No. vVolume Volume
Tanks 6 2,661 15,966
Hoses 4 212 848
Manifolds 2 105 210
Plenum 1 511 511
17,535 in>
(10.2 £t3)

For each unit, this amounts to 134 1b of nitrogen compressed at
2640 psig.
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FIGURE 2-10. HIGH PRESSURE GAS STORAGE UNITS
(ONE SET OF FOUR) USED TO SUPPLY
PULSER
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2.5 CONTROL MICROCOMPUTER

The microcomputer controls the firing pulseé for both pulse
generating systems. This computer, a PDP 11V03L, manufactured
by the Digital Equipment Corp., is pictured in Figure 2-11, and
its main features are diagrammed in Figure 2-12. Operation of
the pulse generator requires that both pulse generating and
counter-motion algorithms be programmed in machine language
(real time).

Four channels are available for output via a D/A converter,
and these are used in channel pairs for valve position and time
commands to each pulse generator (hydraulic servo controller).
Sixteen system channels are available for input via A/D conver-
ter to receive input signals of dynamic response of structures.
These input or feedback signals are used by the anti-earthquake
algorithm to initiate pulses at appropriate~time durations and
amplitudes to reduce structural motions that would be caused by
an earthquake. ' '

Programming for earthquake testing is straightforward. A
test program is initiated and the valve position (amplitude) and
the on/off times are entered for each pulse unit from the key-
board. The desired pulse program is stored in memory and upon
call-up will initiate the pulse firing sequence.

2.6 SIGNAL MONITORING AND DATA PROCESSING

Performance of the gas pulses is monitored and recorded as
functions of time by the following: -

° Metering nozzle position — Hydraulic actuator LVDT.

e Plenum chamber pressure —.Pressure transducer Teledyne
model 206AGX, 0-3000 psig.

° Thrust — Load cell Interface model 1220AF,
0-25,000 1bf.

° Command pulse train ~ Direct recording signals.
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Reproduced from
best available copy.

FIGURE 2-11. CONTROL MICROCOMPUTER (LEFT) AND DATA
RECORDING AND PROCESSING SYSTEM (CENTER
AND RIGHT)
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These recorded signals permit a quick assessment of performance
and a means of determining the nozzle coefficient from

reny

Crx T AT

where

FX Nozzle coefficient

Rocket thrust, 1bf

C
F
At Throat area, in2
P

c Chamber pressure, psia

Several methods are available for recording test results.
The method used in this report is by sional capture via an A/D
converter into circulating registers. Subsequent processing on
digital data acquisition/processing equipment is performed
within a few minutes after testing; the Zonic equipment used
for this procedure is pictured in Figure 2-11. Data displays
are in time histories and Fourier spectra. Eventually, data is
transferred to a main-frame computer for time series analysis.

[\9]
|
[
w
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SECTION 3

GAS PULSE GENERATOR

The design of the cold gas generator involved not only its
performance but safety as well, especially in view of the high
pressure storage capacity, flexible hose links, pipe fittings,
and the pulse rocket. Pictures of the two-pulse rockets mounted
on their hydraulic actuators are shown in Figure 1-1.

3.1 DESIGN CONSTRAINTS

" A major constraint in the design of the gas pulse generator
was the selection of the internal gas pressure. The setting of
maximum pressure levels was determined by safety considerations
and the availability of standard pipe fittings and hoses and
commercially available high pressure nitrogen tanks. These
considerations set the nominal operating gas pressure of the
system at 2640 psig (standard commercial K size gas storage
bottle 1.54 ft3). Commercial pipe fittings and hoses have burst
pressures of 12,000 psig. With 2640 psig as nominal, a maximum
value of 3000 psig can be used when high thrusts are required.

A secondary design constraint was the internal pressures
upon the metering plug. As can be observed in Figure 3-1, when
the plug is in the closed position (no flow) the projectad flat
plate area times the internal chamber pressure (Pc) presents an
initial force which must be overcome ty the hydraulic actuator.
This force, plus the reaction forces of the masses of the meter-
ing plug, shaft, and actuator piston, controls the opening time
of the pulser. Closing, as from a full open position, also
includes a side-on gas pressure at the front of the metering
plug, but this is a lesser force than above. A pressure balanc-
ing piston was added to compensate for the pressure forces on
the rear of the metering nozzle. This device promotes a more
rapid opening. The piston, as can be seen in the sketch of
Figure 3-1, is actuated by a step in the shaft for nozzle posi-

tion of 0 to 0.25 in.
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These design limits set the requirements of the hydraulic
actuator at 6,600 lb output force and the throat diameter (d )
of the De Laval nozzle at 2 in. (At = 3.14 1n ).

3.2 SELECTION OF RCCKET THRUST

The maximum thrust of the rocket (metering plug in fully
retracted position) can be established by the following:

F=2C P A

FX "¢ 't
where
F = Rocket thrust, 1bf
Pc = Chamber pressuré, psia = 2143 + 14.7 = 2157.7 psia
At = Throat area, in2 = 3.14 in2
CFX = Nozzle coefficient = AqCF
where
A = Flow divergence factor in supersonic section
= 0.98
n = Friction loss factor = 0.95
CF = Lossless nozzle coefficient

Hence, F = 6300 CF'
Flow divergence in the supersonic section of a nozzle is
related to the cone angle by

A (1 + cos a)

L
2

where

¢ = 1/2 nozzle exit cone

Good design sets A at 0.98, and this results in an exit cone
angle of 32.5 deg (hence, a¢ = 16.25°) such that the exit area of

the cone is Ae = 36.1 in2 (de = 6.78 in.).

Friction loss factor n = 0.95 is empirical. The lossless

nozzle coefficient is found from the following:

W
]
W
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2(y-1) P\ Y P -p \A
CF=Y<Y;2-1> yfll'(Fe'> +(ePO>K§
c c Tt
where :
Y = Ratio of coefficients of specific heat, for N, = 1.41
P, = Pressure at exit plane of nozzle
Pc = Chamber pressure
P, = Atmospheric pressure
A, = Area at exit plane of nozzle
At = Throat area
For full expansion at the nozzle exit plane, Pe = PO and

maximum thrust occurs for the design chamber pressure
Cp = 1.577

and

design thrust

F = 10,000 1bf for 2460 psig static storage pressure

3.3 VARIABLE THRUST

Thrust may be varied by commanding the position of the
metering plug from the closed (no flow) position to the full
open (maximum flow). On command from a signal programmed in the
microcomputer, the metering plug retracts to a specified posi~
tion, at which point the throat area is an annulus between the
conic surface of the metering plug and the wall of the conver-
gent section of the nozzle. Figure 3~1 shows the functional
relation between the retracted position of the metering plug and
the throat area, At.

Loss 1n thrust efficiency will occur with small throat
areas due to over-expansion of the flow at the exit plane of the
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nozzle. Additionally, secondary shocks at the apex of the
metering plug, compression shock, and turbulence will combine to
reduce efficiency. For practical applications, the nozzle
coefficient C must be calibrated for a range of chamber pres-

FX
sure, throat area, and thrust, using the relation

3.4 THRUST PREDICTION (PROGRAMMING)

The present gas storage capacity for each pulse generator
consists of six gas bottles, four 10 ft long hoses, and the
plenum chamber of the gas rocket. This storage capacity amounts
to 10.2 £t°, and 134 1b of nitrogen compressed at 2640 psig.
After each pulse, the stored gas 1is reduced in pressure, and
hence, less potential energy. Thus, to program a pulse train, a
series of incremental solutions to the gas equations are
required. For example, chamber pressure of 2640 psig can reduce
to 400 psig and internal energy would reduce thereby from
134 Btu/lb to 119 Btu/lb after the last pulse. At the beginning
of each pulse, the state of the pressure, internal energy,
temperature, and weight of gas (reservoir) must be known in
order to program the next pulse for thrust, by the throat arsa
and the calibrated nozzle coefficient. An example of these

calculations is given in Table 3-1.

Thrust is given by

F=-mvV__ +A (P, -P)

Xe o

where

¥ = Thrust, 1bf

m = Mass rate of flow, lb-sec/ft
ot b - L2

Ae = mxit area of nozzle, in

P_ = ExXit pressure, psia

td
It

Ambient pressure, psia

3-5
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7 700

For these calculations Pe = Po was assumed, with subsequent

correction made using the calibrated nozzle coefficient Crx-

For the jet velocity,

VXe = A Ve
. where :

A = Nozzle divergence factor = 0.98

V., = Jet velocity, ft/sec

1) 172
P P\ !
v = )2 \[-<}1 -[=2
e y -1 Pe _ Pc

where

p. = Gas density in chanmber, 1b-sec?/ftt

Other parameters as given before.

The mass flow through nozzle is

y + 1

2(y-1)
< 2 Pc At
m= Y \y+1 A

where AC is the acoustic velocity (ft/sec) in the chamber and is
given by: ‘

YY)

AL = Aly plus temperature correction

<
c 1" P

Other parameters have been defined previously.
From the general flow eqguation and for the condition of no

flow, the chamber pressure is given by:

P v
c C

J

+ Uc = constant

(99}
[}
J
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where

<
Il

Specific volume, ft3/1b

(o]
It

Internal energy, Btu/lb
J = Heat equivalent of work, 778 ft-lb/BTU

Flow occurs upon retraction of the metering plug, which
results in a drop in chamber pressure (PC). This quantity is
required to predict thrust:

2
Pc v - 0.53 Pc Ve s (U - Uy = Vt
J o t gJ
and
X
_ (2 \v¢
Pt = (Y ) Pc = 0.53 Pc
N 0.53 Pc
Pr
where
Vor Vi = Specific volumes at chamber and throat, ft3/lb
P = Density at throat, lb—secz/ft4
Pt = Pressure at throat, psia
Vt = Velocity in throat, ft/sec

3.5 SAFETY FEATURES

The structure of the pulse rocket was designed with safety
as a principal consideration. Major elements were the end caps,
cylinder, and tie rods.

° End Caps. Stress including preload from the 4 tie
rods was less than 20,000 psi.

o Tie-rods. 1-1/4 in. diameter, AISI 1045 cold drawn
steel, 100,000 psi yield strength. Stressed to
41,000 psi.
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Cylinder (Plenum Chamber). 8 in. ID, 3/8 in. thick
wall, 9 in. long. Material AISI 1026 heat treated to
118,000 psi tensile stress. Worse case hoop stress
45,000 psi.
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SECTION 4

MOTION SIMULATION BY PULSE TRAINS

4.1 BACKGROUND

Simulation of structural motions by a series of pulses in
order to match motions induced by man-made-or natural events was
undertaken in 1973. The motivation for this effort was the need
for +test and experimental information, particularly about
motion-time histories of large and massive structures as they
can be expected to react to future catastrophic events.

These studies demonstrated that the pulse trains could be
all in one direction of a single axis if desired or necessary,
or could be in either direction. A pulser performs only three
functions: on, off, and magnitude. This simplicity is essential
for controlling large amounts of energy.

4.2 PULSE TRAIN DEVELOPMENT

The development of a pulse train to replace an earthquake
or other events for testing or experiment 1s illustrated in
Figure 4-1 below:

INPUT
STRUCTURAL
JAK
EARTHQUAKE )x( YNl C

R CHARACTERISTICS
OTHER EVENT

FY A
A4
TRANSFORMAT I ON

AND
RELOCATION OF

INPUT

RESPONSE

i J A4

STRUCTURAL
RESPONSE - PULSE TRAIN )x: OYNAMIC
CHARACTERISTICS

AAST2

FIGURE 4-1. USE OF PULSE TRAINS TO OBTAIN EQUIVALENT
STRUCTURAL RESPONSES TO EARTHQUAKE OR
OTHER EVENTS

>
1
'_l
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The transformation and relocation function in Figure 4-1
changes the continuous ground motion of an earthquake, to a
series of discrete pulses placed on a structure or building at
locations of test convenience. The response due to pulses is
approximate to the criteria or objective response. Computer
studies have shown this approximation can easily be held to
about a 5% error level over the motion-time history. This
error can change in actual tests due to the dependence on the
performance of pulse excitation devices.

The determination of pulse trains is made by successive
iterations using a general purpose computer. The algorithm
developed for this research project is described and detailed by
Masri and Safford in "Optimization Procedure for Pulse-Simulated
Response," which is reprinted in the Appendix. The three para-
meters for each pulse (on, off, and magnitude) and for each
pulse train location, potentially require an extremely large
number of iterations for convergence to a global minimum.
Algorithms using conventional convergence methods require exces-
sively long run times. The difficulties encountered in obtain-
ing convergence required the development of an algorithm which
employed random search techniques.

4.3 RANDOM SEARCH

A new random-search global optimization algorithm was
developed in which the variance of the step-size distribution is
periodically optimized. By searching over a variance range of 8
to 10 decades, the algorithm finds the step-size distribution
that yields the best local improvement in the criterion func-
tion. The variance search 1is then followed by a specified
number of iterations of local random search where the step-size
variance remains fixed. Periodic wide-range searches are
introduced to ensure that the process does not stop at a local
minimum. This algorithm is the basic building block for the
specialized pulse algorithm presented in the appendix and 1is
listed in the bibliography by Masri et al., "A Global Optimiza-
tion Algorithm Using Adaptive Random Search."

4=2
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4.4 SIMULATION OF MOTIONS USEFUL FOR STRUCTURAL INVESTIGATIONS

Emphasis in simulation has been placed upon simulating
earthquake motions in structures. However, the pulse method is
sufficiently versatile for the inducement of other types of
motion. As can be seen in Figure 4-2, sinusoidal motion can be
developed. Other studies have shewn that random vibrations can
also be generated. Housner in 1946 (sée Bibliography) showed
that base motion input of pulses with random amplitude could
represent the effects of earthquakes on dynamic systems. Single
pulse or multi-pulse tests can also be used to obtain transfer
functions of structures and for extraction of modes.

4.5, PERFORMANCE CHARACTERISTICS

Studies of the ratio of the time duration of dynamic moction
of a structure to. the sum of the pulse times varies from 3 to 1
to 5 to 1 for each point of input. A pulse train developed for
a specific structure is not unique, for a generally appearing
different pulse train will produce the same result. This non-
uniqueness permits development of pulses more compatible to the
performance of excitation devices. Experience has also shown
that the structural response is somewhat insensitive to errors
in the pulse train amplitudes.

4.6 IMPULSE AND FORCE REQUIREMENTS

Operations with the algorithm for pulse generation have
also disclosed a need for secondary optimization for minimiza-
tion of impulse and force requirements. Table 4-1 covers
average requirements for a pulse train as well as total impulse
required for application to a 25-story building. Applications
of pulse excitation on the 33rd floor requires average
forces for 18 pulses of 1.9 million 1lb and a total impulse of 23
million lb-sec. This study cn the 25-story building was one of
the first made and very little interactive effort was employed.

[1ay
1
w



R-7824-5489

6 ¥ T [ i i i T
r P(t)
L'23 P % L'-
]
t 2k .
| AT
. 3 (=] 1
| SN |
> -l‘h ’ 7
-6 e L 1 1 i L 1
T 0 & 8 12 16 20 24 28 32
) TIME, s
(a) Model (b} Pulse train
:O 0.214 T T T ;.c 0-]2 T T T T T T T
< 0.16} ] x 0.08} :
g ooy MM I M/W ‘
ol ARLLTTE
L -0.081 W -0.04¢ 1 .
(=] <
S-0.16¢ - & -0.08} v\ [ -
w -
- =0,24 1 : i 4 a =-0.12 1 i i i iAo 1
e 0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32
TIME, s TIME, s
(c¢) Displacement, Floor 23 (d) Displacement, Floor 13
0-12 1 1] 1 4 1] T T 0-06 T 14 L i 1 1 4
- 0.08 | 4 - 0.04F .
2 o.oub - = 0.0z} 1
< L x il
>= 0 b3 0 A
Pl T
g -0.04F . g -0.02} ' g
- —d |
3 -0.08} - Y -0.04k -
-0.12 PR [ T SN L -0.06 I L | [
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32
TIME, s TIME, s
(e) Velocity, Floor 23 (£) Vélocity, Floor 13
~ 0.08 T T T - 0.32 T ——T— T T
x 0.06 4 : 0.24 | 8
= 0.04f - < O.16f \ h 1
gz 0.0zt | Mh, . = 0.08¢t Al‘mlﬁ -
— ; ji M :' i
N USSTTLTTR E oL
&« 4 \j = 3 J Wi
TV LT
:() -0.04 1 L RN \ b : 8 -0.16 A L 1 S S |
0 4 8 12 16 20 24 28 32 < 0 4 8 12 16 20 24 28 32
TIME, s TIME, s AAEDS
(g) Acceleration, Floor 23 (h) Acceleration, Floor 13

FIGURE 4-2.
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EXCITATION OF FLOOR 23. PULSE TRAIN ALSO APPLIED TO
FLOOR 23,

4-4
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By placing the pulse units at four different floors,

R~7824-5489

average

force dropped to 470,000 1lb and total impulse to 8.8 million

lb~-sec.
TABLE 4-1. PULSE TRAIN REQUIREMENTS TO EXCITE 25-STORY OFFICE
BUILDING TO EL CENTRO 1940 EARTHOUAKE
Average '
Pulse Unit  |3°; 7 | Pulse Moras: Inotise
Location Req'd Dugatlon, 1bf 1b-sec
eC
23rd floor only | 18 0.784 1.91 x 10° | 23.24 x 10°
23rd, 18th, 13th| 52 0.41 0.47 x 10% | 8.849 % 10°
and 8th floors (13 per
floor)

Table 4-2 covers the pulse train requirements for a 3-story
test structure located at the Earthquake Engineering Research

Center,

University of California,

Berkeley.

This

table 1is

useful in comparing force and impulse requirements for wvarious

placements

of pulse units.

This latter application resulted

from improvements to the algorithm and from more interactive

efforts.
TABLE 4-2. PULSE TRAIN REQUIREMENTS TO EXCITE 3-STCRY UCB
TEST STRUCTURE TO EL CENTRO 1940 EARTHQUAKE
Average
. No. of Average Total
PElsetUnlt Pulses Dﬁ?iiion Force, Impulse,
ocation Req'd ' 1bf 1b-sec
SecC

3rd floor only 23 0.100 1,882 4,324
2nd floor only 23 0.083 4,076 6,906
1st floor only 24 0.077 5,387 10,704
All flcors 75 ¢.C48 4,507 9,545

(25 perx

floor)

fies
)
(92}
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4.7 ANTI-EARTHQUAKE APPLICATIONS OF PULSES

It is possible, using the information from the above dis-
cussion, to show that a pulse generating system could be used to
~ reduce structural dynamic motions by firing the pulses to oppose
the earthquake motions of a building. An array of transducers
_ would be required in the building to sense  acceleration, velo-
city, displacements, and/or strain. An on-line computer to
receive and process these feedback signals in real time would be
used to counterfire the pulse units at the proper time phasing,
time duration, and amplitude.

An on-line pulse control algorithm was developed for use
with distributed parameter structures and for arbitrary disturb-
ances. This effort was part of the research grant. This
algorithm was programmed in machine language for the DEC PDP
11vV03~-L microcomputer (described earlier in Sec. 2). This
computer is equipped with 16 signal channels via A/D conversion
for transducer feedback and 4 command channels from the computer
via D/A conversion to control the pulses. A more complete
description of this anti-earthquake system is in the reprint of
the paper given in Appendix A.

This anti-earthquake study must be viewed at this time as
an exploratory study. Eventual applications to large buildings
will require a careful evaluation of pulse system reliability
and pulse forces required. The high reliability and low costs
of integrated circuits permit large redundancy for the processed
sensor data, readiness status checks, and voting logic. In
addition, redundant motion sensors would be used. Pulses would
be sized for force output and pulse durations to operate only
when the building motion exceeds potentially damaging or life
threatening thresholds (i.e., motions beyond the seismic resis-
tance of the building). Force-time requirements would require

pulses to be in the form of solid propellant rockets.
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CALIBRATION

Calibration and initial test runs were performed to estab-
lish nozzle coefficients and operating characteristics of the
pulse generators. A complete matrix of tests was not performed
for the full range of chamber pressures and metering nozzle
positions due to program limitations.

5.1 MACHINE OPERATIONS

Numerous tests were made upon the hydraulic actuator to
optimize feedback for maximum rise time of the hydraulic piston
to step and pulse function commands. A series of calibrations
was also performed on the LVDT of the piston shaft for use in
establishing metering nozzle position (throat area).

During these operations, the only major failure of the
system occurred with the galling of the aluminum shaft of the
metering nozzle. Galling occurred between the shaft and its
housing in the base block of the plenum chamber. sShafts from
each unit were re~machined and shrink-fitted with 0.10 in. thick
wall steel tubing. Grease fittings were also added to each
unit.

5.2 CALIBRATIONS

The following four signals were used for calibration and
measurement of pulse performance:

Input signal from computer (in./volt)

Metering plug position LVDT (in./volt) for throat area
Chamber pressure (psig)

Ooutput thrust (1bf)

¢ O & o

The phase relationships between these several signals are dis-

played in the overlay plot of Figure 5-1. Studies were made for
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the phase relationship between input voltage signal and output
thrust as shown in Figure 5-2. Delay time between the onset of
the input signal and 50% level of maximum for the thrust was
13 msec. Rise time of thrust from 10% to 90% of maximum was
also 13 msec.

5.3 NOZZLE COEFFICIENTS

Nozzle coefficients were determined from the folleowing
relation: '

Cex = AP

where
F = Thrust, 1lbf
At = Throat area, in.2

Chamber pressure, psia

tg
1l

The predicted nozzel coefficient, which includes the exit velo-
city divergence factor and a function loss factor, was given as
1.47 (see Sec. 3). Data from tests showed a variation in nozzle
coefficients, which were somewhat independent of chamber pres-
sures but were directly affected by pneumatic surges in the
plenum chamber, hoses, and storage tanks. This surging may be
observed in Figure 5-3, which plots both thrust and chamber
pressure as a function of time. Surge periods are a function of
chamber pressure.ranging from 51 msec (19.6 Hz) at 2500 psig to
62 msec (16.1 Hz) at 1000 psig. Evaluation of data showed a
relation of the nozzle coefficient to the ratio of pulse dura-
tion to surge period. For pulse duration longer than the surge
period, unstable flow results with a consequential reduction in
thrust. Table 5-1 lists the effects of pneumatic surge upon
nozzle coefficients.
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TABLE 5-1. EFFECT OF PNEUMATIC SURGE ON
NOZZLE COEFFICIENTS

Pulse Pneumatic Ratio: Nozzle
Duration, Surge Period, Pulse Duration Coefficient,
msec msec Surge Period CFX
46 | 56 0.8 1.50
55 56 1.0 1.37
73 56 1.3 1.36
89 56 1.6 1.18

5.4 THRUST PREDICTION AND TEST

Prediction of thrust is given by

W

F=8 3,
where
F = Rocket thrust, 1bf
W = Flow rate, lb/sec
Ve = Jet velocity, ft/sec
A = Nozzle divergence factor, 0.58
B = Pneumatic surge factor

Except for the pneumatic surge factor, the above parameters are
covered in more detail in Section 3. The pneumatic surge factor
is the ratio of the empirical nozzle coefficient (when surging
is present) and the calculated nozzle coefficient. For the test
data for the 9-pulse test shown in Figure 5-3,

_ SFX(exp) _ 1.36

B = = 0.925
cFX(calc) 7
and
F=0.907 9y
g ‘e
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Calculations and test data are shown in Table 5-2. The average
difference between predictions and test data for thrust is 1.8%.

TABLE 5-2. COMPARISON OF CALCULATED THRUST TO THRUST TEST
DATA FOR 9-PULSE TEST OF FIGURE 5-3.

Calculation Test
Pulse g;zz Ve%iézty Th;ust Thgust Difference,
No. 1b3éec For 1bf 1bf %
ft/sec
1 138.0 - 2066 8035 7875
2 124.0 2018 7052 6938
3 110.0 1964 6089 6094
4 100.0 1921 5414 5303
5 91.0 1877 4814 4688
6 83.6 1837 4328 4219 .
7 77.3 1807 3937 3797 3.7
8 71.1 1772 3551 3563 .
9 65.5 1736 3205 3188 0.5
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SECTION 6

DEMONSTRATION OF MOTION REDUCTION BY PULSES

A demonstration of motion reduction by pulsers was
accomplished using an analog computer to model a three-story
moment-resisting frame structure (test structure at the
University of California, Berkeley). Base motion to this
structure employed a random noise generator for the analog
computer. The algorithm developed for motion reduction was
employed with the DEC PDP 11VO3L microcomputer shown in Fig-
ures 2-1 and 2-11. The analog computer used in this study is
shown in Figure 6-1. This demonstration was accomplished
on-line in real time. ”

The effect of anti-earthquake pulse control on the 3rd
floor velocity and displcement of the UCB test structure is
shown in the analog data traces of Figure 6-2. 1In this figure,
the effect on motions of the structure with or without pulse
control can be observed in the data records. The counteracting
pulses may be triggered at crossings of specified thresholds.
Figure 6-3 illustrates the rms velocity levels attained for two .
different thresholds with respect to "no pulse" control. A more
elaborate data display of acceleration, velocity and displace-
ment for the 3rd floor of the analog of the UCB structure with
respect to the countering pulse train is presented by the data
of Figure 6-4. Demonstrations using the gas pulsers for motion
suppression on a structure were not made due to funding
limitations.
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SECTION 7

DEMONSTRATION TESTS ON A BUILDING

7.1 OBJECTIVES

The objectives of the Demonstration Test were to specify a
pulse train and compare it to the test pulse train achieved.
Originally, a more complete demonstration was planned for the
moment resisting steel frame structure at the University of
California, Berkeley, project (see Appendix) but development
efforts and teething problems were of such magnitude as to
restrict any extensive calibration and demonstration tests.

7.2 DEMONSTRATION CONFIGURATION

A demonstration test was conducted upon a one-storv office
building. This building is a wood frame-stucco structure on a
concrete floor slab foundation. Test configuration is illus-
trated in Figure 7-1, where one gas pulse unit is mounted
against the concrete slab and an accelerometer is mounted on the

roof. This configuration was necessitated by program limita-
tion. Normal procedure would be to mount both pulse units on
the roof. '

7.3 SPECIFIED PULSE TRAIN

" The specified pulse train is presented in Figure 7-2a and
its Fourier transform magnitude in Figure 7-3a. This pulse
train was adapted from pulse trains used to study the UCB steel
frame structure for a modified El1 Centro 1940 earthquake
(details in Appendix). Figure 7-3a shows the major portions of
the force content below 7 Hz.

7.4 TESTS

Tests were performed on the demonstration building. The

pulse train measured during this test is plotted in Figure 7-2b
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and its Fourier transform magnitude given in Figure 7-3b.
. Motions of the test building are given in Figure 7-4a for accel-
eration, in Figure 7-4b for velocity, and in Figure 7-4c for
displacement.

7.5 SYSTEM PERFORMANCE

Examination of the pulse trains in Figure 7-3 show quite
accurate timing of the test pulse train with respect to the
specified pulses. However, deviations occurred with respect to
test thrust amplitudes achieved. These variations are sum-
marized in Table 7-1 where the overall impulse was 12 percent
below specified requirements.

) Average variation in thrust is 20 percent of specified
excluding the anomaly of the last pulse. Previous analytic
studies have noted that nominal force variations have small
effects upon induced structural motions.

~Investigation of the test pulses was made and plots of the
positions of the metering nozzle are shown in Figure 7-5. Prior
to test, an unpressurized pulse test was‘performed to verify
correct command signal coding on the computer.' This trace is
compared to the nozzle position trace under transient pressures
of the test. Under pressure, the test position correspconded to
the thrust delivered. Table 7-2 lists the positions and areas
of the nozzle. Additional information is provided in Fig-
ure 7-6, covering chamber pressure-time history for the test.
This figure discloses pneumatic surges described in Section 5 on
calibration. It has been concluded that these pressure surges
interact with a balancing piston (Fig. 3-la) in the plenum cham-
ber and affect the servo position control, particularly for the
small to moderate throat areas. '
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TABLE 7-1. COMPARISON OF PROGRAMMED AND TEST THRUST
AND IMPULSE
Pulse Di;;iion Force Impulse
No (sec) Program | Test Error | Program Test Error
(1bf) (1bf) % (1lb-sec) | (lb-sec) %
1 0.0948 1230 1250 1.6 116.6 118.5 1.6
2 0.0948 846 1100 30 80.2 104.3 30
3 0.0948 4322 4250 -1.7 409.7 402.9 =1.7
4 0.076 2742 1850 -33 208.4 140.6 -33
5 0.057 1105 1000 -9.5 63.0 57.0 ~-9.5
6 0.096 2078 1500 -28 199.5 144.0 -28
7 0.0948 2348 1900 ~19 222.6 180.1 -19
8 0.096 3554 3100 =13 341.6 297.6 -13
9 0.095 1400 900 -36 133.0 85.5 -36
10 0.094 302 650 115 28.4 61.6 115
Total 0.893 1803 15892 =12
TABLE 7-2. METERING NOZZLE, POSITICN AND THRUST AREA, FOR
NO GAS PRESSURE AND FOR OPERATING PRESSURE
Pulse No GggyPiggsure gggzgigggtézgsgii: Comparison
No. Nozzle Throat Nozzle Throat Nozzle Throat
Position Area Position Area Position Area
(in.) (in.2) (in.) {(in.?2) % Error | % Error
1 0.16 0.63 0.13 0.51 -19 -19
2 0.08 0.35 0.12 0.47 50 34
3 0.65 2.12 0.63 2.09 -3 -1.4
4 0.33 1.22 0.25 0.95 -24 =22
5 0.12 0.48 0.13 0.51 8 6.3
6 0.28 1.05 0.21 0.82 -25 -22
7 0.37 1.33 0.32 1.20 -13.5 -9.8
8 0.58 1.85 0.57 1.80 -1. -7.7
9 0.18 0.9 0.13 0.51 -28 ~-43
10 0.038 0.18 0.11 0.45 189 309
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SECTION 8
UTILIZATION

8.1 TECHNICAL PAPERS

In fulfillment of the utilization plan covered by this
-grant, five technical papers which resulted from-this research
have been presented at symposiums and conferences. These papers
received peer review and have been published. A sixth paper has
been submitted for publication. Reprints of the following
listed papers are provided in the Appendix of this report.

"Earthquake Environment Simulation by Pulse Generation,'" Proc.
7th World Conf. on Earthquake Engineering , Geoscience Aspects,
Pt. II, pp 73-80, Istanbul, Turkey, Sep 1980.

"An  Optimization  Procedure for Pulse-Simulated  Dynamic
Response," ASCE Mat'l. Conv., Jnl. Struct. Div. ASCE, 107:ST9,
Sep 1981, pp 1745-1761. :

"Development and Use of Force Pulse Train Generators,!" ASCE/EMD
Specialty Conference, Proceedings on Dynamic Respone of Struc-
tures, Experimentation, Observation, Prediction and Control,
G. Hart, Ed., Atlanta, Jan 1981.

"Anti-Earthquake Application of Pulse Generators," ASCE/EMD
Specialty Conference, Proceedings on Dynamic Response of Struc-
tures, Experimentation, Observation, Prediction and Control,
G. Hart, ed., Atlanta, Jan 1981.

"Pulse Excitation Techniques," Society of Automotive Engineers,
Aerospace Congress & Exposition, Anaheim, CA, Oct 25-28, 1982,
Pub. "Advances in Dynamic Analysis and Testing," SP-529 and the
1982 Transactions of the SAE, Sep 1983.

"Development of a Pulse Rocket for Earthgquake Excitaticn of
Structures, " submitted for publicatiocn.

8.2 DISSEMINATION

Dissemination of this report has been accomplished with
copies sent to the following academic, professional organiza-

tions, government agencies, and private corporatons.
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Academic Institutions:
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California Institute of Technology

California State University, Los Angeles

Columbia University
Georgia Institute of Technology

Kansas State University

Massachusetts Institute of Technology

Princeton University

Rice University

Stanford University

University of California,

University of California,

University of California,
Laboratory

University
University
University
University
University
University
University
University

of
of
of
of
of
of
of
of

California,
Illinois
Michigan
Minnesota

Berkeley
Irvine
Lawrence Livermore National

Los Angeles

Missouri, Rolla

Nevada, Reno

Southern California

Texas

Professional Societies:

American Technology Council, Affiliated with
Structural Engineers Association of California

Earthquake Engineering Research Institute

Federal Government Organizations:

Dept. of the Army

Corps of Engineers, Huntsville Div.

Construction Engineering Research Laboratory
Office of the Chief of Engineers

wWaterways Experiment Station

Harry Diamond Laboratories
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Dept. of the Navy

Naval Civil Engineering Laboratory (now CEL)
Naval Facilities Engineering Command

Naval Research Laboratory

Naval ship Systems Command

Nuclear Regulatory Commission
Tennessee Valley Authority
Veterans Administration

Dept. of Energy, Division of Reactor Design and
Development

Dept. of Transportation, FHWA
NASA, Langley
Defense Nuclear Agency

¥

Dept. of Defense Explosives Safety Board
Federal Emergency Management Agency
National Technical Information Service
Dept. of the Air Force, Weapons Laboratory

Industrial Organizations
Portland Cement Association
Electric Power Research Institute
Southwest Research Institute

State Government Organizations:
California Dept. of Transportation

California State Office of Architecture and Construc-
tion in the Department of General Services

California Legislature Joint Committee on Seismic
Safety

California State Building Standards Commission

Private Corporations
The Aerospace Corporation
Rcckwell International
Eughes, Fullerton, CA

Computex, Inc.
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RESULTS

The gas pulse system performed reliably and safely.
Start-up, shut-down and repeat tests may be performed quickly
and efficiently. Repeat tests depend upon charging time of the
high pressure supply tanks. In general, this recharging time
amounted to one hour. Changing pulse train commands involves
entering only time and amplitudes on the keyboard of the control
microcomputer. The system is readily transported to test sites,
and set-up time is expected to be less than a day for two tech-
nicians.

Output force at 2640 psig chamber pressure is 9,600 1lbf and
minimum pulse width is 26 msec. Delay time from input command
signal to the 50 percent rise time of the pulse is 13 msec.
Each pulse unit has a gas storage capacity of 10.2 ft3 for
134 1lbs of gas at 2640 psig. Gas storage units may be connected
to one pulser unit if desired for extended tests. Signal moni-~
tors provide time-history records of input command signals,

metering nozzle position, chamber pressure and output force.

Design of the gas pulse generator employed conventional
one-dimensional gas flow equaticns. Comparisons of calculated
to test results were satisfactory. bProgramming of pulse trains
is performed at this time from the one-dimensicnal flow equa-
tion. With more test runs, calibration curves will be used.

In the early design stages, there was concern about thrust
efficiency due to the potential rise of compression shocks at
the tip of the nozzle in the supersonic diffuser and the effects
of water vapor in the storage gas. In addition, the increase in
the ratio of specific heats with pressure and at low tempera-
ture, was expected to reduce thrust. ©None o¢f the foregoing
effects appears to be significant, at least from the measure-

ments and tests made to date.
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Rapid opening of the metering mnozzle induced pressure
oscillation in the plenum chamber and supply hose systems.
Pulse duration at or longer than the pneumatic surge period,
reduced nozzle efficiencies by as much as 21 percent. At small
to moderate nozzle openings, these pressure surges acted upon a
balancing piston in the plenum chamber. -These surges limited
the ability of the servo control to compensate, with the result
that nozzle openings can fall short of commanded positions up to
25 percent for moderate openings, and to exceed commanded posi-
tion for small openings by up to 200 percent.

An algorithm employing adaptive random search was success-
fully developed to generate pulse trains which will closely
approximate structural motions induced by earthquakes. This
algorithm permits placement of pulse excitation units in multi-
ple locations of test convenience. Computer studies of several
structures yielded information on the performance required for
pulse units with respect to thrust, pulse widths, and impulse.
A counter-earthquake algorithm was also developed to reduce
structural motions induced by earthquakes. Several computer
studies were made, and demonstration tests using an analog
computer were successfully accomplished. This algorithm 1is
currently limited to fixed amplitude pulses.

Demonstration tests on a single-story structure were suc-
cessful. One pulse unit was fixed to the building concrete base
slab and the induced motion was recorded from a roof accelero-
meter. Program restraints and building safety permitted the use
of only one pulse unit, and this unit was attached to the con-
crete floor slab of the building. Normally both pulse units
would be placed on the roof and expected building motions would
be at least 3 orders of magnitude greater than was obtained in
the demonstration test. Total test input impulse was 12 percent
below specified due to the pneumatic surges discussed above.
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The research work produced as a result of this grant has
been utilized through the publication of five technical papers.
A sixth paper has been submitted for publication. Distribution
of this report has been made in accordance with the utilization
plan.
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CONCLUSICONS

Two gas pulse generating systems were produced and are in
a state of operational readiness. These systems are suited for
earthquake testing of small buildings, large industrial equip-
ment and frame structures such as microwave and power trans-
mission towers.

An efficient pulse train algorithm was developed for use in
programming the gas pulse system for motion simulation. A
simple anti-earthquake algorithm was also developed. This
algorithm when used in conjunction with various types of pulse
units shows promise in the reduction of structural motions at
the damage or life threatening thresholds. In its present foim,
the anti-earthquake algorithm is limited to preselected fixed
amplitude pulses. Further development work is required to
improve the algorithm.

Additional calibration tests at low to medium nozzle throat
settings are required. These data will permit improvements and
ease in programming pulse trains with respect to the gas supply.
Surge suppressors need to be added to the plenum chambers to
improve nozzle efficiencies and to reduce the interaction of
pneumatic surges with the plenum chamber balancing piston.

16-1
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APPENDIX

" PAPERS PUBLISHED AS A DIRECT RESULT OF THIS RESEARCH GRANT

° Optimization Procedure for Pulse-Simulated Response
° Earthquake Environment Simulation by Pulse Generators
9 Development and Use of Force- Pulse Train Generators

° Anti-earthquake Applications of Pulse Generators

° Pulse Excitation Technigues
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EARTEQUAKE ENVIROMMENT SIMULATION
BY PULSE GDAERATCRS

by
S.F. HastiI and F.B. SaffordII

‘SUMMARY

Simple mechanical pulse-generating devices of fairly recent develop-
ment are capable of producing short duration forces of large magnitudes over
a wide frequency range that can be controlled to satisfy multimode system
response. This paper is concerned with the simulation of the motion of
typical structural systems subjected to earthquake eavironments by using
suitable pulse trains applied at various locations on the structure. The
pulses are selected in such a way that the resulting vibration of the scruc-
ture matches closely the response that would be produced by the earthquake
excitation, as determiped by an approprfate error criterion. A suitable
optimization algorithm is presented and applied to two realistic example
structural systems., It is shown that pulse-excitation techniques offer a

viable alternative to conventional testing approaches.
=

INTRODUCTION

The capability for simulating the response of structures to transient
dynamic loadings, such as earthquakes and blast loads, is useful for test-
ing structural adequacy, for improving mathematical models, and for investi-
gating the response of equipment in a structure [l]. In additiomn to various
types of vibration generators that are appropriate for certain classes of
structural systems, large testing facilities (which have limited availa-
bility) and ground-explosion approaches (which are economically prohibitive)
can be used for dynamic tests on equipment and structural systems [2,3].

Housner [4] demonstrated the feasibility of using a sequence of dis-
crete pulses with random amplitude to represent the effects of earthquakes
on dynamic systems. Scruton and Harding [S] used a crude explosive charge
to excite a tall chimney in order to determine its damping characteristics.

A simple mechanical pulse-~generating device of fairly recent develop-
ment (6] is capable of producing short duration forces of large magnitudes
over a wide frequency range that can be controlled to satisfy multimode
system response. Such force pulse generators have been successfully used
to simulate the in-place motions of up to 500 Hz in equipment weighing up
to 200,000 1b and in also measuring system impedance functions [7,8].

L Professor, Civil Engineering Department, University of Southern
California, Los Angeles, CA 90007, U.S.A.

uPrincipal Engineer, Agbablanm Assoclates, Z1 Segundo, CA 90245, U.S.A.

.
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This paper 1s concerned with the simulation of the motiom of typical
structural systems subjected to earthquake environments, by using suitable
puilse trains applied at various locations on the structure. Since a dis-
crete number of pulses superficially presents an appearance quite different
from a continuous earthquake ground motion, 1t becomes necessary to select
the pulses on the structure in such a way that the resulting vibration
matches as closely as possible the response produced by the earthquake
ground motion as determined by an appropriate error criterion.

OPTIMIZATION TECHNIQUE

Statement of the Problem

Note that the method of Fig. 1 requires that the criterion response to
the continuous input be known, which would generally not be true in prac-
tice. To accemplish this objective, the approach proposed here assumes
that: (1) a mathematical model of the system under study is known and
(2) the inputs of interest (e.g., earthquake or nuclear blast) are given.
Under these conditions, the "criterion response" can be calculated and sub~
sequently used to obtain the pulse trains for the simulated test.

The basic criterion used in this study is the integral squared error
between the reference and simulated response, evaluated at a sufficient num-
ber of locations within the multiple degree-of-freedom system to character-
ize it as completely as possible. Given the error criterion, then the
pulse occurrence times, pulse widths, and the pulse  amplitudes are selected
by a systematic search algorithm such that the error is minimizeéd.

RESPONSE
EARTHQUAKE STRUCTURE C
; . v
3
@ farthquake
PULSE TRAIN MATH MQD RESPONSE
A LMLAT )
}L-._zl j {LVS i
L L
he}
‘LA __DPTIMIZATIO

f N
o Pulse simulation W ERAOR
3TRUCTURE } RESPONSE

B qiﬁﬁ‘

id Puise lzst on sructure
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Pormulation

Consider an n~degree-~of-freedom system governed by @ nonlinear first-
order differential equations of the form

.

2, = Z (21225000052 t), 1=1,2,...,2 1

whera @ = 2n, and the system is subjected to an excitation force vector
G(t). Let the response of the system to this force (the criterion respounse)
at location i 1in the structure be denoted ii(c), 1 =1,2,...,k, where
k 1is the number of locations whose motion is to be monitored. -

In order to compare the response of the system model, x(t}, ¢to the
ceriterion response x(t), we select the displacements and velocitiss at k
locations. We now define a nonnegative error criterion

tf k N 2 . 2 2
J = -( 2: C1 [xi(t) - xi(t)} + C2 {xi(:) - xi(t)] dt 2)
t 1=l i i
o .
which measures the "goodness of fit'" of the system response variables x(t)
to the specified response x(t). The k constants C;, and C,  are
weighting factors that can be adjusted to emphasize or “de-emphasize the
significance of the fit at different points in a structure, since a good
fit at some points may be much more important for simulating damage and
malfunctions.

. The specified or criterion responses ii(c)' are those recorded in the
structure (as during an earthquake) or obtained from applying known excita~
tion forces to the model of Eq. 1. Since our objective is to find a pulse
excitation TF(t) that produces a response x(t) as close as possible to
x(t), we resctrict each component of F(t) to the form :

S
Fi(t) = _;:1 Aj{u(t - tj) - u(t - cj - wj) (3
where

Amplitude of the jth pulse

Width of the jth pulse
t, = Initiation time of cthe jth pulse
and
u(t) = Unit step function

The problem may now be stated precisely as follows:

Given a system that 1is described by Eq. 1 and a desired time history
vector x(t), find the set of numbers {t,, A;, W.}, j = 1,2,...N, which
describes each component of the excitatioh veltor such that the error
criterion of Eq. 2 is minimized.
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Algorithm

The optimization problem consists of selecting the triplet of numbers
(tg, Aj, wj), which characterizes each input pulse at various system exci
tation points. 1In principle, a large number of optimization procedurcs for
such problems are available [9]. However, in view o the large number of
parameters possible in this system, the set of feasible optimization pros. -
dures is quite limited. Consequently, an adaptive random search algorithm
(10] was selected to determine the optimum parameter values for the pulse
trains.

The algorithm for the adaptive random search consists of alternatingp
sequences of a global random search with a fixed value for the step-size
variance o followed by searches for the locally optimal a2. Fig. 2
illustrates the adaptive algorithm whereby a very wide-range search selects
the best standard deviation of step size o for the coarseness of the
increments used, followed by a sequential precision search of finer incre-
ments. As the rate of convergence decreases, a new precision search is
made, but is directed toward a smaller step size. At selected iteration
intervals, the wide-range search is reintroduced to prevent convergence to ,
local minima. The complete algorithm is described in [10].

APPLICATIONS

The optimization procedure was then applied to two test structures:
(1) a typical 25-story building model and (2) a 3-story building frame
model that has been extensively tested at the University of California .at
Berkeley (UCB) shaking table facilities. 1In each case, the mathematical
models of the structures were subjected to a ground motion corresponding to
El Centro earthquake record to generate the criteria response. Then for
each structure, an appropriate selection of pulse trains was determined in
order to minimize the mean-square deviation between the criterion response
and the simulated response. The pulse characteristics are, at the same time,
constrained to realizable physical values for the test.

0.5 m
Model of 25-Storv Building I nmnsi

The system shown in 2] }‘HJ‘
Fig. 3 is a 25-story office Timg
building designed in accor- 18 . nrﬁ e
dance with applicable build- 107 : §/8//7‘j;
{

ing code provisions for I§] =
recommended lateral force 5 o
requirements [11]. Modal s }ILHIM{ 5!

analysis of this building, 3 T Y
treated as a linear elastic PULSE TRAIN- MopE 1 2 3 45
structure, yields the mode e PERIOD, S 191 0.8 0.0 0.41 0.34

shapes and natural frequen- BUILDIKG
cies shown in Fig. 4.

FORCE

FORCE

FIGURE 3. GAS PULSERS ARRAYED FOR  FIGURE 4 BUILDING NATURAL MODES
EARTHQUAKE SIMULATION OF VIBRATION
TEST OF A MULTISTORY
BUILDING
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To illustrate the simulation procedure
outlined above, it was decided to use four
pulse~excitation locations at modal anti-
nodes (Floors 38, 13, 18, and 23) and to.
attempt to match the responmse of two loca-
tions (Floors 13 and 23). Due to the
linearity of the system, its tramsient
response to pulse trains could be deter-
mined by using the convolution integral
approach. The necessary impulse response
functions were determined and are {llus-
trated in Fig., 5 where hi(j)(t) denotes
the response of location 1 due to a unit
impulse applied at location j.

The E1l Centro 1940 earth-
quake ground motion was used
as specified base input, and
it is resulted in the crite-
ria response shown in Figs. 6a
and 6b as solid lines. The
earthquake criteria response
was simulated by four suit-
able pulse trains using the
optimization algorithim out-
lined above. The simulated
response is superposed on
top of the criteria

- -
= ’\! o 2’ 3
hﬂl Iy ul“lllu F""’ﬂh‘l 2!- 3 11
§ l.”,“",. Y i_.nz ; Siier
5 e
TME B T w8
s m -
- q!““““h‘ [ -M 2 N?
- 144
2 i i
B L a
gl 1Y S
« 9 M3 - TME B
R} o a3 ]
& o X"‘h‘ = ]
a G“ A2 F—t—lt, O Lhe
F4 g
- .5
T e 5 T
- < - 5
it £ - 8
" " no= "
a L e E::h B e
s "2 3
L7 R
=T Twe B T e B

FIGURE 5. !MPULSIVE DISPLACEMENT RESPONSE
TO 25 DOF SYSTEM

3 INDEX
response in Fig. 6, and the , N RESPONSE PULSES FLOCR
time histories of the four ;' o

. . : —— CRITERION 1 i\l »
required pulse trains are . T SMuanD 1 W 3
shown in Fig. 7. The ordi- - - L
nates of the response and -
excitation time histories i sc e .
shown in Figs. 6 and 7 are
expressed in terms of dxlij

L . . TIME >
dimensionless units. 101
2

It 1is clear from the g F2 oJTﬁqAL*-
comparison shown in Fig. 6 = » g
that a good match is S e S
obtained between the cri- 1110’
terion and simulated
response. Note that this 730
simulation of the motion -

5 =9 2 -3110’-
over a period of <20 sec z TME B
required =13 pulses in g 1110
each of the four pulse ™
trains. f& o ;
43;
TIME z BN, ) D
0 TME D

FIGURE 6. CCMPARISON OF CRITERION
AND SIMULATED RESPONSE OF  FIGURE 7. OPTIMUM PULSE TRAINS

35 DOF SYSTEM

FOR 25 OCF SYSTEM




Model of UCB Frame

- The test structure shown in Fig. 8 has been extensively investigated,
both experimentally {12] and analytically {13] at the Universiry of
California, Berkeley. In the present study, the computer program SAP6 [14]
was used to determine the mode shapes and frequencies of a linear model of
this structure, and these dynamic characteristics are shown in Fig. 9.

166 m 1L3m

e | == Ty

ot L he 2N
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boeart 4 8100 B3,

53m
a3m

s 00 B,

wish

| — o v g
AT R ALY AR DOCK T

0,0 e
FRONT ELEVATION SIDE ELEVATION

FIGURE 9. MODE SHAPES OF UCB FRAME
FIGURE 8, UCB TEST STRUCTURE 1131 DETERMINED BY SAPS

Pulse trains were to be applied at the three floor locatiomns.. The
needed impulsive response functions were analytically determined and are
shown in Fig. 10. The criteria response to El Centro 1940 earthquake was
likewise analytically determined by using SAP6, and the results are shown
as solid lines in response time history of Fig. 11. The adaptive random
research optimization procedure was again used to determine the required
pulse trains. The resulting simulated motion and the three required pulse
trains are shown in Figs. 1l and 12.

This example again results in excellent agreement between the crite-
rion and simulated response. In addition, the response spectra of various
locations satisfactorily matched the criterion spectra at corresponding
locations.

CONCLUSIONS

On the basis of the investigation reported herein, it is concluded
that pulse-excitation techniques offer a viable alternative to large test-
ing facilities (which have limited availability) and ground-explosion
approaches (which are economically prohibitive) in simulating earthquake
effects on structures, particularly when multiaxis excitation capability is
needed. ’

ACKNOWLEDGHMENT

This study was supported by the United Scates National Science Founda-
tion under Grant No. PFR77-15010. The assistance and guidance provided by
Dr. John B. Scalzi is greatly appreciated.

B2
i

23



Sl
Fﬁlﬁh g °Wﬁ WA"‘]W kb
i% TIME 15
F_.i—'"gul 1”¢ A‘n
K TIME 1.5
Lo
s TIME s .‘OL TME 1.5
FIGURE 10. IMPULSE FUNCTIONS FOR UCB FRAME
34 ! y 310
=i §o,..,)ﬂf.lﬂl_lﬂ‘.’_l,l_lj““mlx A5 e
—rion ]‘W]“'”W' L
~——siMuLATED 35 - EERU ‘
: s . TiME i
L“.“J“_“.'M!M'J.”’mu o |
NN AR
35 — = I xo“ — -
3 . 3110
ot g
% TIME L J!1M° Tive { 5

FIGURE 11, COMPARISON OF CRITERION AND SIMULATED

FIGURE 12

RESPONSE OF UCB FRAME

A-29

OPTIMUM PULSE TRAINS FOR UCB fRAME



14,

REFERENCES

-

Housner, G.W. "Earthquake Environment Testing,” Proc. of a Workshop on
Simulation of Earthquake Effects on Structures, San Francisco, Sept. 7-9, 1973,
Washington, DC: National Academy of Engineering, 1974,

Hudson, D.E. "Dynamic Tests of Full-Scale Structures,” Proc. Dynamic Response
of Structures, Instrumentation, Testing Methods, and Svstem Identification,
Univ. of Calif. Los Angeles, Mar 30-31, 1976.

Bouwkamp, J.G. "Dynamics of Full-Scale Structures,” in Applied Mechanics in
Earthquake Engineering, New York: ASME, 1974,

Housner, G.G. "Characteristics of Strong-Motion Earthquakes," Bull. Seismol.
of Amer., 37:1, Jan 1947, pp. 19-27.

Scruton, C. and Harding, D.A. Measurewent of the Structural Damping of a
Reinforced Concrete Chimmey Stack at Ferrybridge "B' Power Statiom.
Wallingsford, England: NPL/Aero/323, 1957.

Safford, F.B. and Mastri, S.F. "Analytical and Experimental Studies of a
Mechanical Pulse Generator,” J. of Engineering for Industry, ASME, Series B,
96:2, May 1974, pp. 459-470.

Safford, F.B. et al. "Air-Blast and Ground-Shock Simulation Testing of Massive
Equipment by Pulse Techniqugs." Sth Int. Symp. on Military Application of Blast
Simulation, Fortifikationsforvaltningen, Stockholm, Sweden, May 23-26, 1977,

Yates, D.G. and Safford, F.B. "Measurement of Dynamic Structural Characteris-
tics of Massive Buildings by High-Level Multiple Techniques," Shock & Vibration
Bull., 5Q, SVIC. Washington, DC: Naval Res. Lab, 1980.

Himmelblau, David M. Applied Nonlinear Programming. New York: McGraw-Hill, 1972.

Masri, S.F.; Bekey, G.A.; and Safford, F.B. "An Adaptive Random Search Method
for Identification of Large-Scale Nonlinear Systems,” 4th Svmp. for Identifica-
tion and Svstem Parameter Estimation, Int. Federation of Automatic Control,
Tbilisi, USSR, Sep 1976.

Blume, J.A.; Newmark, N.M.; and Corning, L.H. Design of Multistorv Reinforced
Concrete Buildings for Earthquake Motions, Skokie, IL: Portland Cement
Association, 1961.

Clough, R.W. and Tang, D.T. Earthquake Simulator Study of a Steel Frame
Structure, Experimental Results, Vol. 1, EERC 75-6. Berkeley, CA: Univ. of Calif.
Earthquake Engineering Center, 1975.

Tang, D.T. Earthquake Simulator Study of a Steel Frame Structure, Analvtical
Results, Vol. 2, EERC 75~36. Berkeley, CA: Univ. of Calif. Earthquake Engineer-
ing Center, 1975.

SAP 6 Computer Program Manual. Civil Eng. Dept., Uaiv. of Southerm California,
1978.

80

A~-30



NSF Grant CEE-7715010

21001 MWOA MAN MIOL MAN

19905 YiLE 1SR ShE

s1aaubul 1m0 o AI31905 UedUdWY
auy Aa paystand

oS
Lipl L1

VIiDHO3IY ‘VINVILY
gjuely ‘uojesays

1861 ‘91-GL AHVNNVYF

Jjonp3 '1ey Aieyn

Bunaauibul pa1D Jo jooyog ABojouyoa) jo sinsu) e1Bi0aY)
11ounNon) yaseasay Bunsaubul puipm
BILIONBD JO UONEBIOOSSY S19auibul (eimonig
uoIEpUNO4 82UB10G [BUOIEN
ajniIsu} yaieasay OBuuesuibulg axenbype]
$)09Y)J O1weUA(] UO 3ANWWOYD [BAUYI3] O1S/3DSY
* sOMURUAQ U0 99NWIWOD [BDILYDSL QWI/IDSY
uoljejUaWINIISU| pue sIsAjeuy
feluswiadxy Uo 9aIUWOo) B2IUYIBL ONI/IDSY
‘A8 Q3HOSNOJS-00

s19auibul A o A18190g uBdLIBWY
8y} 1O UOISIAI(] SOIUBYION
BunesuiBug au) Ag psziuebiQ

[043U0Q) PUB UOIJOTPAL
‘UoryendasqQ ‘uoryejuswiLIodxyy

9NN JO 9suodsay] orureuA(

uo |
90uaJojuoq) Lyreroadg

puooas ay) jo sbuipaasold

31

I



HIUY3S WOONVY 3A1LdYQY ‘€ 340914
‘WNY1734S AININDAYS NOIYILIYD HILWW OL NIV¥L 35T0nd 40 NOILVYINID

. aanfidepy  (2)

(°A11depe) upesd os|nd  (P) 71 *AININDINA

0
sw ‘IHIL 005 004 00f 002 00t 0
09 09 oh ) JN 0

NOLYILIY)

(=]
17904%%907

000z = LOL¥Ll OF =3 §1 =N

(teraqur) uiesd asind (o)
sw ‘IHIL
oY 14 0

T T

si13isuweded as|ng  (q) )

1

4$ 3LYIndod 01 03INIIS3O
ZH oY% 0L O WO¥4 ADYINI Y123 L ez 3unord
ATHONOY WYOISKYEL ¥314N04 G3LVID0SSY GNY ABOLSIH mz“k
wiojsuesy 19(1No4 (1) Asoisiy 2wiy 3s|ngd (®)

01X s ‘IIL
zY *AININD3IYS -

€ (114 01 0
00z 051 o00F 05 0 o . o 110
| 001
002
|
L e JooE

“1 3WN914
WYOJSNYYL ¥314N04 GILYID0SSY HLIM AYOLSIH IWIL 3snd 3TONIS 1 3

Ol X 300LITdWY
ZOL X 3GNLITdWY

3

wsogsuesy 19]11nog  (G) Aaoysiy gy Isind  {(°)
xs '
ZH *AININDIYS N-o— uz_”
00z 051 00 0§ 0 oy ot o0t ©

0 v LR

oot

002

1Ol X 3A0L1TdWY
[ I
g & 8 °
EOL X 3QNL 1 TdRY

[=3
<9
[

fL SHOLVHANIO NIViL 3S1Nd 32404

=
~

L0006 vruroyiiey ‘sayaiuy so
‘eTurojI{8) uiyYInog Jo Arrsaaatupn ‘Suraasurfuy jo looydss 'zossajoarqd,

$7206 eIUI03TiR) ‘opundsg 13 ‘sairioossy uriqeqly ‘Pirtd0ssy,

8 ‘13A5MO} ‘SUTRWOP Yloq 10) [ 2anSrg ur pakeydsip sU asnd a(3urs

y rsurruwop Ad>uanbaay pur awril syl yjoq ur suivay asind jo suorjry
-Twexs pue §3uswWrIadxa y3Inoayy Spew 3q UED SUOTILAIASAO Sul1SIIAU]

‘wa1sAs 3ouridear sed paiefnpow asynd v yrim

19413307 pITSNISTIP 23er swashs FUIIIND [eI5W [RIAAIS JO suotiearpdde pue
quawdoa4a3p ayyg *sa11129foad 10 ‘a9iem ‘sed Aq 2due3nen1 pue ‘8uiyand
1213w ‘$33%001 EITWAYD ‘SaAT807dX3 Doanos qurod apnpdur asanyl  cuorie)
-1ox3 urexy asynd 1oy pIidepe 9q Aew sadtaap AS1aud a%iey [rinang

*sapou Apoq pt3ra 3yl jo uotaidanxas
U1 YITA JUBAD apew-urw 10 [eaInjeu Yy L1ed1(dnp ued anqanars awrs
Y3 01 paYdeIIE $103213U3% YI1IM UoTIR[NMTS asind ‘uotiow Iseq Aq pasned
ST UOT3PIIOXD TPAINIONIIS AYY UdYM  -saxe aTdrirewm 3o 3(furs up pue
AJUITUIAUOD 1537 Jo suoTiedof I{dTITNW e 10 HOTILIOY dUO 3¢ SHINIINIIS
uo A132911p pased 9q os{e PINOI UOTIRITIXD a1y RY) pPAUTWIAIAP a1 rang
sem 1] ‘[0I3U0d opnaf(due pue ‘JJO ‘Uo jo Su0112UN ARIYl 01 paonpaa
st watqoad aya se $3dt1Aap ASaous yIry jo [oiuod Ayl patyrtdurs Aranaad
NS STYL  "SIUIAY gpeu-uew pue Jeanieu Aq pasned Isoyl Surirurxerdde
A13s01> suoriow IonpuI 07 IINIB>NIS B Jo FUOTIOUNY asyndwr aiyg qita
pPIATOAUOD 3q pInod sasynd ardwis I15y3o Xo anniumidala Jo sATias Arwiuawm
-TpRa ' 3EYI 938DTpuT [[]S2Ipnis [ejudwiiadxa pue [eIT1ATRUE quaday

NOTLONUOHINT

*saanjanays a3aey jo sasuodszx drmpuhp seaurpuou
pue xesull jo Apnis 3yl xoj SuroFazol ayl 19aw 03 asrword A[qrIAPISUED
831qTY*a si03easuad urexy asind 90103 jo uswdo[aaap syy -suorjow
Ax03s1y 2wr3l-3suodsax Louanbaarjriynw psioades o1 suoryou Jrvomiey
37dwIs wo1y S3IN1INI18 I1IIX3 03 AITTIQ® 2431 pur !3INIdniqs a1 jo
UOTILITIND [RTIXETITNW {31nIdNIIS Y3 0} JUSBWYIEIIe Jo 3sed {911s 3y 01
£3171qea0d  fuoTaelTOX?® Syl JO 1031U0) :9praord 1sow sadanos ASasua
asayy ‘Artevotratppy -ABawus jo sjunowe s3aey ssassod YoTIym sadinos
UoTIEITOXI 31Inbal s3usA3 spew-urw 10 TeInjeu Aq PIDNPUL STAIAD] 01 Sram
-oni38 a81el Jo asuodsax drweudp 3yl jo uorledrissaur pue Apnis ayp

LIVYLSHY

AISY'H ‘yrasey g Tweg pue  piojjes g HOIaapaiyg
Ag

SYOLVYINIO NIVYL 3SI0d AJH04 A0 ASN ANV INIHJOTAAAA



SL

3Z1S d31S NOISIJII¥d ANV JUNVY HLIA
WHLTH09TY HIYYIS Woanvy JATLJVAY NOIAYZIWIL40 °S JuUngid

HoYvIs 321§ ! .
43S J9NYY J0IM
QaNOD3S

GINVLEYA)
23S il

,6"

NOTLVYINID NIVYL 35704 Y04 GOHL3IW TYNOILYLINGWOD 4% NI I

NOILYZIH1Ld0

AT TN

NOILYZ IWI Ldo oo youy3. youy3

-~ QR —]

ruh<d=z_m Wy y3Liva 3Ly Inis
ISNOJS Y JSNOdS Y 3SNOdS3N
WNO1LINN4 NOILINAY ISINAWI
Gt ML 0
-
]
o
~
(%l
o m
*
€ 3
[]
A}

' H
S £
. ©) k|
WILSAS HILSAS
HYINITINON . WY3INIT

|
(SH3LIHY¥YJ Nivdl 3sINd)

14Ny 30404

iy

SUOLVUIANAD NIVYL H51Nd 080

A1am g Aan81g jo suiexl asgnd 2230F Ay ‘g9 puer ‘g ‘y sarn®ig jo saanp
-900ad ayar Buys[y ‘UOTILIO] UOTIPIIIND Yoead PUP §100[] UAIMIOG SUOTIYIHUN]
as{ndwy 1235uU8I1 9Y3 Se [[PM SB 7 pUR ‘g ‘([ ‘g SI00T4 I10j SuOrIsung
astndwt Jutod Sutavap Ayl smoys gf 2an8rg  [G]s10071) prgg pUR YILE A
103 [ 2an¥rg ur paito(d saTI01ISIY Iurl votiowm Ayl spioth ayenbiyarey
013U2) [ 3YI A UOIILIIOXD Aseq Aapun pur ‘g 21n313 jo sadrys op

241 svy ‘weisAs 1evaury ® se payapow ‘(y -8yj) Buipring £1918-G7 V¥

SNOLLVO [ 1ddV

‘RUWTUTWY [F20] JO adueproaw puwr asuauanavod prdea ndﬁsuu;.;;.;z
‘apnitudem jo S13pio 131 13A0 33uR1 ULD AdUELIRA S ARYY pUNOJ Uadq sey
11 TIUPIOTy3e R1rnb aq 01 pasoad sey LaueravA A1 JC [0IMOI dTAPMONE
Arteriand e y3ta ydaeass wopuex {estrzayds e Jursn ¢ 2an81g 3o [z]mirr10d e
woryeziwrido Ayl !pasn aq Avw SPOYIOW UOTICIDIT SNOTIEH ] smaishs
IeDUTTUOU 10 {g)aeFUTT 29YI19 J0oJ pasn aq Aewm ainpadord ayl pue ‘urvia
asynd Ayl ureIqo 031 AATIPIFAT AJe spoyiaw [euoiirindwod ayy 9 ainfry
UT UMOYS 31n1IN13s JU3WULIe3Iv0d 13mod aeagonu e 031 wvoriedr{dde ue yiim
S pue % s3INdTg UL PaIRIISATLT 31 sureay aspnd paxrnbaa a1 doyaaap oa
spoy1aw Jeuvoricindwo)y -swioj saem Isuodsaz d13stjesa Juronpur £q uorl
-aunjyiew pue 33ewep jo sploysaiyl ayl ol sjuamdinba pue saIn1onIye 1599
03 suotiesrdde Auew ur spoyisw festisead apraoid sutexs asynd anioyg
TI1edUTTUON A{{RIIUASSI I8¢ SUOTIDUNJ[PW pue SAIN[IP AIULS ‘Spirezey apew
-uew 10 {ranjeu Aq pasned 3soyl 01 aqeaedwod 2INIINITIS B WO SITAOISTY
JWTI-UOTIow [eIxeri[nw Janpur o1 St Furisal ur JnssST [eI1UID 3]

©$1803 10/pU® SIdYRYS [PUOTAUIA
-U0J3 JO SuoT11eITWIT 3Yl 01 dup [edT1oraduy Furysay afrw usijo paxtnbaa
swioyaaes pue AFaoud ayy ‘aaadmoy !puncy aq A{{Ensn ued suotidung
UOTIEITIXI MaU ISIY] "pIUIEIqOo Iq Spirzey apew.urw 10 [rIniru Aq pasned
(uor193119) asuodsaz pa1dT1paxd aya 01 (J031a arqerdasoe ue uryIIs)
asuodsaz [edorjuapt uve jeyy paainbax ST I3[ cpuUNO] AG ISNW IDUITUIAUGDY Jo
suotrieso] jutrod Juageainba maj e ‘spro( 1te paInqIIISIP JoJ f2anionias
243 uodn 3JUITIVIAUOD JO SUOTIEIO] Adow 10 IO I0J PAUIMIIIAP G 1snW
uoTIEITIXI 1597 ‘wayqoid vorIow ISeq IYF J0J CSUOTIIUN UOIILIIING aufmw
~3319p 01 UOIIN[OS ISIAIAUT ue 211nbsx swa1shs 9sayy Jo s1sa1 ‘(SUOTIDUNBY
3aysuex) pue ‘3uidwep ‘sadeys apow) 18u31 10 sisf{eur Kq umouy e o1y
~8TX3108IvD DTIweudkp Ayl pue paId1pard si1 swI1sAs @saYy Jo asvodsar ay
axayM  -sysepq uvodeas pue ‘spurs q3ry 'sropeulol wWoIJ Sv sSpeO[ Itr paq
-nqriisIp (7) pue suodeam 1eafdnu Jo saarso(dxa [RUOTIUIAUOD Kq padnpur
syooys punoid woiy pue sayenbyixes wory se uvorlel1TIXA UoTow aseq ([) o)
pa123lqns A1a8aey sae sjuswdinba pue 931n30n11s IAISSem pue aBieq

*SUOYIRUTqQWOD SnotTiea U pue [eriulduodxa 10 ‘yioon

mrs ‘durs-yyey se youns aq o1 sadeys ssynd sy3 Furirtwiad Aq prastyae

9q ued AIT{TqQIXaTJ TeuolIIppy “{z)uprraodte vorieziwiado aarIrialr ue
£q patjroads ai1e s3uideds asynd pue ‘yjzprm osind ‘spnayjdue
~exed 841 aaays wnajoads uwotial1ad e asnpoad o0y ureay ss(nd e Juridagas
Jo poyiawm € sajealsnyil € 2andrg -umaydads Aousnbary syr Jurdeys ur
Kenad 3fqeraprsuod sytwiad sasjaweaed ayqeraea sq o1 s3uroeds asind pue
‘suoyjeanp asynd ‘sapnitydwe asynd Sutrmor(y z 2an81g ur umoys s ‘umig
-03ds U393 TIp A[qeaopIsuod e $371eI9ua8 S[PAIDIUT JUIADJFIP v paoeds
Inq suotjeanp puw sapnirjdume (es11uapy Jjo fre sasynd x1s jJo vOrIIA[{0D

Jo sanmauw

STINLINULS 40 ASNOJSIA JINVYNAU tL

A~-33



W3LSAS
40Q ST 0L 3ISNOJSIY

LN3WIIVTLSTA IAISTINGW

W3LSAS 404 ST 40

3SNOJS3Y Q3LYINWIS ANV
NQIYM3LI¥I 40 NOSI¥VdWOD

L

W3LSAS 300 ST ¥od
SNIVYL 3STNd WOWI1LdO

‘0l MNIS

"1l 3¥ngd

6 N9

(%)

[l ' N
B M W W om W W "W ow hal w
= w N -
x * »* » * X * x
o o - . - -
3 S o o o o o (=]
1 " w W [SARY, ) \n
o
—
-t
- 1
S 4
s
w
””H f
]
IMPULSE x 10
[ 1 !
v o uown w__o_
o " =
T o
3 —_—t
- = S
~f- e
3 bs SR
EA F
8 S Tz
n m N T
—_ r*tﬂ o.OM_M JOA_
-2 T T F >
& = N N =
' ' [ 1
w o wwnm_ o Vwuw o wow o\
=} 5 . =T
<f3 ]
o M
W o>
-

7%”) 7%”’ N~ N~
~ = w N =
n — ~ ~ -~

RESPONSE ) RESPONSE
& o °
. N N
w

o2 i o
- -
baet pe 4
w i
N

B v

SYOLYHANID NIvil d4SINd 123304

A
w
o
LIS A [w]
Qg
w
m™m
'l
=
Fen-0)5,
—..-.— ..FM_-
-
m
wGal g
o]
uJ.A
J
x
- 2
w
2
[ad
(&
ol
m
v
v
.
©g
w
m
4
[ e
om0
b Tm
w
o
358 g
x
nx.....A
l | x
w
.
[al
o

YIS e
NG1¥31142

X3N|

X30N!

NOILvYgIA JO

S3A0W TVYNLYN 9NIGTING ‘8 3YN9iI4

FE0 TP°005°0 080 16T S ‘gOINI4
toja0w

S |2 4
SILGLLLLIL 101 04002100 L0210,
S
o
M|
0z
1 I--1 1

......... )

(=]

30074

INTATING AYOLS LN ¥ 30
1S3L NOTLYINWIS INvNDHIYY 3

Y04 QIAVYYY SY3ISINd Syy  / JHNI 14
ouINg
Nival Is1nd H- ﬁ
wHL w3 g 0 10 50 9 A
M m SR
mse M i g1
LTINS O T 0
: RESR SR
wmn, |z -
i | I
~ K ot
I R «_

Wgn

ISNOJSIY INVADHLNYI 3LYIAWIS ol

NLINYLS v 40 LSIL/NOILYINK

an

'y

IS 35Ind Y04 3WNA3II0Nd

19N418 U6 1533 asing (°)

£

Zi3
R

MNLINYLS

NOILYZIWILd0

N

™~

N

ll
:/_ 3000 HiwW
I5N0dS 3y

enbyiiey (®)

(L ULE et
ISHOIS

ELTUIILESS

STUNIONYLS 40 ISNOISHY JINYNAU

‘9 N9

A-34

YL



H3LSAS T04LNOD GNY ONIAIYE HLIA 3D1A30 9NIWYOL-35TNd

491 0008 L1NJLNO NAWIXYW

Myl 35INd ¥30704
QaN1HIVM HLim 1001 DNILEM
Jzaiz/ ¥ILIM)

. 1NdNI L1531 N\ .
NIV¥L 35Ind 32¥0d
- ML M

——-~ 2 B e Wan B \Ni
2 SN

INILSIL 35TInd Yoo
INIHJINDT ¥O WYO4LYT1d

€1 7914 40 ZH €272

1V Niv¥Ll 3570d A8
G3INANT 3YNLINYLs €In 40
40014 LS¥14 No NoOlioW
TA10SANES LNJISNYYL

LIRS M7
1 ? |

1 3 1 "

35INd AVI30 o—\\
Q3Y1S30 SV 4¥D

St 3Un9ld

.

WILSAS T04INO) ONY ONIATHG
A

moox {013w0d pa3dipaxd ayy  cAouanball Jo uoridunj s® 23303 03 U1

91 UNII4 -PI3Tad0e jo ollea 3Yy3 axe s3tun apnitudel  uworiduny asynduy pur ‘ageyd

‘apnitulew vo1louny A3jsunil Apnyour pue gz dandry ut pajuasaid a1 utrig
asind syy 23B[NI[ED 01 PIYN 2INIONIIS HY] JO SUOIIDUNT IAJSURIY paingeam

NO110OW Tv¥Q10S

-NNIS INFISNVYYL 30NONI
0oL 3¥NLINYLS 82N 40
Y0014 Q¥E NO 03Lv207
NIvVYL 3$7nd 30404

e

LIRS Y17

n

et

P . . 1eo1dAy, Gz 2and1g ur pIIussaad aie §INO pIInseam 1IN0 AYI pue uIeIl
LvLs/d0Ls ¥I0N1143 : asind parjroads oyl 1z @and1g ur painiord s1 pasn ssojexauad asind anoj
Ivvue // : ayl jo aug -{oti}paezey uoriow aseq pa13105ds v woirj pairdadxa sarioasty
R ﬂ/ M : Swrj-uoriow adupul 031 Juririado A[[RUOTIOUNY ATIuM pr1S3T sea ne(d
L g ;
L HO1LOM Sl 3am0d e 303 (3] 0§ X 1 0G) WOOI 010D PIIR[OST NI0YS 41 Q0007 V
. /
R N ] F SHOLVYINID 3ST0d TLiA S183L
Y04 ¥30115 ¥O ; bw~ﬁ_m hzu>\‘ »Mu:z« m
ONINSNG 301N HOIHSAY WiV | “Aa(aq1ag ‘rrurojr(r)
a 30 A1tsaaatun 943 e Z{ 2andrg uyv wmoys 2In1oniis A1 uo suoryelrisnoaul
:w%ua axenbyzavs-ryue pue ayenbyilaea 10] pIsn aq [[{A AITASP SIHL -a[z70o0 241
¥d

1e moyj s¥3 3jo [eas 01 3nyd Zurasiow Y1 Frow 01 F01eN1DE O (neIpAYy

a3 3urirulis Aq sandoo asgnd Ayl 103 931€IS-JJU - [017u0d Mo J1oj Snyd

Surisraw a1 Futuorirsod Aq 3lels-uo IYI UL PI[TOI1UOD Al sapnyypdue

Isniyy  *sed 10y pajeasuas A{1e2THIAYD puP mr3IS 04 103 arqexdepe

ST walsAs ayl Inq sed prod 103 sapraoxd Isu {RIITU  “OHGL Jo (¢ PN

UT 3dudwiod [1IM SUOTIRAGT(LD puels 1531 {U0TIDNIISUOD Iapun A[1uaiand
s g7 2an8rg ur umoys 103e1ausd asynd sed srqeemeadoxd ayy

*47 YSnoiyy 1z seaandrg ur paszniord

Y1 3yYN9 14 pue g1 y3noayl g1 s’3indig ur umoys are s1031risuarf asynd Juriynn [wiam
Jo satilariea (visadg pasodoad uaaq IAPY JAT 000°000°'T ©1 dn Sujonp
-0xd s103e19u’d ssynd (e31ay (2915 10} gUT/3A1 000'00€ 01 wnutwnge ioj
gU1/341 000°0S1 woay s3uex L1yed1dLy s3IUsIdTII20d Furiind ‘paaomar [eiam

>>>>>7

JUVVEY

¥0014 1|

9dYS A8
Q3INIWYILI0 3HVYHS

E
‘INo04

o

[

a€

92N 40 S3JYHS JTOW "€l JNDI1S

™ wgl o

4 g St 2 $6°L

™ 0°0Y

L1 %28 4

4

1

o

004 -

ayy 10y “[rjuorieanp ssind 2yl uvisaod uoridaload [wisw ayy jo yIua|
94y pue (001 3ur313Ind 9yl jo A1120(9A AYL (219 ‘aurs-jrey ‘arenbs)

wxoy saem 3sind syoxqu0d uorioaload jeisw e jo adrys ayy ‘[6)s100m
Suyyoroiq 01 xeprwis paanfrjuod axe pue 1813w 1nd> 03 parrnbail sadio}

i1

¥0014 0¥E NO

PNLINYLS
1S3L 9In

NOLLVAIT3 J0IS H

t

ISHOLSI___ >

ARG ummmﬂ

NIV¥L 3sInd

AR TN RE]

011YAITI LINOYS

<+t

¢

yismnd

Yoy Bl

¥3sInd

3

—

E)

Ty

s 21)

w99°¢

6L SHOLVHANIO NIVHL A5 1Nd 92004

431y A39A 3Y3 Jo 'asn ayew §337Adp FuT1INd [E1Aw Ayy  CswIsAs asumy
-2891 sed jyo sse(d v pue swalisfs 3ur3l1nd [eI5W Jo sse[d e Jo pasodmod
axe juawdo(aasp ut mou pue padofaasp sasraap Furieiaual asyug

‘INIIIVILSIA

uy

SYITAIT ONLLVHANTD AS'INd

=)
=1

*SUOTIOW [RAINIINIIS JULI{NSIX Y] IINpad 031 pasn aq LA[SNoaurifnuls

1114 s103v13033 asynd 3[1ym uofIow ayenbyjlaeas Ije(nmrs 03 pasn

9q T1tm 31qed eys Aayayrag ayly ‘ssed 19110 3yl uj “[g)suotiom ayenb
-yaxea ssaaddns o3 pue [¢)suotiow ayenbyiarl ajefnurs 01 satpmis ureal
astnd 103 pakordws 3q {14 2anIonI3S SINL  “{9]A1qr1 AYrYS Kapayaay

Ayl uo pals3a) pue pazAteue A[9AISUIIXD UIAG sey ‘Aagayiag ‘erurojyie)
3o Kyisiaatug Iya e pazedol ‘71 2andrg jo 2anmionais syl csadeys apow
JO UOTIIRAIXI I0J pU® SUOTIIUNY IIJSURIT JO QUDWIANSEIW X0J [njasn e
suoriow asayy - (ditys) sdaamsg aurs pidex pue wopuerr se yons ‘poipianof
9q ospe Lew suoljow 13YIQ -3Isuodsda IAELM DUTS UIISURIY B IdOpUT 07

‘.m!luqt‘T‘ £-41) sureay asind yo uorjeasrydde ayy ajearsnyrr ¢ ydnoany 71 saandry
wgg

Taas-gqr Lt

st asyndwr 33ex3ae Iyl pue jqr 000°'0S St parrnbar adiaoj afriaay
*aenbyiaey 0x13u9) 19 ayy Aq pasned SUOTIOW IYY 0 [LITIUAPT A[[nNIITA
a1e pue |1 3an8rg uo palirold aae sads nd ssayr Aq padupur suopiow
asuodsax aqgl, €7 pue ‘gl ‘gl 'g saoco(] vo suolledof w@sind 10§ padoaaap

STANLINALS O ISNOISHY DINVYNAU RL

A-35



I
491 000°01 0L 00§ ] }
. S-$91 00L'Y ONY 91-3) 000'%S INJINO WNHIXYW
- Y WYY 07 3YNo14
W3ILSAS SYD G100 OIVYINID 35IAd SYY 31w 0¥d EL YILSIL ISINGHI — ATGHISSY 91 o1
SIYNDIS
WYY90Nd

7102 3210A
WA 10144 R3S O (1 (701 (1) 24°6)
IATVYA IAVIS 0AM3S N TIANY /7'1‘1.|E :N £ (lrto_ ~|1|:|Ii W[ .
A -
—-nw _r;u \ ) 1._—
c Y
: , c
3 LETE
N . N
3 ATgHIsSY WILSAS (14 0-01) ¥ ~ ; $933
B ki 1vHs N Ty N W So°g ALV TIgYLS
"R Lonta =N .// SONIYYIE D | -
YN 1404dnS .
; ‘V/ S Wy 3g L :
PHOYLS XV : 1 | . N : ™\ ==
! SY9 Ald - / YOLYNLIY (35 Z'nt) w ey / N 1 N

uau J1INVECAN

| €D=AN N

INISNOH HILLND N\

aNY ¥3L1ND /,N»

SILYTd LHOI 3N /

fal WILSAS IATYA 137vuvd () 76)
= SIYNDIS SHYY 1M0dd0S 9NINY3d w gl
HY¥O0Ud

SIXY HIVYI 491 000°S1 LNdLNO WOHI XYW
NOTLYYNOIINOD ALITIIVS LS3L VIXYIE “61 3¥nold

Xe)
_cll’»caf;i _¢.m«l|||l\l ‘ ‘ . 7

oy L o, $-391 008" L GNY q1-3) 000°91 INdINO WNWIXYW !
Z “ L \\\~ il A HOLYMINTD IS4 LN4LNO 3DMO0I-MNIOM 30 WILINS 71 3wA913 <G
ISVR INTLINNOW T —T
{LN3HIIVI43Y ¥OLVI0S!)
$¥3018 ON1INNOH 133LS 4 e
K . ] :llqA LJ\N_ i
(HOTH 14 € XOWddv) \
e (MMOG 10D} ¥ovy :s.t.a;\ "
B
zehéuzuu HIQI0H NIGRON-— L
1 Hyd 354 1
IOVHOMN 3333 33904 NIganN-—
IYNLINILS
1530730113V Y
X0Yda¥) (a0d-avnd} 3INOA IN(avQO1
ﬁ.nc.\_..n (LN3HIIYI43Y YoLv10S1) SNI01d I33Ls 2 . ) ¥ILLNY 351Nd— 44
T3 IMod
YOLYY¥INID 3804 -
. 39v(¥8vy dova-—{ |
301031 i
saod 3q1n9—11
¥3Lem 3eva—| ||
NV 21 vHoAH — i
3evI-— | R
_ [QF N (v
4 e N 1 AR § e O
¥NLINYLS £$3L/3INVLIIVIY INVYS INILOTTINY ) -
SUOLVUIANID NIVIL AS1Nd AU0:A ) SHUNLONULS S0 ASNOJISTH DINVNAU R



1Z *914 NI NMOHS SHOLY¥INID 3Sind
¥NO4 INISA $ISTN LNJNI-LSIL TWNLDY ANV G314193ds
1WY0JLYTd WOOM TOWLINOI G3LVI0S) MIOHS 87 000°00Z °ST Nots

J2u103 ¥N 3e sas|nd 153) (9) 43u402 3N e sasind 31sal (p)

s ‘L LIRS 'T¥ ]
90 UM z'0 ] 90 wo o T0 0
dee ot Q bt 4 Td.:» . O
-
005 m 005
m
oool 0004
v
0051 0061

J49u102 35 e sasind 159 (9) 43u402 Ms e sas|nd 153l (9)

el 0 il 0
00s i 005
0001 0001
0051 : 0051

Jaulod yoes Joj ujesy asynd pajy|oods (e)

‘33404

at

s ‘INIL
h9°0 gh'o ARIRAN 0

008

00zt

qt ‘33404

0091

0002

oone

€8 SYOLVUANTD NIVHL ISTNd D404

q1 ‘32404

41 ‘33404

- SNLINYLS
94Y7 4o S3IdVHS

SINYOLSIH ML 3004 GNY SNOILINNS
-NO1Lv¥37309V SLSIL INIM Y3IJISNYYL NSy W

-d1f03 Y04 (61 *9)d 335) 0L 03sn (81 *914 33%)
HOLYYINID 3STINd WIXV-18  *HZ 3¥NO14  ¥OLVYINID 3STnd I9yv1

NLINYLS

40 $3dvHS 3dOW ONY 3WIL-NO) LY¥3 T3V
NOLLINNS ¥IJSNVHL WO 1S3L INIWJINDI o4
aasp (L1 *914 335) (94 914 33S) yoLYYINIY
YOLVYINID 3SInd  *ZZ 3wWn914 354 40 NOILYI 1144V

SIIYOLSIH

SHANLINYLS 40 FSNOJISTY JINVNAD

€2 3014

A-37

*1T 3¥N9td







€2 GNvV 8L "SOEd NI NMOHS zoh<zu2mc 3asnd
— YLY0 WOY4 03LNdWOI SNOILINNA (IINVA¥INI) YIISNvHL
YNILINSIY ONY SLSIL NIVYL 357INd WOM4 SAHOIIY VIVA WIIdAL “OE 3unvld

(99404 Ag papiAlp

(zH 0z 03 0) Asoasyy

uojiesa|ad9e). UojIduny J9ysued)  (p) sw|3-92404 Induj pasaifid (q)
H "AONINOTHS . o sevawm
3 oi—O ol 1o g z1_01 90 00 vo o ©
m 9~ m -
b o 3 n O ——! ° 3
>» > Q D
zZ . ot} -z n 1733 avOl ..Ao F
50- a o NO SSYW 40 Y
m m Mzl qvolouvis lov 2
e ne L
§ ;.0 2 ow SR 10, S n ot x
v v
{zH 0z ©1 0)
Atois|y sw|i-uojleda|adsy (9) At1o3s|y sw|3-addoj Induj mey (e)
oe8 ‘N1
) 0F 80 G..Q.I.,V.@ 0 )] »
T T AN ¥ 0
.o-a ﬂ n n
oty :
o WX m m
] e =z
t 127 f v £
NOILYHNA NIVHL 38INd
NOILVHEIA BNIGING INZEAY
(zH z°6 :Aousnbaid) {NMoHS
NO1123S 0L TVWHON NOllvl
VLY I LATYNY
. -12%3 ¥357nd) SNOI1YI0T
OGNV TYLINIWIYIdXI WOH4
1074 3dvHS 300K WIIdAL ‘67 Jyngiy Y3STNd ONV UILIHO¥ITIIIV
YNIMOHS LNV1d 9N§SS3ID0Ud
YVIT1IAN 40 NOILIIS SSO¥D  “8T 3WNIid
8300N z .
r T T T v W
x (u s'9¢€1)
. x M Wiy
. w A = 2ms e s = |
BaL L OILATYNY °S ¥ — bv won
N 3 ) A
r 7
Lo.-m (dA1) SH3LTNOUTTOOY YIS
IWAININEIIXT ]
SR SYOLVHYIANAD NIVHL dS1Nd 32804

SNOtLoW 43L534-357Nd

, _an fQALYINNIES-3STNd
'03131034d 40 SIIYOLSIH
IWI1L-NO 1 Lvy31320Y
'WY04LYTd WOOY T0YLNOD

‘LT N9

paisal asind (o)
s 'L 2
01 90 9'0 40 20 0 ]
RSP o
o._-m
oy 7.
w 2
"
~
pie|huis asind (q)
s ‘1L
"9°0 . 8y'0 [AS)] 910 0
R A ozi-
o8- 3
a
o~ I
4 ? z
o 2
l [ 2
o
?
08 &
nN
E N £ i i A ¥ A QN—
poIdipasd (e)
s ‘3L
9°0 N 840 X (48] 91°0 0
T T on-
toz- &
m
s
fhe 3
>
~-
. 0z 3
=
oy -
?
b O@ Vz
A A A L., ...8 I3 1 OQ

ZH 005 0L 2H §°0
Y04 NOILINNS ¥3IISNVYL

QIYNSYIW  WOOY¥ TOMLNOD '9Z IHN9I4
uoj3Isun) os(ndw) (o)
s 'L
0z [} o't $°0 0
1 1 1 s 1 1 . o€~
i 0z~
B o1 -
enpnd D\ 7>>> > _ _ . T
N7 aVAR'/ <4<ML [ Pon
: ‘ o1
. -0z
T T | E— 1 T T of
aseyd uo|1duny saysues) (q)
0 AININDMS e
o3 009 ooy 002 0 iy
; F r's - Qonl A
i o
x
5 Looz- &
m
E - o.
3
. F00L- X
=
4 - ~N
T Ll LS T LA L] °

opn)jubew uvo|iouny ssjsuery

ZH *AININDIYA

00g 00%

009 007

STUNLOMILS 4O ISNOJSHY DINVNAQ

R






_ TDRGL TRy AN [eaPN 00 ‘uolRutimey Jfag
05 *TTING UOTIRIQIA R A00NS L, 'eenbiutaag a(dianN 1A -uB I Aq sRujpling aarsary
JO RIpISTIIIAGAFY) (@INIIN2IS dyweudg Jo quamaInseay, g ‘plojyeg pue g ‘ma19jx

__CLLSL P97z Ar uspaas ‘monaois tuafupmagearcrmuoiieaiijisoq ‘TS

15w 36 uniae3iddy KIeiy i to Cdakg au] (3G ‘sanhyunaag asyng Aq juawdinhy
aApARRR Jo RUT1R2] UOJ1R[NWIG FIOUG-pUNOIN puv IRe[g-1Ty, 1Y 19 ‘4§ ‘piojjeg

SLE61 Aen '7L9'070'y o 231330 1WmIRd §q
W' HPSAIBUY [RINTINIIG UF M) J0J 1031°1203n 2M[Ng Id3104 [€HIUNNIIY, ‘g J ‘pioljeg

1861 uer ‘yo ‘riueyiy ‘2oulrajuc)

K11e39dg 39Sy ‘UOTIwST)jiuap] waiskg puw spGyial FHiinal Tuojiminamniisag

Tea1t13n135 §0 ontodady dmmwnk{ "3e13 ,,'si03ea3uny Im{ng jo uoyiedy(ddy
syenbylaeg-javy, -1 ‘aekuwylyag pue ‘g g ‘projyeg fycg ‘Aoyeg 't 4§ ‘1asey

m@_““w_a.:muwm.£M1a.o,om_nshim@k.oz
IURI UOTIEpUNOY IIVITIG [FUOEIEN St ,mmﬂu:mmw TiAT) Uy siiojaoy ajenbyiiey

Jo Gojlepnmig [®juAwWNCITALY I3 10j FINHIURIIL 3F(0J Jo UojIEPI{RA ‘G4 'pioyies

R

‘6161 ‘12qua) FuraasurBuy

uxs:vzgaum.u__=Uus.>«c:u<u.>o~uguum,onhuxuu.~._o>.a~—:zuxﬂug_qe.um&xm
e il S S UL AL G RS Ay LA & St Aid D iubi: M- 520544 &0

33in35>ni1g Sweiy {2915 ¥ Jo Apnig Joreinurg axRnbiaiwg cp g '‘Suey pur "My ‘GRuog)

‘0861 ‘€i-g dog ‘Koyang ‘tnqueyep “Fug Iqenbi1i%3 UG 3105 prIoA GI[ 3034

w'81018I2uag IA[ng Aq volIR{nwlg 1UsmUOITAUY Iyenbyirey, ‘g3 ‘projiwg pue "J'g 'jieey

"6L6T UNC ‘T:9y IASV CUIIH C(AAY FO TAr  ‘ewayqorg rfueuiq
1eaugjuoN 303 anbyuyday voyiwsyryriuapl djsysuwesedvoy v, N1 ‘AIufney pus c3g “rimmy

"691-15t “dd *org1 aag ‘wMAtrol TAIG IR 90F ISV ORI
W'EonbIuYda] esng Aq vol1FnwIS JudWUOIjAUF ItwRuk(],, ‘g4 ‘pIojIRg pue 3§ ‘jisvy

(9161 _dos

'MSSN ‘¥SIUIQL ‘[011U0] Dfjewoiny JO uojIwapag cup ‘UGoyrenjiIng Foysurieg wiiskg

pie oyi1®d1jiitap] 30 dwkg Qiy ,'swriwkg 19auj[UON 2 vd>S 281w yo woyiedfyrIvap|
10) poyray ydiwag wopuey 3Iapidepy uy, ‘g3 ‘piojyeg pur !-‘y'g ‘Aoweg '-g'g ‘t1aswy

o ‘0Ly-65y cdd
‘wi6l Ao ‘2:96 ‘g 8aFaes 'ANSY 'Aiysnpuy aoj cBuz Jo jur ,'10iwiduan awpng
I®ojuey3ay * jo 821pniS [Riuswfaadxy puw ywagyhgeuy, -g1°S§ 'jIsey puw ‘g g4 ‘projyeg

01

STINIALR

rporrtoaxdde A1yea13 st rzredg g uyor ‘1 Aq paptsoad aourpind
pue JoueysISse AYL "O010GI-L{¥YJId "ON 1uea9 Ipun UoIIPPUNOF IDUNIOG

1{euot3eN S231e1S paitup 2y Aq 3aed ur poaraoddns sem Apnas sty

SINIHIATTMONNIY

‘g7 pue g1 saandfg UL umoys ST §31931 ISAY] UT PASH 10iriauad

astnd a2y -of 21n81g ur usatld eaep parvrasuald asynd Ayl woij paideIIXD
adeys apow t1eard&y e sy gz 2an3yy  “3uol 1 00 pue ‘aprm 1] 91

‘Y31y I3 Q% 2INIONIIE IIIADUOT PIDIOJULIT ® sem PIISIY SFUIpLING sy jo
sug  {11]8urduwep pur sspow SUIPEING JIRIIXSI 0} PUE SUOFIIUNJ TaFsuriy

ureaqo 03 pauroyaad saom juepd Burssasoxd xeafonu 33aey v Jo sisag

‘sxo1r1auad asynd ayn

Ya1m $1S31 SULINp paiInseaw SUOTIOW pue 101q0

parernurs agpnd paynduon

L yitM x9y1a3ey (g 23nd1 g Ul ulald sy pauzvy NoTlom aseq 01 Anp uoTnu

STANLINAYLS [0 HASNOJSHA JTNVYNAQ

98

A-39



s100u0uy paIg) 0 AIID0S UEDUIWY

NSF Grant CEE-7715010

|

;o

EA1 1
211wn0y
SHITROME
WA
10 ames
NY ¥ Iny

21001 WOA MON DIOA MON
19215 UILY 1SBT GYE

aul Ag paysnangd

VIDHOID ‘VINVILY
BjuE[lY ‘uojeaaysg

1861 ‘91-G1 AHVNNVYF

jonp3 ‘pey Aeo

Buussuibug palD o jooyag ‘Abojouyos] jo aimisu] eibi1osx)
[1oUn0D yaueasay HBupasuibug puip

BILIOJIIBD O UOIBID0SSY S198uiBu3 [BInjong

uoIBpUNOL 82U310S {BUOIIEN
ainisu| yoseasay Bupssuibug axenbylie]
$108)j3 DIWEBUAQG UO 9a1IWWOS (BJIUYD9] (1)1S/3ISY

SOIWRUAQ U0 99WWOY (BOIUYD3L QINT/IDSY

UoIBIUBWINIISU| puUe SISAleuy
Jeuswadx3 uo IBINWIWOY [BDIUYD9L AWI/FOSY
‘A8 J3HOSNOJS-00

s1esuIbul pAID Jo A19100S cm,o:oc;\
8y} JO UCISIAIQ SOIUBYISN
Bunssuibul eyl Ag peziuebiQ

[043U0Q) PUR UOTIOIPOI
“UOTYBAIDS(() ‘UOTFRIUSUITARd X ]

:s9anona)g Jo osuodsey orureuk(q

uo |
gouadasjuo)) Lyeivadg

puooas ay} jo mm:\bmmooi_

A-40



L8

*3STT I0U213J31 BYJ U} swIIf dJeuldysop SIINOBAQ UF Sadquny
*JTTED uaayinog jo A3rsiaagun ‘Bujassurluy jo Tooyog ‘juspnis ajenpels
ejuxozjie) ‘opundas 13 ‘ssjeyoossy uwpqeq8y ‘@leyoossy

eJUl0yTIE) uldyInog jo LIfsaaatup ‘Bujaseurldug jo Tooyds ‘iaossajoad

™ N M T XK

BIUl0ITTE) UxayiInog jo A3rsasarun ‘Surassujldug jo yjooysg ‘aossajoiyd

*311nq Suraq sae ‘Isnayl paopasu SYI YSTUINg 01 MOTI paialaw
v 4i1Tm 21zZou B pur waysks afea0ls s¥d v yaim uvoriounfuoo uy siojenide
D1TneapAY puer 519[1011U0D0AIS8 TeIFSIp Surhojdws ‘szoresausd asind sed (7)
pue ‘[9] ssuodsax ®I193T10 3yl Ydileww 03 SB OS IINIONIIS 3l UT SUOFILDO]
Jus1a3j3yTp e parrdde °2q 031 sOTISTaAaIoBIRYD uUjeal-osTnd 9o103 wnwiido
2yl Sujuywislep IoJ PasIASp usaq Sey wyirrodTe JUSTITIIS ue (1) ‘Apmis
SI41 Jo 8sinod ayl uy *[g] sIuswuorjAus dsyweudp A1exirqie ol $21nIONIIS
jo asuodsaa ay3 airefnuys o3 [4] sonbyuyoea asynd Suysn yo 1daduos oy

3O UOTIEPITEA Y3 YIfm pauxaduod st [¢] 310339 Ydiwosal Iudaand y

!

*UOTIBITOXI ITPO
-11ad 1apun AduayoT33a 83T 031 paaedmod paonpaa Arieriueisqns S} *SIVTAIP
Surduep sayssed aeTruys 1aYyjo jJo Jeys oyyf ‘aaduep 3oeduy syi jo Aouayd
-1339 9Yy3 ‘Arauanbasuo)l *MSTA JO Jutod UOTIONPIX uUOFjow Y} WOl LW
wnwiido 3yl 3e anddo shemte jou op (| °914 998) aanyoniis Axewyad oyl o3
xadwep joeduy ayz Aq pojaeduy sooro3y aaysinduy a3yl ‘suojjom punoal ayenb
~31P3 JOo 2anleu JUITBURAT Y 03 SNP ‘I9AIMOH ‘ SUOTILIFOND enbylies
2uiTquasaa sIUSWUOATAUI DJwruAp IIpUn PISN UIYM IDZT[LIINDU UOTIVAQA
djweudp [PUOTIUSAUGD 3yl 03 poiredwod piodsa aduemrogaad zoyaadns v sey
‘§90FA2p YON® Jo UOTBIIA apdupfuou A[ydTy v ST yYoTym ‘aodwep 31owduy Lyl
" “Jo13uod uojleaqTA 103 pasn siaduep ssew Liej[yxne aayssed jo sseTD Iy

Suowe 3BYI UMOUS dAEY *Hu.ﬁu sa1pnys [ejuswiaadxa pue TedyIL{RUY

~

Go0j3onpoaIu]

*UOTIBIFOXI OFueudp a9pun swelrsds Fupprynq awaUFTUOU SB TTIM

se 1BdUIT Jo 9suodsal ay3 SuFTOIIUOD UT DATIDVIID 9q 03 umoys s} i1doouod

1033109 JY] ‘2INIdonays awell (99318 BulISIXd ue Jo Topow B 03 ‘SITPnNIs

uorlBINUES (eITIdwnu jo sugom Aq ‘payydde pue padoysasp st wysztaofie

1017U0D DATIOBR FUT[-UO DTQEFI3x 39K 97duys y *sBuppiyng [T®3 3O suoflouw

pasnpui-oenbyiaea syl 93v813fw 03 Sioleaduald 9sTnd swd pa{(01IU0DOAIIS
Jo @sn ayl ojuy Apnis AITTTQESED] ® YITA pauiraduod st iaded syyg,

310813189V

aekueydysq ' aefay, *

y mvuomuam ‘g qoFaapaag *_Koveqg ‘v afioan * tasey g tuesg

4 1
£q

SUOLVYINID 3S'Ind 40 NOILVDI1ddY ANVADHIWVI-LINY

A-41






*Z 34n9 14

G3770YLNCD 38 0L W3ILSAS J00S LNIWAIND3

68

AAAAN LAY
|
2 n x — o, 0 .
(&) —
(o) - - . .
N
2 -4
x 3 3
~ o ja H - .ﬂ
2] "
2 2 o R [N]]-8
c - = o 1
2 g T P
[2] bl w <
v h-J S M o. » “r?
A S & ! o
< — ml_. x l.. =
.. :
- ) 3 ™
) I On N -
1T & ° “
o P4 -
. l G
. < -
r ol m
z
©
z
2
sl
m
o
T
! =~
I ‘ MA b=
% o< E o
T & z o
1 | ~ N ~ ~
! A I =4 c
| 1 ™ W
! ! x -
1 | m m. %
“ ' & # 2 z
P 421 3k 5
" “ok. m 4 m.
| | -
140? i E} 3
~ | o a
[+ | 0 ®
h-l [ad —
e ! {
PIA“H t e
T HV_ g
1 1 B
4 | ®
! ] -
! [l
[ad

SYOLVHINTO 35TNd INVNOHLYVI-LLNY

(6) walsks ayl 3o mcﬂaEmv 1eoF3T10 3jO OJIey = b
(8) woa1sks a4y3 jo Aouanbaay {elvawepung = m
. .
q - IpM = [
0 z 1
, 05 teaey yead
(9) pue P;  uorivanp jo #2103 TOIIUCD aapsfnduy =  (3)d
(s) (2)A = wa3Isks 3P 3O asuodsaz saysindmy = ()4
: o
3 d
X
€))] 1p(r)d (2 - )y oa‘_‘ = (%)
P L
-)dxa — = DA
€ . . 3'm urs (am-)dxa )
P i Pw soo)(ama-)dxa = (])© «
@ (3™ uys o + 3 )¢ ¢
aI9yM

o o

M % + Ca- Da%h 4 C1 -k = [()F]E
| , : Aq uaa1d ST
fox? oy3 eyl uofidunsse Ay Japun

tgganoad wopuea ueawW-013z © ST UOTIEI
: +papaaox? usaq SBY 1371Ieq

¢3guodsal ayjl jo aniea pa1oadxa ayl ‘u3yy

prousaayl ayl ¢04 - 3 2wl 1€ IEYD asoddng ‘7 °314 uy umoys 9E ma3 LS

AmonmvEovuuumluolumuwov|mwmcﬁm 1BouyT juUa[EAInbY ue se vmamvom st patio1d
~uoo 9q. 03 2INIONIIE syl eyl ‘uoypjeuyxoidde 19pio I8y} ® s ‘ounssy

<9n30n11§ 93 JO 9OURISTSI1 Y 03 pajera T3AaT proOYsaiyl uied
oo ww:om“uuuﬂmu:uu:uum ayar uaym Ajuo potrdde aq va:oum wwwww
¢ poz 1n £91sus [ol1luod Jo Junows Y3 oz TwiuTW
w”uwwwwswu“uumm awﬁoﬁuumuuv 1adoad ayd uy paprdde apnijuden awnmuﬁ:w
jo asind ® jo Supayy pampd £q asguodsea Jjueudp Teanionils a2yl jo np1Ing
fenpeasd pue A113p1o oyl Supztuedaostp Aq ‘padnpaz »HamUﬂummuv asestl
1w 10 *pojeufwil? 29 UEI euswouayd IduRUOSAT VY BF WYITIOITE 3yl MM
popl ujew aYyj ‘99°ULQINISLP Kieuopieisuou K1va3fqie ol pe1oafqns mme“
1ajoueaed PaINQIIISTP UITH Isn 103 arqeIyns wylyiod{e 101I1U00 www: T
-uo oyduts A(PAjieiea ® pajuasaad [¢] sioyine ayy Aq Apnas 3ud v

-19D ® EpadvXd

W(1§108(V {0iI1uo]

*£9INTIONIYS

aepjurs 1o sSurpTing 1I®3 30 suofIe{IToS0 paonpug-~ayenbyazes a3 mumwﬁuqs
03 siojwiauad asind s8d paT[OIIUODOALIS gugsn o K3FLF4ToE?I AW 3O pnis
v Y3ijm pauaaduod ST aaded s .:o«umsﬁmav.msﬂvuuuua 3yl jo M9TA uj

STANLONYLS 4O FSNOJSHY JINVYNAQ 88






*IPART PLOUSALT AlGrUOSTAR fuw UTHITA 03 UOTIoW WATRAR Y [OI
A{aaTinagya uvd 1corg dea amy ae Aupioe IA7{oanuen ALAULs # AT AOUS (]
pue g1 STl UT usoys siynsa1 Al C{q arnbyraea [eIaTIiiar o asue 20

up sy cA(aarioadsax ‘i1 pur Q1 8874 UT UMONS 8T ‘unfiow puno s puea
Aieuorarls P Iapun pur ‘uofiow punoad axunbwiaea apgl ‘017UN) 13 AW de

[8]) 3¥nLINYLS 1S3L UL 40 SNOILVAIII ONY WY € 3¥N9I4

uorine Ayl Japun ‘g yiInoayl g c887q uF pPRASN SI07 mand anpyjoxu0n Aues

ZOC.A\\/MJN 3qls NOILVAI3 LNOY - a1 s .u.:.;u::n aums anl jo asuodsal U

anpfdapp dapielNT AL

;lu SIAT[OITUED ATRULS P oylTA PAuLrI|o
1 . 81 A17p0TAA A1 uf UOTIONpaxr [rIIuBISANS ‘spagnd TOIIW0D Ayl 03 1punds
LN _91100 siuafrRUPI1 A3 Jo 33j7ds uy 1wyl PION 6 “R1q UT UMOYS ST [01IU0D
£ Inoy1 M pue YA 9IN30N11I8 AU 3O asuodsnil L3Tn0{an dafIv(al AN
[
@

ELX0OIM ¥ 3sve
INILOO4,  JOW0LL08

SRR

-grunua1jnba as{ndwy PAIDSUOD 01 JUAWAUTIAL T ST prrpmas 8uinq
.8-9 s1 sinjrinung asind jo uoyiedcl wnuyado ayp  *AIN2ONIIS M Jo T00(]
19M0T Ayl Uyl 19yzea ‘10073 do3l 9wy e porImdol ST 103vaanaf asnd oyl
3T POAATYIR A uwd astnduy paxgnbai ayl uy uopionpad JueayyFul s ‘mnTA
jo 1ujod ARipud fo1luod Ayl wely C1PADMOY CB[AART PIOYSAII pRIan(as
=i— a1 Aq papunoq Lparau 1day §] ssew tpea jo asvodsnr Al “uotaRvol aa{1o41
~u0d 2yl jJo ssapavdal Jeyl UAdE ST 3T ‘g pue ‘s ‘g *s8714 Suyandwoy

b5 . 'Q .?:, JARE R

A umoys aie tw 3w pue Cw e UOIELOOT IPTT0ITNOD A1Rurs ® 103 s3[nEod
e oo 21 gurpuodsazio) ‘9 ‘314 uy UNOYS asuodsax pAaf{o1luoD Aay) Uy SI[NSAA
"y 2as ¢'p = 2495 poyiad uoyaezywyido ue pur DAS {070 = P, uoyievanp ja asind

]

2 1enfuriona v Suysn c{0°1 ‘88'0 ‘¥9°0} = 3212 aar aariorived Al

Furan837a3 J0J STPAAT PIOYSAIYD AYI 2RI pue 2an1on11s STyl jo Kioys
3$313 @4l 1e paledol ST IIT[01VOD asind afduys B 1P PUNSSY

|~ dAl 37%0N8

-NENL ONV Loy | 0y | O0-% _ “(qon) AP{miIag ‘RTUIOIITEY JO AIFSIPATURN A1 IR (6'8) ATTriuAmis
goy 02N pue 3153335 yroq ‘poypnis A[AATSURIXA UAIQ §PQ €W (¢ "313)

19918 A1035-22aYyl1 © jo Japou wopaarj-jo-anadap~an1ul v 03 1% nyLydde
Lq paievilsuowap 2q #ou [{FA poyrau pasodoad oyl Jo A3ITTIN 3w

TOTIwoT (dTY

‘uoyredvRUATdUT 2UTT-UO 103 pPoIAM AN

jo KI7TFaIseaj amd guyssasse ul JuedTIFuUdIe Sy 1j1ag{r (o1au0n pasod
~0ad ay3 jo 3aninnj InJasn SIYJ +Jugmyl pue ‘uoiINAIFP fapnd talem asad
! wnurido 2yl PujwInlap 01 papadU §F (Puty deT TOLIUOD faouay pur) 1a0]10

NV 1d HOO14 TTVIidAL {euopapandwod a1qrdy(8eu ATTENIIFA ‘10 PATICD ST asgnd (oazuod m Adun

tsnyy, 94 pur OK A3ydoraa pue juswaneTdsyp  TRFITUEL, AUl Fuypkydyagomu

I+ 2

E— o e 5 n«qulﬂw._une ?_uumzm uaa1$ v 103 2ouo A{uo pajen[eas 9g 01 padu yorpym) suorssaadxo
u o o s1eaqafie aTdwis ATOAUT TN u:om 107 uopssaadxa TeopIAprur SupiEnead
- AL e In /T \\0 m.. ayyg, .Aom:. Az puuIWw TTFA YOTYA ugo._ apnijdue asnd wnmpado oy pInyk
18V HHAS ) — SENE | . { e 01 vuunmﬁ_uuuwmﬂv pue parenTeAs ATTRDTIATRUR Ag Ued (] chy ‘y *by uy
_ ~ | fuyivadde %x pue ‘a ‘N 103 suoyssaadxa Iyl jo aanieu M 01 A
O£
..Ouvlm. e ! Y3050 ~wa3sks a1 Jo porind {riuduRpUNG ‘u;u fuygonq
_ I«w.l!lmlm1l bem. 3- —3- —(v) I WEs (1)0 29 01 uasoyd ‘poraad wopiezjuyido Ayl S§ 1o aaaym
l o o
S B (o0 (A (- cor
. i 01 ; N340 0 = ¢
103 ) k) JQU..U 4

@ 18V NNAS ®

se po10A1AE Aq T1TM PPzTUuUIW Aq 01 uajiounj 1800 o,

16 SYOLYUANAD ASINd INVNOHLIVI-LINY

STINEINULS 0 ASNOIST DINVYNAQ 06



£6

10 "D°3 NOILVLIIX3 Y3IANS
T0YLNOD LNOHLIA 1-820 T300H 40 3ISNOJSTY G 4N

§
<
o

T041NO3 ON

10 °0°3 =5

SYOLVYIANAD 35S INd AMNVNOHLIVI-LINY

—

g

‘D3 0L ONIGNOJS3IYY0I NOILOW 3Sv¥E  “h 3ynoid

()

ML
o1 0

S OO IUUS VUOUPURUUT BV VO SO S S A

007

T e R A -

()

ML
ot 0

YSSETIVURITPSPUVIUTIIUUIVIURIT SISV IVESV RSOV RSN 28

19 D" 1 =5

STANLINFLS O ASNOAISTE DIINVNAU <6



Cu 1Y 9NI1LIV ¥31704LNOD
Y10 D3 NOILYLIIXT ¥3ANN 1-82n 13004 40 3ISNOJSIY QINI04INOD L 3Yn914

f: 1V 9N LY Y IVTIONLNOD

{r) ()
WL ML
o o
GOt~ -
; _____ ,
(I
ot S
() ()
ML ML
o1 0 o1
b aed ek x <- Al . G-
ST Y TN
M
—_——— — T 1 ggr0
2
i 1 S
§"]
T
z A
o
i 50 = 1070 = "1
E4 (01 '88°0 wg'0) = 'K (0 *1 ‘0) = NOIVIOT 10 V'I-§
56 SHOLVAIANAD FSINd ANVNOHLIVA-LLNY

116 D73 HOILYLIIXI YIANA L-80N T3I00N 40 ISHOISIY 0ITIOULHOD "9 Tinotd
() )
ML ML
01 0 o1 0
L PSSP mo_.. L!!.i...f.l»\l»ikr.l.wk.r.f»l!f)# .
e :: 0 AR 6
| ' STV IRV g0
d i
-
t
S0t S
{9 (e
ML MIL
lt 0 ot 0
-t Ao, ml B S G-
88°0- L-
0 0
88°0 [ \ m>
e s S S
g -
by i *
o 50" 1000 ="y
mw (o-t ‘gg'0 *49°0) = **'% (0 "0 *1) = noIVIOT 10 D3-S

STYNLONAULS O ASNOISTH DINVYNAUL

t6



m:. Ly Y37T04LNOD

10 D3 NOILYLIOXI ¥IONN ISNOISIY ALID0TIA IALLYIN 6

N9 14
u 1y oNILoY ¥ITT0HLNOD
() ) Clg "D°3 NOILYLIOX3 ¥3IANN [-820 1300 40 ISHOJSTY aITIONLHOD  *g FWNI1d
ol ML 0 ot ML 0
fanabnnant Mtaehsaedinas s, 05~ | TUUUT SR ST SO JOUUVSUUIT VOO DOUPTORION 0G-
(3] ()
ML ML
+O - 0 ot 0 ol 0
i A X " L n i "y 1 mo—l 1 e A i 4 A, ml
Sy iy
- 0% 05 A : e e i ek A — {4970~
(?) (9) i | o %1--&.@@%?«“ 090 1
o1 ML 0 ot M 0 «_#_ ’ >
P } n n 1 4 " L i " OAQ (|l n i L 1 " " A i Oml
{0t 5 ©
il T
i i :
z
. Q N N* ML WYL
ol 0
O Om- " R oy
05 0S
(r) (®)
01 ELE 0 ot ECTPY 0
et ettt bt 05~ bkt bbby 0 gg°0- i-
0 0
88°0 7, Y
0 0 ¢ 5
€ &
‘ i
e o 05 05 50" 100-"1
T {01 ‘ggro ‘n9to) = *7'A 1 ‘o ‘o) = nolLviol g D3 - g
10YLNOY HLIA 108LN0D LNOHLIA
| .
e s 0="""" 100-"1 (01 '8gr0 w90y ~ 7%
£ {1 ‘0 ‘0) = NOILVIOD 10 "D°3  :NOI1V1I2X3
{6 SYOLVYINAD ASINd AAVNOHLAVI-IINY

STUNLINAULS A0 ASNOASHA DTWVNAG 96



66

£
, W LY ¥3717041NOD
*NOTLYLIIX3 WOONYY AYYNOILYLS Y3IONN i-97n 1300W 40 3SNOJS3Y "1l JWnI4

- &

uo{low paf{osivo) (r) {04300 InoYI M uojloy (&)

L ‘ ML
114 0

/1 ’
£
uﬂ.-%
S S
as|nd |os1u0) (9 uoj1es5 3390 aseg (e)
ML ML
. e 2 0
(01~ R * 00Y4-
il
1 ._ “ — ___ 0 _,: I Wl o
£ AN ,
i Je s
01
» S 00y
C -
d ~
. $0=2°L 100«"1 (01 ‘ggeo ‘49°0) = #°'%
d €, (1 70 '0) = NOILYDOT 001 = ©  woanvy = §

mzo+<=22wcm543;mx<30:hz<m;bz<

mE 1Y M3T7041LH0D

1373 "3 NOILVLIIXI YIONN 3SNOISIY LNIWIDYIISIO IATLYI "0l Ao id

uofiow paplosivoy  (p)

WL

asind jornivoy (9)

EEN

Leanlansrbatialacnhossatasantonsatasonlonset -
mo_

lj‘l!iJILf 1o

e

G -

d=—*-

& (01 ‘8870 ‘49°0)

ﬂ
>

[043UD2 3INOYI M UoEIY (D)

0
£
[~
¢
.
ucpiesaaroe aseg (®)
ML
o =2 ooz
ek
o 2__ 0
S
Q0
50 - " 100"

0 ‘01 = MOILYIOT 213 DY - §

SSHANLINAULS O HSNOISTH DINVYNAC RO



*g961 ‘330day ARoyouydal jo IINIFI6U
wjutoypey ‘suorioy eyombyjavy paipimuls *O°N Te€8] pue M9 *asusnoy !'9rg ‘sButuusr  ‘pr

*GL61 3090 ‘Aerayiag ‘wyuloFyied Jo A3FRIATUN ‘9f-Gf O¥IZ RIfNALy
ipor3figouy 77 ‘104 ‘eomonaig sumag 18838 © fo fipmigs poipjrug exombyaapg +1°q ‘Bury 6

*geet ady
‘hapanasg ‘viuiogyie) Jo A1¥Rasatun ‘9-¢f ONA3 'e1qnesy Nnd:ns.zmmhh T ‘7oA
‘eamyonays eunay 7e238 v fo fiprmag paivinwis aypubyary *1°q *Buel pur ‘m-y ‘yinory g

‘0861 ‘SUOTIWITTANG KS
pus *0) BuTySIIqNg PUBTIOH-YIION fwepralemy *2Toudfal TH'H P ‘fonauo) puarmonss
o' FBUPTING {T®L JO [013U0J ISINg BUTT-UQ, 'I°4 ‘TEpwApn PuE L'y D ‘Aoxag f-g4°S ‘FISETH "¢

. +0g61 ‘Tnqueaey ‘Buidsaurfuz exonbyiavg uo - fuoy piioym Y32
o' f301013u3n asng Aq uvopIwInuig JusmUOCITAUZ axenbylavy,, ‘g'4 ‘pIojjwg pum *4°'§ ‘JAISTH ‘g

*€5-9% dd ‘g/61 ‘1 cop ‘D #ATI35 ‘L6 ‘Toa 1ouzuoy
ruv ‘queweamevay ‘pupiefis owwulg *r gHSY ,,'uojiwiioxg @pind Aq swajzskg saifap
-J1InH jo uvojlelnmyg sevodeay s:a«uao.. ‘g°d ‘prozyes puw !:y'pg ‘KAawag !°3°§ 'jisey ‘¢

*0Ly-65% dd ‘yr61 Ken 'g 53TIBS.'96 *Ton ‘rpur ~Oug ‘p SV ,,'103e15udn 28(Ng
1®dTuryoal ® 3Jo 8aTpnig (PIuvswiiadxy puv (wdotIdywuy, '4°S ‘FIRGK puw ‘g°'g ‘PIojjes Y
*6L61 "4ASN $0Q .:ouuna;aaz *010ST-{{ ¥Ad I9BIH JSN ‘euoiipirurs eyonb
~y1any gof saornreusy eeing sosxog Jo fi13riqievsy *(4SN) UOFIRPUNOg IvuIFIS [PUOTIEN  °C

*EL61 famoy
‘fuzasauibug exonbyiuvg uo *fuoc) plaoy yig -oold , ‘siadumeq esey LIsPTIxny 1eduly
—UON Y1}M paplaclg suddskg jo vi3dads ssuodeay asyenbyjravy, ' 'Susy pue *4°g ‘yasey g

"TC1-L21 84 ‘gL61 ‘Ov “Yoa ‘eojupyoey peipddy o
o 39durg 30vduy U YITA wAIELg 22283PFITNKH v Jo asuodedy BIPIS-ApEaIg, "4°S 'FISTH |

EERREFEFERN

‘uoyITPUNOI IDUITIG
TeuorI®N 243 Yiym juwad v Aq 3aed up pairioddns sem Apnis STYY

JUSWIpa[MoOuUNIY

*s103e19u88 asind yo foiluod Buywyy pue apniyidue 103 >uﬂﬁﬂnmnowa

Y31y Ki1sa sansua TIm [af(eied Uy Si0suss Uojjow puer siossadoxdoirdjw

a7dyarnw Suysn sanbyuyoal Aouepunpay -owr) Jo spojiad pauleEISNS I19A0

$32103 Toajuod 23aey Buyonpoad jo wagqoad syl IusAUMDIIATO 03 [oxIuod asnd

sasn 17 pue ‘welsLs 8yl jJo sinjeu 3urdiea 9yl IJunodde oOIUT 2yeI 031 Iaplo
uf sayadepe sT 31 ‘swyy Bujindwod 3onpax o1 doop-uado sF poylau 3yjy

*§30upqInlsIp Aieuojlejsuou Lie13

-3qxe 1o 3upyeys punoid Zuoals 03 palodafqns swalIsAs 193suwwried paInqral

-STp aeyfwis uo sBuypyIng 113 JO BUOTIBTTIOSO 2yl Sujonpar 107 TOIJUO0D
aati1depe door-uado pasynd 8uysn Jo ALITIjqrsea a2yd smoys aaded sy

I

sUOsn{ouo)

‘w3l sds aedupfuou [eds1dLa syyl Jo uoylom

9yl JuTITWI] UY [NJSS900ns OSTE ST poyjaw ToIJuod 3yl Jeyl IeITd ST 3T

‘swalsfs I1edUTT JO 9SED Yl UF SY °gT ST UT UMOYS ST JOIJUOI INOYITM

pUE YIIM UOTIOW DATIV[IX DY) ‘UOTI®IjUX3 wOPURI AIPUOFIELIS JO UOTIdE

ayl aspuny ‘egy *374 UT UmMOYS §ITISTa3IOERIBYD DF3I191sAY Yl YITH WDISLS

404s TeorIsyroddy e 1apysuod ‘swaIsds aeaupyuou yijs uojiounfuod uf pasn
uaym wyaryaogie [o1juod pasodoad sys jo asduewrcziad syl s3e1ISN{IT O

101 SYOLVHINAD ASTNd ANVNOHLIVI-LINY

NOTLYLIDX3 WOONYY AYVHOILYLS
Y3IANN $3LSAS YYINITHON J0GS ¥V 40 3SNOJSTY 03TT0HLNOD ARV

uojiow paflosiuol  (?) {o41u0d Inoyi (M uoliay  {p)
ELIDY 44 IHIL 0
mm:|w * ! Aot - o1~ B LU
L
- — G°Z-
___ %_Eﬁ.ﬁ_ﬂ:ﬁaﬂ* | :_‘ __l_ 0 0
E,: LG \
o
ot 1)
ssynd totiuo) () co_gaku_uuuq aseg  (9)
ECIEY iy
ML 0 ST Wi 0 -
mw + : bty (0L X 5- e BVVL I Mn
| ,,_ |
0 0
I #: RIAEEE ;
f.mo— X g 004
(®)
A
N ¢ P 50 100-"1

001 = © WOONYY = §

wtlufi ’
d =" X

STYMLIMLLS 40 HSNOISTA JTNVNAQ M1

o
32404 INIYOLSH

Lot



NSF Grant CEE-7715010

Acvances in Dynamic
Analysis and Testing

SP-529

Published by:

Society of Automotive Engineers, Inc.
400 Commonwealth Drive
Warrendale, PA 15088

October 1982



821458

Pulse Excitation Techniques

ABSTRACT

A series of rectangular or other simple
pulses can be convolved with the impulse func-
tions of a structure to induce motions closely
approximating those caused by natural and man-
made events. , Control of the excitation;
portability to the site; ease of attachmeant to
the structure; multiaxial excitation; low cost
of excitatiom equipment; and the ability to
excite structures from simple harmonic motion
to expected multifrequency response-time
histories are possible by the development of
pulse techniques. Recent investigations have
also disclosed the utility of pulse techniques
to oppose structural motions as in earthquakes
or in large antenna arrays in space.

RECENT ANALYTICAL AND EXPERIMENTAL STUDIES [1]*
indicate that a rudimentary series of rectangu-
lar or other simple pulses could be convolved

with the impulse functions of a structure to
induce motions closely approximating those
caused by natural and man-made events. This
result greatly simplifies the control of high
energy devices as the problem is reduced to
three functions of on, off, and amplitude
control. It was further determined that the
excitation could also be placed directly on

structures at one location or at multiple
locations of test convenience and in single or
multiple axes. When the structural excitation
is caused by base motion, pulse simulation with
generators attached to the same structure can
duplicate the natural or man-made event with the
exception of the rigid body modes.

Transient shock tests omn in-place equipment
and buildings to simulate the motions induced by
a nuclear event or an earthquake are largely
limited to single-axis test machines. Further

*Numbers in brackets designate references at end
of paper.
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limitations exist in the size and weight of
structures that can be tested. Simulating
multiaxis loading on large structures with many
degrees of freedom represents a difficult
problem as it is impractical to gemerate con-~
tinuously varying forces of sufficient magni-
tude. On the other hand, short duration forces
of large magnitudes over a wide frequency range
can be generated by pulse generators. Since a
discrete number of pulses superficially presents
an appearance quite different from a continuous
excitation signmal, it TDbecomes necessary to
select the pulses in such a way that the
resulting vibration of the structure matches as
closely as possible the response (e.g., dis-
placement, wvelocity, or acceleration) produced
by the continuous force, as determined by an
appropriate error criterion.

Several large energy devices may be adapted
for pulse train excitation. These include point
source explosives, chemical rockets, metal
cutting, and reactance by gas, water, or projec-

tiles. The development and applications of
several wmetal cutting systems are discussed
together with a pulse modulated gas reactance
system.

The central issue in testing is to induce
multiaxial motion-time histories on a structure
comparable to those caused by natural or man-
made hazards, since failures and malfunctions
are essentially nponlinear. Force pulse trains
provide practical methods in many applications
to test structures and equipments to the thresh-
olds of damage and malfunction by inducing
realistic response waveforms.

PROCEDURE

The procedure to develop the required pulse
trains is illustrated im Fig. 1 for a massive
nuclear power containment structure or a small
equipmeat rack.. The computational methods are
iterative to obtain the pulse train, and the
procedure may be used for either linear [2] or
nonlinear systems [3]. Various iteration meth-
ods may be used; an optimization algorithm [4]



using a spherical random search with a partially
automatic control of the variance has proved to
be quite efficient. It has been found that the
variance can range over ten orders of magnitude,
which permits rapid convergence and avoidance of
local minima.

It is important to note that the method of

Fig. 1 requires that the criterion response to

the continuous input be known, which would
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FIGURE 1. PROCEDURE FOR PULSE TESTS FOR A

WIDE RANGE OF STRUCTURES AND
ENVIRONMENTS

generally not be true in practice. ]
plish this objective, the approach proposed here
assumes that: (1) a mathematical model of the
system under study is known, and (2) the inputs
of interest (e.g., earthquake or nuclear blast)
are given. Under these conditions the
"criterion response” can be calculated and used
to obtain the pulse train for the simulated
test. The structure also can be representad by
empirical models derived from mechanical
impedance measurements.

The basic criterion used is the integral
squared error between the reference and simu-
lated response (see Fig. 1), evaluated at a
sufficient number of points within the multiple-
degree-of-freedom system to characterize it as
completely as possible. The error criterion is
given, and then the pulse occurrence times,
pulse widths, and the pulse amplitudes ares
selected by a systematic search algorithm such
that the error is minimized.

while the expected motion-time-history
response is stressed as above, the pulse units
can also be programmed to generate sine and
random motion responses. These latter motions
are useful for measuring impedance and for
extracting modal properties of the structure.
Additionally, a recent study [5] presented a
relatively simple on-line pulse control algo-
rithm suitable for use with distributed para-
meter systems subjected to noanstationary
disturbances. The main feature of the algorithm
is that resonance phenomena can be eliminated,
or at least drastically reduced, by disorganiz-
ing the orderly and gradual buildup of the
structural dynamic response by timed firing of
a pulse of suitable magnitude applied in the
proper direction. Furthermore, in order to
minimize the amount of contrcl energy utilized,
the control force should be applied only when
the structural response exceeds a certain
threshold level related to the resistance of
the structure.

APPLICATIONS

The 25-story building modeled as a linear
system in Fig. 2, has the mode shapes shown in
Fig. 3, and under base excitation by the
El Centro Earthquake yields the motion time
histories plotted in Fig. 6 (solid line) for the
13th and 23rd floors {6]. TFigure S5 shows the
driving point impulse functions for Floors 8,
13, 18, and 23 as well as the transfer impulse
functions between floors and each excitation
location. Using the procedures of Figs. &4, 3,
and 6, the force pulse trains of Fig. 4 wers
developed for pulse locations on Floors 8, 13,
18, and 23. The response motions induced by
these pulsers are plotted on Fig. 6 (dottad
line) and are virtually identical to the motions
caused by the El Centro earthquake. Average
force required is 50,000 1bf and the average
impulse is 17,000 lb-sec. Fifty-two pulses are
required, having average pulse widths ot
410 ms.
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A 200,000 1b shock isolated control room phase, and impulse function. The predicted

(50 ft x 50 ft) for a power plant was tested
while functionally operating to induce motion-
time histories expected from a specified nuclear
base motiom threat [7]. One of the four pulse

generators used 1is pictured in Fig. 21. The
specified pulse train and the four measured ones
are presented in Fig. 7. Typical measured
transfer functions of the structure used to
calculate the pulse train are preseated in
Fig. 8 and include transfer function magnitude,
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control room motion due to base motion hazard is
given in Fig. 9 together with computed pulse
simulated motion and motions measured during
tests with the pulse generators.

Tests of a large nuclear processing plant
were performed to obtain tramsfer functions aad
to extract building modes and damping [8]. One
of the buildings tested was a reinforced coa-
crete structure 40 ft high, 136 ft wide, and
300 ft long (Fig. 10). Figure 11 is a typical
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mode shape extracted from the pulse generated
data given in Fig. 12. The pulse generator used
in these tests is shown ino Fig. 23.

Figure 1(b) is a schematic for biaxial
testing of command, control, and communication
equipment subjected to battlefield high explo-
sive and nuclear blast loads [9]. Data recorded
on a communications equipment rack within the
truck shelter during a 500-ton TNT (equivalent)
test is given in Fig. 13. The pulse train
required to induce motion in equipment to match
the explosive field test data is covered in
Fig. 14 with the computed equipment response
using the pulse train shown im Fig. 15. The
motion of Fig. 15 was obtained by comnvolving the
pulse train with the impulse function of the
equipment and rack. The impulse function was
obtained by inverse transformation of measured
impedance functioas. This biaxial project is
still in progress. Biaxial calibration and
development trials of the system pictured in
Fig. 24 are displayed in Fig. 16.

The utility of using pulse generators to
reduce motions in structures as would be caused
by an earthquake has been demonstrated by appli-
cation to a model three-story steel frame
(Fig. 17) that has been extensively studied,
both anmalytically and experimentally [10, 11] at
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the University of California, Berkeley (UCB). A
single pulse controller is located on the third
floor, and the threshold levels for triggering
the controller are set at 0.64 in. relative
displacement for the first floor, 0.88 in. for
the second floor, and 1 in. for the third floeor.
Results with and without control are givea in
Fig. 18. Corresponding results were obtained by
locating the pulse controller on either the
first or second floors as the response of each
mass is kept nearly bounded by the selected
threshold levels.

However, from the control energy point of
view, significant reduction in the required
impulse can be achieved if the pulse generator
is located at the top floor, rather than the
lower floor of the structure. The optimum
location of pulse generators is being studied as
a refinement to comnserve impulse requirements.
As in the case of El Centro Earthquake, artifi-
cial earthquake D1 [12] and stationmary random
ground motions show similar results that a
single controller can effectively coatrol system
motion to within any reasopable threshold level.

PULSE GENERATING DEVICES

Pulse generating devices developed and now
in development are composed of a class of metal
cutting systems and a class of gas reactance
systems. The metal cutting devices make use of
the very high forces required to cut metal [1].
The velocity of the cutting tool and the length
of the metal projection govern the pulse dura-
tion. For the metal removed, cutting coeffi-
cients typically range from 150,000 1bf/in3® for
aluminum to 300,000 1bf/in?® for steel. Metal
pulse generators producing up to 1,000,000 1bf
have been proposed.

Force produced is directly proportionmal to
the volume of metal removed or alternatively to
the shear/fracture of chip removal. Waveform
is obtained by varying the profile or contour of
material to be sheared. Thus, variable force-
time history results-as the depth of cut varies
with the profile of the metal workpiece. The
most efficient means of force production is by
use of circular cutting tools similar to broach-
ing operations. Figure 19 provides a schematic
of a force profile generator. The shaped
nubbins may be spaced as shown or may be
continuous over the entire stroke. Figures 21
through 24 show several machines that are now
operable. The biaxial machine (Fig. 24) has been
designed to accommcdate a third independent test
axis should the need arise.

The programmable gas pulse generator shown
in Fig. 20 and again in Fig. 25 is undergoing
test stand calibratioms [13]. Twoe units have
been constructed and will be mounted in oppo-
sition to provide opposing force direction
(positive and negative pulse trains). Ipitial
use provides for cold gas, but the systeam is
adaptable for both steam and chemically gener-
ated hot gas. Thrust amplitudes are controlled
in the on-state by positioning the meteriang plug
for flow control. Off-state for the pulse
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occurs by signaling the hydraulic actuator to Programmable gas pulsers have also bteen
move the metering plug to seal off gas flow at developed and are now under test. Gas,
the nozzle. Two devices will be used for earth- hydraulic, and explosive source pulsers ara
quake and anti-earthquake investigations on the being investigated for applications requiring

structure at the University of California,
Berkeley (Fig. 17). Typical performance charac-
teristics of the gas pulser is shown in Fig. 26.
Using peaking wmethods superimposed on the
control signal input, rise times of 11 ms have
been obtained. The system has also been
designed to accommodate two 90 gpm valves for
parallel operation. This configuration will
yield rise times of 7 ms.

CONCLUSIONS

The use of force pulse trains to induce
structural motions simulating the effects of
natural and man-made events has been introduced
to circumvent the problem of producing large
control forces over sustained periods of time.
Additionally, the use of pulsed adaptive control
for reducing oscillations of large structures to
unknown disturbances has been shown to be
feasible.

A number of metal cutting pulse generators
have been produced and placed in operatiom to
induce large structural motions of transient
shock characteristics and also to measure the
modal characteristic and impedance of struc-
tures. These devices are attractive due to low
cost, portability, and ease of control. Pulse
forces few hundred pounds to a million
pounds with frequency content
variable motions of 5000 Hz.

from a
are possible
up to recorded

inertial references.
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