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added to the plenum chembers to improve nozzle efficiencies and to reduce the 
interaction of pneumatic surges with the plenum chamber balancing piston, 
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ABSTRACT 

This research project was undertaken to validate the appli­

cation of pulse techniques for t.."lJ.e simulation of earthquake 

motions in civil structures. Major efforts were in the develop­

ment of algorithms to generate pulse t~ains 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 algori t.'ml 

was also developed which has potential applications at extreme 

structural motions to reduce severe building damage or life 

threatening situations. 

~NO programmable cold gas pulse 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 is readily 

transported to test sites and set-up time is expected to be less 

than a day. Peak output force is slightly less than 10,000 Ibf 

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 

were conducted and the gas Dulsers performed as intended. 

Output forces and pulse durations obtainable wi t..~' these units 

make them suitable for use on small buildings, large equipment, 

plplng systems, open frame structures and electric power distri­

bution centers. 

Preceding page blank III 
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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 civil structures. Such a program for on-site exci­

tation of civil structures to earthquake motion can provide for 

the following 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 motions. 

The simplicity of the pulses (on, off, and amplitude) suggested 

that large a..'11ounts 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 SteiJ1~'1ilber (\-1. Gr.) on a 

nuclear power plant contaiG'11ent structure in 1979, and by Sato 

and Sawabe (Japan) Oil microlo/ave communications to',vers in 1980. 

Trade-off studies were conducted for adaptability of rockets for 

pulse train applications. These pulse train studies showed a 

need for flexibili~y in thrust magnitude and burn time, both of 
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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 maj or phase of this research program was the 

development of efficient algori thIns 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 maj or 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 mal.n 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. 

1-2 
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TWO PULSE THRUSTER UNITS DEVELOPED 
FOR THIS PROJECT 
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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 1I0pposed 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: 

o Pulse Rocket 

• Hydraulic subsystem 

• High pressure gas supply 

~ 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-earthquake mode (rocket 

thrusts to counter structural motions). Moni tor signals of 

supply pressure and stroke position requirements 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 is 55 in. in length and weighs 500 lb. 

Thrust amplitudes are controlled in the on-state by positioning 

the metering plug for the required throat area in G~e 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 L~e nozzle. 

Nominal thrust or output force with gas supply at initial 

pressure is 10,000 lbf. The convergent-divergent nozzle is the 

2-1 
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PULSE UNIT 
NO. 1 
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CONTROLLER 

COMPUTER 

PULSE UNIT 
NO_ 2 
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« --. 
Q 

AA6i2 

FIGURE 2-1. SCHEMATIC OF TI'iO GAS REACTION PULSE-GENERATI~G 
SYSTEMS CONTROLLED BY CENTRAL HICROCOMPUTER 
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AIR SUPPLY 
HOSES 

FIGURE 2-3. FRONT VIEW OF GAS PULSE GENERATOR 

--~~~-------

.. IIDGIWI_-----~ 
SIGIIALS AA610 

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 6.78-in. exit diameter. This configuration gives a cone 

angle of 32.5 deg and an efficient flow of 98% (2% loss by 

divergence) . The plenum chamber behind the nozzle houses t..~e 

metering shaft, gas seals, and air supply hose connections. The 

chamber is 9 in. long and 8 in. rD. 

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 Figures 2-1 and 2-4. This actuator has an output 

force of 6,600 lbf and a stroke of 2 in. Overall dimensions are 

24 in. in length and 6.3 in. body diameter. Two units were 

acquired from L~ng Electronics. 

The force-output 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 ~~e metering plug. To improve rise times, oversized 

hydraulic pilot valves (5 gpm) and slave valves (90 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 plli~P (5 gpm) proved adequate to bring the subsystem UD 

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. 
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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 microcomputer by 

which _each servo controller operates an actuator. Feedback 

signals_ from pressure differentials, servo valve position and 

actuator position provide accurate response to the input sig­

nals. Schematics of the hydraulic servo and servo controller 

are-qiven in Figures 2-8 and 2-9 . 

... To assure safety, all- pipe fittings , valves, and hoses are 

rated . at 12,000 psi burst pressure. The hydraulic system 

~perates under pressure at 3000 psi. 

2.4 GAS STORAGE SUBSYSTEM 

Gas supply storage for nitr~gen 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 

unft is pictured in Figure 2-10. Gas capacity for each puls~. 

unit is as follows: 

Unit 
Element No. Volume Volume 

Tanks 6 2,661 15,966 

Hoses 4 212 848 

Manifolds 2 105 210 

Plenum 1 511 511 

17,535 in3 

(10.2 ft3 ) 

For each unit, this amounts to 134 lb of nitrogen compressed at 

2640 psig. 
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COMMAND SOURCE 

. 
~, 

SERVOVALVE COMMAND SERVOCONTROllER 

~-~ HYDRAULIC 
ACTUATOR .:~ A ~ 

ITt SERVOVALVE LVDT (AC) 

l DIFFERENTIAL PRESSURE TRANSDUCER (DC) 
///'//////////'// 

ACTUATOR LVDT (AC) 

FIGURE 2-8. HYDRAULIC SERVOCONTROL BLOCK DIAGR~~ 
FOR HYDRAULIC ACTUATOR 
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TO SERve VALVE 

SLAVE 
VAlVE 

r------~ LVDT 

esc I LLATOR 1-------. 
10 KHZ 

ACTUATOR 
LVDT 

_ _ LOAD IOC SUPPLY r-------<"J 
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FIGURE 2-9. SERVO CONTROLLER BLOCK DIAGRN1 FOR HYDRAULIC ACTUATOR 
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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 pulses 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. Operat:.i_~~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 AID 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 qn/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: 

e Metering nozzle position - Hydraulic actuator LVDT. 

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

• Thrust - Load 
0-25,000 lbf. 

cell Interface model 

• Command pulse train - Direct recording signals. 

2-12 
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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 

where 

CFX = Nozzle coefficient 

F - Rocket thrust, lbf 

At = Throat area, . 2 l.n 

Pc = Chamber pressure, pSl.a 

Several methods are available for recording test results. 

The method used in this report is by signal capture via an l"\/D 

converter into circulating registers. Subsequent processing on 

digital data acquisition/processing equipment is performed 

wi thin a few minutes after testing i 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. 
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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 I 

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 t..'le 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 projected flat 

plate area times the internal chamber pressure (Pc) presents an 

initial force which must be overcome by 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 ,.;as added to compensate for L'1e 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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,,--.... 
;' .... 

-" 

RETRACTED POSITION 

(a) Metering nozzle and pressure balance 
piston configuration 

0.5 1.0 1.5 

METERING NOZZLE POSITION, in. 

(b) Calibration curve 

2.0 

FIGURE 3-1. THROAT AREA (ANNULUS) AS A FUNCTION 
OF METERING NOZZLE POSITION 
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These design limits set the requirements of 

actuator at 6,600 Ib output force and the throat 

of the De Laval nozzle at 2 in. (At = 3.14 in2 ). 

3.2 SELECTION OF ROCKET THRUST 

R-7824-5489 

the hydraulic 

diameter (d
t

) 

The maximum thrust of the rocket (metering plug in fully 

retracted position) can be established by the following: 

where 

F = Rocket ,thrust, Ibf 

Pc = Chamber pressure, psia = 2143 + 14.7 = 2157.7 psi a -
At = Throat area, in2 = 3.14 in2 

CFX = Nozzle coefficient = A~CF 

where 

A = Flow divergence factor in superson~c section 
= 0.98 

~ = Friction loss factor =0.95 

CF = Lossless nozzle coefficient 

Hence, F = 6300 CF . 

Flow divergence in the supersonic section of a nozzle lS 

related to the cone angle by 

A = ~ (1 + cos a) 

where 

a = 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 A = 36.1 in2 (d = 6.78 in.). e e 

Friction loss factor Il = 0.95 is empirical. The lossless 

nozzle coefficient is found from the following: 
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2 
y - 1 

where 

y = Ratio of coefficients of specific heat, for N2 = 1.41 

Pe = Pressure at exit plane of nozzle 

Pc = Chamber pressure 

Po = Atmospheric pressure 

Ae = Area at exit plane of nozzle 

At = Throat area 

For full expansion at the nozzle exit plane, P e = Po and 

maximum thrust occurs for the design chamber pressure 

CF = 1.577 

and 

design thrust 

F = 10,000 lbf 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 in 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. Addi tionally, secondary shocks at the apex of the 

metering plug, compression shock, and turbulence will combine to 

reduce efficiency. For practical applications, the nozzle 

coefficient CFX must be calibrated for a range of chamber pres­

sure, throat area, and thrust, using L~e relation 

c = FX. 
~ 

F. 
~ 

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 cha~er of the gas rocket. This storage capacity amounts 
~ 

to 10.2 ft ..... , and 134 lb of nitrogen compressed at 2640 psig. 

After each pulse, the stored gas is 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 k..'l.O'.offi in 

order to program the ne:~t pulse for thrust, by the' throat area 

and the calibrated nozzle coefficient. An example of these 

calculations is given in Table 3-1. 

Thrust is given by 

F = - m V + A (P - P ) xe e e 0 

where 

F = Thrust, Ibf 

rn = Mass rate of flow, Ib-sec/ft 

Exit of nozzle, 2 
A = area lD 

e 

Pe = Exit pressure, pSla 

p = jI..mbient pressure, psia 
"0 
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For these calculations P e = Po was assumed, with subsequent 

correction made using the calibrated nozzle coefficient CFX ' 

For the jet velocity, 

. where 

J... = Nozzle divergence factor = 0.98 

V = Jet velocity, ft/sec e 

V = lv-\)(:~)~ _(~~)'r/2 e 

where 

= Gas density in 24 
Pc chamber, lb-sec /ft 

Other parameters as given before. 

The mass flow through nozzle is 

where Ac is the acoustic velocity (ft/sec) In the chamber and is 

given by: 

A ~ ~Y Pc 
c v P 

plus temperature correction 
. c 

Other parameters have been defined previouslY. 

From the general flow equation and for the condition of no 

flow, the chamber pressure is given by: 

+ U = constant c 

3-7 



where 

Vc ::: Specific volume, ft3/lb 

Uc ::: Internal energy, Btu/lb 

J ::: Heat equivalent of work, 778 ft-lb/BTU 

R-7824-5489 

Flow occurs upon retraction of the metering plug, which 

results in a drop in chamber pressure (Pc)' This quantity is 

required to predict thrust: 

and 

...:L 

Pt = (Y ~ r-1 
1 Pc = 0.53 Pc 

'" ~~ 
0.53 Pc 

V t '" Pt 

where 

v c' v t 
::: Specific volumes at chamber and throat, ft3/lb 

Pt 
::: Density at throat, lb-sec2/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. 

o End Caps. Stress including preload from the 4 tie 

rods was less than 20,000 psi. 

Tie-rods. 1-1/4 in. diameter, AISI 1045 cold drawn 

steel, 100 I 000 psi yield strength. stressed to 

41,000 psi. 

3-8 
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Cylinder (Plenum Chamber). 8 ~n. 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 is illustrated in 

Figure 4-1 below: 

INPUT 

EARTHQUAKE 

OR 

OTHER EVENT 

~ 
TRANSFORJIATION 

ANO 

RELOCATION OF 
INPUT 

I -" 

B= PULSE TRA I N 

x STRUCTURAL 
DYNA,~ Ie 

CHARACTERISTICS 

i 

f 
T 

STRUCTURAL 

X JYNAMIC 

CHARACTE?-I STI C S 

FIGURE 4-1. USE OF PULSE TRAINS TO OBTAIN EQUIVALE}IT 
STRUCTURAL RESPONSES TO EARLqQUAKE OR 
OTHER EVENTS 

4-1 



R-7824-5489 

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 "0ptimization Procedure for Pulse-Simulated 

Response, II which is reprinted in the Appendix. The three para­

meters for each pulse (on, off, and magnitude) and for each 

pulse train location, p·otentially require an extremely large 

number of iterations for convergence to a global m1n1mum. 

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 is then followed· by a specified 

number of iterations of local random search where the step-size 

variance remains fixed. 

introduced to ensure that 

minimum. This algori th'1l 

Periodic wide-range searches are 

the process does not stop at a local 

is the basic building block for the 

specialized pulse algorithm presented in the appendix and is 

listed in the bibliography by f1asri et al. I "A Global Optimiza':" 

tion Algorithm Using Adaptive Random Search." 
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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 L1.e inducement of other types of 

motion. As can be seen in Figure 4-2, sinusoidal motion can be 

developed. Other studies have sho'Nn that random vibrations can 

also be generated. Housner in 1946 (see Bibliography) showed 

that base motion input of pulses with random amp Ii tude 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 6f modes. 

4.5. PERFORMANCE CHARACTERISTICS 

Studies of the ratio of the time duration of dynamic motion 

of a structure t~ the sum of the pulse times varies from 3 to 1 

to 5 to 1 for each point of input. A pulse train developed fer 

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 REQUIREHENTS 

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 lb and a total impulse of 23 

million lb-sec. This study on the 25-story building was one of 

the first made and very little interactive effort was employed. 
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By placing the pulse units at four different floors, average 

force dropped to 470,000 lb 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 EARTHQUAKE 

No. of Average Average Total Pulse Unit Pulse 
Location Pulses Duration, Force, Impulse, 

Req'd Sec lbf lb-sec 

23rd floor only 18 0.784 1.91 x 106 23.44 x 10 6 

23rd, 18th, 13th 52 0.41 0.47 x 106 8.849 x 10 6 

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 is 

useful in comparing force and impulse requirements for various 

placements of pulse units. This latter application resulted 

from improvements to the algori thrn and from more interactive 

efforts. 

TABLE 4-2. PULSE TRAIN REQUIREHENTS TO EXCITE 3-STORY UeB 
TEST STRUCTURE TO EL CENTRO 1940 EARTHQUAKE 

No. of Average Average Total 
Pulse Unit Pulses Pulse Force, Impulse, 

Location Duration, Req'd Sec lbf lb-sec 

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 6,387 10,704 

All floors 75 0.048 4,507 9,5-'-l5 
(25 per 
floor) 
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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

ci ty, 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 

11V03-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 requlre 

pulses to be in the form of solid propellant rockets. 
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SECTION 5 

CALIBRATION 

Calibration and initial test runs were performed to estab­

lish nozzle coefficients and operating characteristics of the 

pulse generators. A complete matrix of t~sts was not performed 

for the full range of chamber pressures and metering nozzle 

positions due to program limitations. 

S.l 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 maj or 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. Shafts from 

each unit were re-machined and shrink-fitted with 0.10 in. thick 

wall steel tubing. 

unit. 

Grease fittings were also added to each 

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) 

a Output thrust (lbf) 

The phase relationships between these several signals are dis­

played in L~e overlay plot of Figure 5-1. Studies were made for 

5-1 
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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 following 

relation: 

where 

F 

= 

= Thrust, lbf 

. 2 
= Throat area, ~n. 

= Chamber pressure, psia 

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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Pulse 

TABLE 5-1. EFFECT OF PNEUMATIC SURGE ON 
NOZZLE COEFFICIENTS 

Pneumatic Ratio: 

R-7824-5489 

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 

. 
F ~ 

W 
AVe = g 

where 

F = Rocket thrust, lbf 
. 
W = Flow rate, lb/sec 

Ve = Jet velocity, ft/sec 

A = Nozzle divergence factor, 0.98 

~ = Pneumatic surge factor 

I 

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, 

~ 
CFX ( exn) 1.36 0.925 = = 1.47 = 
CFX(calc) 

and 

. 
F 0.907 W 

V = -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 

Flow Exit Thrust Thrust Pulse R~te Velocity F, F, Difference, 
No. W, Fe' lbf lbf % 

lb/sec ft/sec 

1 138.0 2066 8035 7875 2.0 

2 124.0 2018 7052 6938 1.6 

3 110.0 1964 6089 6094 0.1 

4 100.0 1921 5414 5303 2.1 

5 91.0 1877 4814 4688 2.7 

6 83.6 1837 4328 4219 2.6 

7 77.3 1807 3937 3797 3.7 

8 71.1 1772 3551 3563 0.4 

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 algori thm developed for motion reduction was 

employed with the DEC PDP 11V03L 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. In this figure 1 

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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~ I I I I 

-+-+-j F 
d I I 

1 __ ANTI EARTHQUAKE-------------- NO PULSE CONTROL--------< .. ~ 
PULSE CONTROL 

FIGURE 6-2. EFFECT OF ANTIEARTHQUAKE PULSE CONTROL ON THIRD 
FLOOR VELOCITY AND DISPLACE~ffiNT OF UCB TEST 
STRUCTURE TO RANDOM BASE MOTION INPUT 
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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-story office 

building. This building is a wood frame-stucco structure on a 

concrete floor slab foundation. Test configuration is illus­

trated l.n 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 limi ta-

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 ueB steel 

frame structure for a modified EI 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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FIGURE 7-1. BUILDING DEMONSTRATION TEST, GAS PULSER IN?UT 
IS INTO CONCRETE BUILDING SLAB; BUILDING IS 
WOOD-FRfu~E AND STUCCO CONSTRUCTION 
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FIGURE 7-3. FOURIER MAGNITUDES OF SPECIFIED AND ACTUAL 
PULSE TRAINS 
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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 SYSTE~'I PERFORMAl.'ICE 

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 t.~e 

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 corresponded to 

the thrust delivered. Table 7-2 lists the positions and areas 

of the nozzle. Addi tional information is provided in Fig­

ure 7-6 I 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. 3-1a) 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 Force Impulse 
Pulse Duration I No. Program Test Error Program Test Error (sec) ( lbf) (lbf) % (lb-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 1592 -12 

TABLE 7-2. METERING NOZZLE, POSITION AND THRUST AREA, FOR 
NO GAS PRESSURE AND FOR OPERATING PRESSURE 

Dry Run Demonstration Test Comparison 
Pulse No Gas Pressure Operating Pressure 

No. Nozzle Throat Nozzle Throat Nozzle ':'hroat 
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. 95 0,57 1. 80 -1. 7 -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 "t..'1.e 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, II Proc. 
7th World Conf. on Earthquake Engineering, Geoscience Aspects, 
Pt. II, pp 73-80, Istanbul, Turkey, Sep 1980. 

"An Optimization Procedure for Pulse-Simulated 
Response,1I ASCE Nat'l. Conv., Jnl. Struct. Div. ASeE, 
Sep 1981, pp 1745-1761. 

Dj'TI a..'1l i c 
107:ST9, 

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

II Anti-Earthguake 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, II Society of Automotive Engineers, 
Aerospace Congress & Exposition, Anaheim, CA, Oct 25-28, 1982, 
Pub. IIAdvances in Dynamic Analysis and Testing, II SP-529 and the 
1982 Transactions of the SAE, Sep 1983. 

lIDevelopment of a Pulse Rocket for Earthquake Excitation of 
Structures,lI submitted for publication. 

8.2 DISSEMINATION 

Dissemination of this report has been accomplished with 

copies sent to t..'1e following academic, professional organlza­

tions, government agencies, and privatecorporatons. 
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Academic Institutions: 

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, Berkeley 
University of California, Irvine 

R-7824-S489 

University of California, Lawrence Livermore National 
Laboratory 

University of California, Los Angeles 
University of Illinois 
University of Michigan 
University of Minnesota 
University of Missouri, Rolla 
University of Nevada, Reno 
University of Southern California 
University of 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 
waterways 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 

Rockwell International 

Hughes, Fullerton, CA 

Computex, Inc. 
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SECTION 9 

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 lbf 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 lbs 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 equations. comparisor:s of calculated 

to test results were satisfactory. Programming of pulse trains 

is performed at this time from the one-dimensional flow equa­

tion. wi th more test runs, calibration curves will be used. 

In ~~e 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 of the foregoing 

effects appears to be significant, at least from the measure­

ments and tests made to date. 
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metering nozzle induced 

chamber and supply hose 

pressure 

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 is 

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 pnewnatic surges discussed above. 

9-2 



R-7824-5489 

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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SECTION 10 

CONCLUSIONS 

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 

uni ts shows promise in the reduction of structural motions at 

the damage or life threatening thresholds. In its present form, 

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. 
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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 

• Development and Use of Force' Pulse Train Generators 

• Anti-earthquake Applications of Pulse Generators 

Pulse Excitation Techniques 
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Frederick 8. Safford, has been omitted. 

Journal of the Structural Division, l1.SCE, Vo1. 107, No. 5T9, 
Proc. Paper 16521, September 1981, pp. 1743-1761. 
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EAR'!EQUA,KE ENVIRONMENT SIMlJLAIION 
BY l?ut.SE GENERATORS 

by 

S.F. MasriI 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 environments 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 struc­
ture matches closely the response that would be produced by the earthquake 
excitation, as deter.nined by an appropr{ate 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 [1}. In addition 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 (vhich are economically prohibitive) 
can be used for dynamic tests on equipment and structural systems (2,31. 

Hausner [4} demonstrated the feasibility of using a sequence of dis­
crete pulses vith random a~plitude to represent the effects of earthquakes 
on dynamiC systems. Scruton and Harding [5] used a crude explosive c~arge 
to excite a tall chimney in order to determine its damping characteristics. 

A simple mechanical pulse-generatin~ device of fairly recent develop­
ment (6] is capable of producing short duration forces of large magnitudes 
over a wide frequency range that can ~ 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 ~eighing up 
to 200,000 Ib and in also measuring system impedance functions [7,8). 

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

Ilprincipal Engineer, Agbabian Associates, 21 Segundo, CA 90245, U.S.A. 
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This paper is concerned with the simulation of the motion of typical 
structural systems subjected to earthquake environments, by using suitable 
pulse 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, it 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 m~tion 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 co 
the continuous input be known, which would generally not be true in prac­
tice. To accomplish this objective, the approach proposed here assumes 
that: '(1) a mathematical madel 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 minimized. 

(e.) PUI$oI test on. tlTlK1ur. 

FIGURE l. PROCEDURE FOR PULSE S IMUUTlONI 
rr5T OF A STRUCruRE TO S IMUUrr 
EAATOOUAK£ RESPONSE 
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Formulation 

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

i .. 1,2, •.• ,m (1) 

where m" 2n, and the system is subjected to an excitation force vector 
~(t). Let the res~onse of the system to this force (the criterion response) 
at location i in the structure be denoted xi(t), i = 1,2, ••• ,k, where 
k is the number of locations whose motion is to be monitored. 

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

J (2) 

which measures the "goodness of fit" of the system response variables :5-(t) 
to the snecified response x(t). The k constants C1 and C2 are ... l.i 
weighting factors that can be adjusted to emphasize or de~~?has~z~ 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(t) are those recorded in the 
structure (as during an earthquake) or obtained from applying~nown excita­
tion forces to the model of Eq. 1. Since our objective is to find a pulse 
excitation F(t) that produces a response x(t) as close as possible co 
g(e), we r~;trict each component of fCc) -co the form 

where 

and 

Amplitude of the j th 'pulse 

Width of the j£h pulse 

Initiation time of the J!h pulse 

u(t) Unit step function 

The problem may now be stated precisely as follows: 

(J) 

Given a system that is described by Eq. 1 and a desired time history 
vector ~(c), find the set of numbers {t j , Aj • Wj }, j ~ 1.2 •... ~, ~hich 
describes each component of the excitation vector such that the error 
criterion of Eq. 2 is minimized. 
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Algorithm 

The optimization problem consists of selecting the triplet of numb",." 
(ti' Aj , W'j)' which characterizes each input pulse at various systl'm ">:I'i 
tation points. In principle, a large number of optimization procedurl's I", 
such problems are available [9]. However. in view 0: the large nllmi", r "I 

parameters possible in this system, the set of feasible optimization pr,,.., 
dures is quite limited. Consequently, an adaptive random search algor i LI,[n 

[10] was selected to determine the optimum parameter values for the puis.' 
trains. 

The algorithm for the adaptive random search consists of alternatiof. 
sequences of a global random search with a fixed value for the step-size 
variance 0 2 followed by searches for the locally optimal 0 2 . Fig, 2 
illustrates the adaptive algorithm whereby a very wide-range search selecls 
the best standard deviation of step size 0 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 [101, 

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. In 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 tim<-, 
constrained to realizable physical values for the test. 

Model of 25-Storv Building 

The system shown in 
Fig. 3 is a 25-story office 
building designed in accor­
dance with applicable build­
ing code provisions for 
recommended lateral force 
requirements [11]. Modal 
analysis of this building, 
treated as a linear elastic 
structure, yields the mode 
shapes and natural frequen­
cies'shown in Fig. 4. 

nro "' il
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FIGURE 3. GAS PUlSERS ARRAYED f{)R FIGURE 4. BUILDING NATURAL MODES 
EART~UAKE S IMULAT ION Of VI BRATJON 
TEST Cf A MULT ISTORY 
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 a, 13, 18, and 23) and to 
attempt to match the response of two loca­
tions (Floors 13 and 23). Due to the 
linearity of the system, its transient 
response to pulse trains could be deter­
mined by using the convolution integral 
approach. The necessary impulse response 
functions were determined and are illus­
trated in Fig. 5 where hi (j) (t) denotes 
the response of location i due to a unit 
impulse applied at location j. 

The El Centro 1940 earth­
quake ground motion was used 
as specified base input, and 
it is resulted in the crite­
ria response snown 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 

&
,7, ';. 

,/II , . 

; , ,," 

FIGURE 5. IMPULSIVE OISPlACEME~ RESPO~SE 
TO 2S 00f SYSTEM 

INOO: 
~ESi'ONSE P'JI.SES 'lOCO 

CD G) 
response in Fig. 6, and the 
time histories of the four 
required pulse trains are 
shown in Fig. 7. The ordi­
nates of the response and 
excitation time histories 
shown in Figs. 6 and 7 are 
expressed in terms of 
dimensionless units. 

ffif~ _ 
~I~' 

--C~IT'ElI'ON 

""~~ i~ ! 

It is clear from the 
comparison shown in Fig. 6 
that a good match is 
obtained bet~een the cri­
terion and simulated 
response. Note that this 
simulation of the motion 
over a period of =20 sec 
required =13 pulses in 
each of the four pulse 
trains. 
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Model of UCB Frame 

. The test structure shown in Fig. 8 has been extensively investigated, 
both experimentally 112) and analytically {13J at the University of 
California, Berkeley. In the present study, the computer program SAP6 [14} 
~a5 used to determine the mode shapes and frequencies of a linear model of 
this structure, and these dynamic characteristics are shown in Fig. 9. 

u. 
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i[XJ~ 
1 'l 
I, I~ 

fJ., .. jl 
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FIGURE &. UCS TEST STRUCTURE 1\31 

fi' 'R';H l ;. .: I 

; Ii:: ; 

: ;:; ~ v: 

. . I !: : 
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Fl······_·· .. ·· Fl·' .... R .......... .... .... .._.: I 
~-----.. -. .-.. .. 

: : 

«l.OH: 

FIGURE 9. MODE SHAPES OF UC8 FRAME 
OEiEilf,\\NEO SY S ... ?~ 

Pulse trains ~ere to be applied at the three floor locations. The 
needed impulsive response functions ~ere analytically determined and are 
shown in Fig. 10. The criteria response to El Centro 1940 earthquake ~as 
like~ise 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 ~as again used to determine the required 
pulse trains. The resulting simulated motion and the three reqUired pulse 
trains are shown in Figs. 11 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 (~hich are economically prohibitive) in simulating earthquake 
effects on structures, particularly ~hen rnultiaxis excitation capability is 
needed. 
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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 attachment to 
the structure; multiaxial excitation; low cost 
of excitation equipment; and the ability to 
excite structures from simple harmonic motion 
to expected multi frequency 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 ~, 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 th~ rigid body modes. 

Transient shock tests on in-place equipment 
and buildings to simulate the motions induced by 
a nuclear event or an earthquake are largely 
limi ted to single-axis tes t 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 difficul t 
problem as it is impractical to generate 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 signal, it becomes 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, velocity, 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 metal 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 nonlinear. 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 in Fig. 1 for a massive 
nuclear power containment structure or a small 
equipment 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 n::eth­
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 

(a) Pulse test of nuclear reactor containment 
structure to simulate earthquake response 

SYSTEM R£SPOHS[ 
(HIGli EXl'tOSIVE FIELD TEST) C~ITERIA 

THREAT 'At-AI RSlAST I ~ 

19Jt~ ~Zl 

SPECIFICATIONS 

I-;m;-I 

(b) Pulse test of communications equipment 
to mat~~ motions induced by air blast 
loads 

FIGURE 1. PROCEDURE FOR PULSE TESTS FOR A 
w~E RANGE OF STRUCTU~S &~u 
ENVIRONMENTS 

generally not be true in practice. To accom-­
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 represented 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 are 
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 aDd 
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 par;:,­
meter systems subjected to nonstationary 
disturbances. The main feature of the algoritho 
is that resonance phenomena can be eliminated, 
or at least drastically reduced, by disorganiZ­
ing the orderly and gradual buildup of th~ 

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 control 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 linea::­
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 J . Figure 5 sho",s the 
driving point impulse functions for Floors 8, 
13, 18, and 23 as ",ell as the trans fer impulse 
functions between flooz:-s and each e=~ci ta tion 
location. Using the procedures of Figs. 4, 5, 
and 6, the force pulse trains of Fig. 4 were 
developed for pulse locations on Floors 8, 13, 
18, and 23. The response motions induced by 
these pulsers are plotted on Fig. 6 (dotted 
line) and are Virtually identical to the motion~ 
caused by the El Centro earthquake. Average 
force required is 50,000 lbf and the average 
impulse is 17,000 lb-sec. Fifty-two pulses 2n:: 
required, having average pulse ",idths of 
410 ms. 
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FIGURE 5. L'1PULSIVE DISPLACE:ME~IT 

RESPONSE TO 25 DOF 
SYSTEM 

FIGURE 6. COMPA.~ISON OF CRITERION 
AND SL~~TED RESPONS~ 
OF 25 DOF SYSTEM 

A 200,000 lb shock isolated control room 
(SO ft x 50 ft) for a power plant was tested 
while functionally operating to induce motion­
time histories expected from a specified nuclear 
base motion threat (7]. One of the four pul se 
generators used is 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 presented in 
Fig. 8 and include transfer function magnitude, 
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phase, and impulse function. The predicted 
control room motion due to base motion hazard is 
given in Fig. 9 together with comp",ted pulse 
simulated· motion and motions measured duri~g 
tests with the pulse generators. 

Tests of a large nuclear processing plant 
were performed to obtain transfer functions and 
to extract building modes and damping [8]. One 
of the buildings tested was a reinforced con­
crete structure 40 ft high, 136 ft wide, and 
300 it long (Fig. 10). Figure 11 is a typical 
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GENERATORS 

mode shape extracted from the pulse generated 
data given in Fig. 12. The pulse generator used 
in these tests is shown in Fib' 23. 

Figure l(b) is a schematic for biaxial 
testing of command, control, and communica tion 
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 SOO-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 in Fig. 15. The 
motion of Fig. IS was obtained by convolving the 
pulse train with the impulse function of the 
equipment and rack. The impulse function was 
obtained by inverse transformation of measured 
impedance functions. This biaxial proj ect 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 analytically and experimentally [10, 11) at 
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the University of California, Berkeley CUeB). 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 floor. 
Results with and without control are given 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 i.f 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 conserve impulse requirements. 
As in the case of EI Centro Earthquake, art.ifi­
cial earthquake D1 [12] and stationary random 
ground motions show similar results that a 
single controller can effectively control system 
motion to within any reasonable threshold level. 

PULSE GENERATI~G 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 Ibf/in 3 for 
aluminum to 300,000 Ibf/in 3 for steeL Metal 
pulse genera tors prodUCing up to 1,000,000 lbf 
have been proposed. 

Force produced is directly proportional 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 
wi th the profile of the metal workpiece. The 
mos-t 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 2J. 
through 24 show several machines that are now 
operable. The biaxial machine (Fig. 24) has been 
designed to accommodate a third independent test 
axis should the need arise. 

The programmable gas pulse generator showu 
in Fig. 20 and again in Fig. 25 is undergoing 
test stand calibrations [13). Two units have 
been cons tructed and will be mounted in oppo­
sition to provide opposing force direction 
(positive and negative pulse trains). Initial 
use provides for cold gas, but the system is 
adaptable for both steam and chemically gener­
ated hot gas. Thrust amplitudes are controlled 
in the on-state by positioning the metering plu6 
for flow control. Off-state for the pulse 
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occurs by signaling the hydraulic actuator to 
move the metering plug to seal off gas flow at 
the nozzle. Two devices will be used for earth­
quake and anti-earthquake investigations on the 
structure at the University of California, 
Berkeley (Fig. 17). Typical performance charac­
teristics of the gas pulser is shown in Fig. 26. 
Using peaking methods 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 'Jalves 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 operation 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 from a few hundred pounds to a million 
pounds are possible with frequency content 
variable up to recorded motions of 5000 Hz. 

Programmable gas pulsers have also been 
developed and are now under test. Gas, 
hydraulic, and explosive source pulsers are 
being investigated for applications requiring 
inertial references. 
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