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ABSTRACT 

The nat~re of high impact shock characteristics and methods of 
measurement are discussed. An outline is included of types of apparatus 
used for shock measurements, together with the apparatus consider ed 
essential. Methods and circuits used for acceleration measurements are 
considered in detail . Quartz crystal type accelerometers are considered 
the best means for measuring high impact accelerations. Measurements of 
maximum acceleration obtained on an old cracked striking plate and a new 
striking plate of the Naval Research Laboratory Shock stand are com.pared. 
Differences are small. Measurements of maximum acceleration f or t op and 
end blows obtained on the shock stand at the Naval Research Laboratory 
are considerably higher than corresponding values determined by Westing­
house and General Electric for the machines at Schenectady, Phi ladelphia 
and East Pittsburgh. Probable reasons for this are discussed. An appen­
dix is included in which motions of an elastically mounted weight , sub­
jected to simple shock, are discussed in the light of the ordinary approxi­
mate theory of elasticity, and, more briefly in the light of elastic 
theory involvi ng traveling stress waves. 
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INTRODUCTI ON 

(a) Authorization 

1. This work was authorized by Bureau of Ships project 1438/42. 

(b) Statement of Problem 

2. The principal problems of this report are the measurements 
of factors associated with shock. These measurements are made 
for the following reasons : 

(1) To insure that the shocks imposed by devices, su.oh as 
the HI (high impact) shook machine , are comparable to those 
suffered in action. 

(2) To insure that the performances of diff erent shock 
machines are standardized and that equipment mounted in 
an identical manner on similar shock machines receive simi­
l ar shooks for specified machine settings. 

(3) To determine the accelerations, d isplacements , and 
strains , of shock tested apparatus and of shock mounts in 
order that points of weakness may be discovered and the de­
s ign improved . 

(c) General Discussion of Shock 

3 . A shock is the result of one or more closely spaced mechanical 
impulses . These impulses consist of very large forces that are 
applied for very short times. The ve·loci ties and displacements 
associated with shock are usually quite small. u sually the veloci­
ties are less than 50 feet per second (20 ft/sec for the shock 
machine) and the displacements are not more than a few i nches. 
The velocities are acquired nearly instantaneously. The accelera­
tions associated with shock are enormous, values to about 6000 g 
have been measured . They are limited only by the s trengths of t he 
materials subjected to shock. Because of the inherent flexibility 
of structual materials the magnitudes of the acceleration fall to 
much lower values at short dist ances from the part that receives 
the impulse. Shook usually consists of a series of impulses of 
varying magnitude. This is particularly true when caused by 
underwater explosions. Conditions may be further complicated 
because of collisions caused by relat ive displacements of various 
parts subjected to shock. The acceleration-time curves following 
the impulses are extremely complicated i n nature. Frequently 
defi nite predominate frequencies can be observed , but more often 
they consist mainly of non periodic transients that ig not re-
solve themse lves into any pattern of standing waves . The de-
f inite frequencies often do not appear unti l some short time after 
the impulse has elapsed . Both the definite frequencies and the 
non periodic transients must be consider ed as a function of the 
geometry and elastic properties of the objeot, and supports of t he 
object, in which they occur, t oieo.;;;.. - •~h the nature of the im-
pact. 
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4 . It is impossible, as yet, to define the mechanical effect 
of shock in terms of e.ny simple numerical quantities. curves 
showing the time relations of either acceleration, velocity 
or displacement, of all points on an apparatus should contain 
all the information necessary for a canplete description of shock. 
In practice, however, it has not been possible to derive satis­
factorily either a velocity or a displacement curve from an ac­
celeration curve, or to derive an acceleration curve from a dis­
placement curve, except for short intervals of time. (see plate· 
10-12}. 

5. If shock is to be described by numerical values these values 
should be descriptive principally of the following factors: 

(a) Extremely large accelerations of high frequency as­
sociated with small displacement amplitudes. 

(b) Lower magnitude acceleration of lower frequencies as­
sociated with larger displacement amplitudes. 

(c} Maxim\.:111 specific impulses. A specific impul se is here 
defined an impulse per unit of mass and is equal to the inte­
gral of the acceleration over a time interval considered, or: 

Specific impulse : /._t2 adt . 
tl 

several suitable timo interTals, t 2 - t 1 , may be chosen. A 
maximum value of the above integral, for a given time interval 
spaced at any location along the time axis of the acceleration 
curve. is a maximum specific impulse . It is equal to the ve­
locity change between points t1 and t2 as derived from the ac­

oe]elration curve. This method of describing shock is given in 
r eference 19. 

(d) .Maximum displacement. 

(e) Time required to attain the maximum displacement and the 
time for the displacement cycle . 

(f) Deformation and bending. The. effects of distortion of 
members on which apparatus is mounted can be suf.ficient to 
break attached apparatus even with no other associated shook. 

6. As knowledge of the subject is increased it may be possible 
to ascribe certain numerical quantities as descriptive of the 
severity of shock. It has been customary to give the maximum 
acceleration and sometimes the maximum displacement in describing 
t he severity of shock. It is apparent that the relati'Vle importances 
of the various factors associated with shock depend upon the nature 
and mounting of an object £or which protection is desired. The 
extremely high accelerations are of princ~pal importance when brit­
tle materials are rigidly connected t~ stiff heavy structural parts , 
while flexibly mounted apparatua iG affected mainl1 bf lower, longer 
acting, accelerations involving large displacements . 
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7 . For the design of shock mounts the important f ac t ors are 
the maximum displacements and the time of the displacement cycle . 
If large amplitude oscillations occur t he negati ve amplitude mus t. 
of c ourse . be considered . With these data a shock mount capable 
of l imiting apparatus mounted thereon to some s ui table value of g. 
and wit.~ a lowest natural period above some speci f ied minimum va lue, 
can pr c.-·bably be constructed. Little is known a s to the transmis sion 
of traveling stress waves by the shock mounts . ( See Appendix 1). 

8 . Shipboard shock may be the result of 

(a) Shell impact 

(b) Contact explosion 

(c) Internal explosion 

(d) Underwater expl osion that is not a c ont act expl osion 

(e) ·Reactions caused by firing of large guns 

9 . Shocks from underwater non-contact explosions are believed to 
represent the principal shock problem. Shocks from dir ec t shell 
i mpacts become small at short distances frcm. the i mpact. External 
or internal explosions cannot be protected a~ainst in t he immedi ate 
vicinity of the explosion or where an air blast of the explos i on 
occurs . Shocks caused by these explosions are us ually small out­
s ide of the barriers confining the explosions . Thus within the 

· confinemen t . apparatus cannot be protected• outside the confinement 
it usual ly is not necessary. Reactions caused by the f i r ing of 
l arge guns are small can.pared to the shocks here c onsi dered . 

(d ) Apparatus used for Shock Measurements 

10. To obtain complete information as to the nature of a shock 
it has been custanary in this country to obtain cur ves represent­
ing the acceleration-time and displacement-time relations . In ad­
di t ion to these measurements, attempts have been made t o measure 
var ious fact ors that might be an index of shock severity. These 
l atter attempts have included simple. pr actical instruments for 
measuring maximum acceleration, such as the many types of spring 
weighted peak accelerometers , i mpact gages• crusher gages , and 
s imilar type instrUlllents, that depend upon deformat ion of material 
and that require displacements to obtain this deformation. These 
are expected to give only an index of shock severity. This index 
of sever ity can only be correct for comparing shocks of similar 
natures . 

11. The apparatus listed in the following outline c ontains most 
of t he types used for hiih impac t shock measurements. Some older 
methods used for underwater pr essure work. such as t he copper 
crusher gage. the copper diaphr agm gage , and the spray method, 
have not been included. 

1. Acee lerometers .., _ 
a. crystal 

Quartz 
Tourmaline 
Rochelle Salt . .. 
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b. Wire Strain Gage (Bonded Metalectr ic) 
cantilever 
Longitudinal 

c. Condenser 
d . Carbon Pile 
e. Mass-Spring 
f. Mass-Plug 

2 . Velocity meters 
a. Moving coil in uniform magnetic field 

(Vibration -velocity detectors) 
3. Displac~ment meters 

a. Rotating Drum 
b. Inductive 
c. Resistance 
d. Photoelectric 
e • Lead Me.ximum displacement gage 
f. High Speed Moving Pictures 
g. String Traveling Wave 

4. Shook Intensity 
a . Lead Impact gage 

5. Strain gages 
a. Wire (~,etaleotric) 
b. Magnetic 
c. Electronic 

12 . Only a brief description, sufficient to show the basic 
principles of operation, will be given of the above apparatus. 
Full description may be found in the references l i sted at the 
end of the report. 

a. Crystal accelerometers.1• 2 , 7 , 8 , 9 , 11, 13 In the 
quartz crystal accelerometer a mass is pressed agai nst quartz cry­
sta ls with a force greater than that expected to be developed by 
any acceleration of the mass. The changes of pressure caused by 
acceleration of this mass are measured by t he piezo-electric 
charges developed. Tourmaline is mainly used to measure underwater 
pressure changes as it is sensitive to hydrostatic pressure where­
as quartz is not. Rochelle salt crystals are about 1000 times as 
sensitive as quartz or tourmaiine, but they are weak mechanically 
and unstable chemically and are unsuited for high intensity shock 
work. ·. ' 

. 3. 16, 20 ( t l ti) b. Wire Strain Gage Aoceleraneters Me a ec r c • 
The resistance of a wire changes slightly as the wire i s strained. 
If this strain is small compared to displacements caused by accelera­
tions then this resistance change can be made to vary directly as 
the acceleration for suitably designed apparatus. A wire strain 
gage acceleraneter, if made of good sens i tivity, has a low natural 
period of vibration. If the period is made high (0.00005 sec) the 
sensiti vity is reduced. The type of instrument is dependable and 
should probably be developed in parallel with the quart z accelero­
me ter i n order that independent checks over uncalibrated regions 
of acceleration might be obtained. At the present t ime the quartz 
accelerometer is the more convenient and accurate instrument. A 

description of a strain &&P type ao~eleromoter, developed at thi~ 
Labor atoey. ia inoluded in this report . 
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c. Condenser type accelerometers. This type has not been 
developed for practical use. The name of this accelerometer is 
descriptive of its mode of operation. A principal difficulty 
encountered in this type would be changes of capacity of cable 
connection during shock. 

d. Carbon Pile type Accelerometer.10 The probable insta­
bility of a carbon pile under high impact shock does not warrant 
the development of this instrument. 

e . Mass-Spring type peak Accelerometers and Mass- Plug type 
Peak Accelerometers. In the mass-spring type accelerometer a mass 
is held in place by a spring. When a force caused by an accelera­
tion became greater than the counteracting spring f orce t here is 
a motion of the mass. Thi,s motion is detected by either optical 
or electrical methods. In the mass-plug type a mass is held in 
place by a bakelite plug of a given cross section. · When the ac­
celeration exceeds a certain value the force exerted by the mass 
on the bakelite plu~ causes the plug to break. These methods may 
be calibrated by centrifugal means . 

f. Velocity meters . These consist, generally, of a coil 
moving in a uniform radial magnetic field, in the same manner as 
the coil of a dynamic loud speaker. It is difficult to construct 
a practical instrument with a. long ( 5 or 6 inches) uniform mag­
netic field. It is thought better, in this count ry, to measure 
both acceleration and displaceme'nt rather than to derive them 
fr om a veloci ty-time curve . 

g. Rotating Drum Displacement 1(eter.1 A drum r otating at 
a known speed is placed with its a.xis parallel to the motion of a 
part whose displacement is desired . A pencil is attached to this 
part so as to write on the drum. 

h. Inductive type Displacement Meter. 1• 3 The displacement 
of a part of an apparatus is measured by the change of inductance 
of a coil. An iron plunger penetrates into the coil a distance 
dependent on the displacement of the apparatus part. 

1. Resistance type Displacement Meter. A uniform fixed 
resistor of f ine wire is placed across an electri cal potential. 
A sliding contact, the position of which depends direct ly on the 
displacement, taps off a potential that is directly proportional 
to the displacement. 

j. photoelectric Displacement Meters. The displacement of 
a. pa.rt is measured by the shadow cast a s t he part moves across a 
l ight beam. A photoelectric cell measures the light. 

k. High ,Speed Moving pictures. 2 Di splacement of all exposed 
par ts of an apparatus can be determined with r easonable accuracy 
by high-speed movin~ pictures (1000 or more frames per second). 

1. string Traveling Viave. If .:'!.. end of a suspended string 
is displaced perpendicularly to the stri ng a.Xis a. iraveling WtW 
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is initiated that will move with a definite velocity -along the 
length of the string. This velocity depends upon the string ten­
sion. If the string is assumed perfectly flexible and air friction 
is neglected the shape of the traveling wave is preserved until 
altered by end reflections. Edierton has recorded the shape of 
these traveling waves by· photographic methods. The shape of the 
wave is a direct plot of t.he displacement-time curve of a part 
to which the string is attached. The time axis i s along the length 
of the string· and the displacement axis is perpendicular t o the 
atring. 

m. Lead Impact Gage!• 12 The lead impact gage is intended 
to provide an index to the "severity of shock"• It consists of a 
weis}lted ball in contact with a piece of lead. An acceleration in 
a suitable direction causes the ball to indent the lead. The dia­
meter of the indentation is a measure of the severity of shock. 
The device cannot canpare shocks of different nature. It ma.y be 
used to canpare similar shocks. 

n. Wire strain Gages. 2 • 16 Baldwin- Southwark type SR-4 
strain i!,ages , or~her gages of a similar nature, can be used direct­
ly to determine the strains of materials to which they are attached. 
These are more suitable than any other type strain gage of this 
time as they are light, linear, and will follow frequencies through 
the range conoerned (30,000 cycles per second). 

(e) Essential Measuring Apparatus 

13. For shock measurements it is essential that acceleration-time 
and di splacement-time curves be obtained . The Briti sh have, in 
sane cases, substituted velocity me~surements for the above two 
from which they derive the acceleration and displacement. It is 
necessary that relative motions, distortions and strains of many 
parts of an apparatus be observed. To make these measurements 
with the greatest ease and accuracy the following equipnent is pre­
ferred, 

a. Quartz Crystai Acceleraneter. The auxiliary equi p­
ment required is given later in thi s report. 

b. High Speed Moving Pictures (See paragraph 39). 
Gross displacements and deformations are pictured as a 
whole by high speed moving pictures (1000 or more frames 
per second). The high speed moving pictures are expected 
to combine displacement measurements of all points in the 
field of view together with observations of the apparatus 
as a whole, whereas other displacement methods record the· 
motion of a single point. The moving pictures .are not 
expected to show the small displacements and deformations 
caused by the lµgh frequency acce lerations. They are ex­
pected to show only gross displacements. 

o. ijire Strain Gages . These gages are not expected 
to be UOOQ fQUtinely 1 but in ca~ea where the above measure­
fflon+.~ ~ n nnt give sufficient information. 

- 6 -
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d. 
and ready 
time. It 
and plate 

Lead Maximum Displacement Gage. 
gage that requires no skill and 
can give valuable information. 
20). 

This is a rough 
11 ttle cost or 
(see paragraph 37 

METHODS AND APPARATUS USED AT THE NA.VAL RESEARCH LABORATORY 

(a) Electrioal Circuits for Strain Gages and Aooelerometers 

Accel. or 
Wire 

Strain 
Gae 

14. A block diagram of the electrical circuits used for quartz 
and wire strain gage type accelerometers, and for. wire type strai n 
gages, is shown in figure (l)• 

Preamplifier and 
Calibrating 

voltage 
Filter 

1000 
pulser 

Tripper and 
Beam Intensi­

fier 

Trip switch 

A 
1 Scope ~ c amera l 

Figure (1). Block diagram of apparatus used in acceleration or 
wire strain gage measurements. The oscillograph is a Dumont fl75A 
which has "Z" axis modulation and single sweep features. 

15. Because the crystal accelerometer has a high impedance electri­
cal circcit and the wire strain gage has a low impedance electrioal 
circuit {the latter usually less than 1000 ohms) some advantage is 
obtained by using different types of preamplifiers in the two cases. 
At the present time a canmercial instrument (RCA type 319-A) is used 
with the crystal accelerometer. It was found necessary. because 
the cable connected to the crystal accelerometer changed capacity 
during shock, to remove the grid bias cell and 100 megohm resistor 
of the first tube of this amplifier. In their place a small 1.5 
volt dry cell was attached directly to the ~rid of the tube and a 
l megohm resistor was placed connecting the opposite aide of the 
dry cell t o the ground. This removed, to a large extent. t he po­
tential across the accelerometer and so minimized the effect of 
changing cable capacity. The amplification curve was flat to 
below 20 cycles per second with these changes. It dropped about 
15 percent at 15.000 cycles. This amplifier can a l so be used with 
the wire strain gages, but it is bettai- to uaa a batuiry operated 
amplitier as the _A•O• hum is objectionable when small signals are 

- 7 -
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encountered, Batter,y operated preamplif iers designed for crystal 
accelerometers and for wire strain gages are described i n a Taylor 
Model Basin reportlij 

16. Three low pass filters have been const:ructea with cut-off 
values at about 12,000 , 5000, and 1000 cycles per second. The 
circuits and their transmission curves are given in plates l, 
2 and 3 . 

17. An examination of plates 4 to 9 show that the oscillograph . 
trace is interrupted by a very narrow blank space at regular time 
intervals. A Dumont oscillograph type 175A is used. I n this 
osc i llograph it is possibLe to control t he intensity of the electron 
beam by changing the potential of a grid of the cathode ray tube. 
This i ntensity control is ' the so called "Z" axis. A short persis­
tance, blue, cathode ray tube is necess~ry for moving film record­
ings. The output of a 1000 cycle tuning fork (G•R· type 813-A 
audio oscillator) is fed to a pulser (see plate 14 for circuit dia­
gram). The pulser changes the amplified tuning fork input into a 
sharp electrical impulse. One pulse occur s for every positive cycle 
of input voltage so in this case the pul ses are 0.001 second apart. 
These provide a negative bias on the aathode ra:y tube grid at 0.001 
second intervals which extinguishes the beam during the duration of 
t he pulse. 

18 . A trip switch is provided that initiates a long positive pulse 
on the cathode ray tube grid , and at the same time starts the os­
c illograph sweep circuit so that a singl e sweep is obtained. The 
intens ity of the cathode beam is adjusted so that the f l uorescence 
is just viaible before the transient occurs. The cathode spot is 
thaiadjusted to a position off the s~reen . This prevents fogging 
t he camera film . c~e must be taken that the positive pulse be not 
of too great amplitude as this may cause a slight verti cal displace­
ment of the cathode ray beam. Plates 4 and 5 were taken in this 
manner. The th9usand cycle timing pulse is on continuously and is 
of sufficient amplitude to e~tinguish the beam even though super­
i mposed on the long positive pulse. A 1/2 mfd . 2000 volt condenser 
w,s added in parallel with the cathode ray grjd coupling condenser 
within the Dumont oscillograph in order to increase the time con­
stant of the "Z" circuit. 

(b) Cameras for osoillograph Recordings 

19 . Two types of cameras are used. A stationary film camera 
using 4.5 x 6 cm film and having a fl :8 lens is used when a long 
time axis is not required . A moving film camera (G•R• High Speed 
camera type 651.A-E) is used when a long time axis is desired. This 
latter camera is well suited for this type of work. When it is 
used the beam inteneifier is eliminated . The camera can be tripped 
by hand or by suitable relqs. About 10 feet of 35 mm. film, with 
a leader or trailer or both, are required for hand tripping. 

(c) Quartz Accelerometer 

20. Tne quart! aooele,ater used was -aonstruated by Westinghouse 
and is well described in a. report17 written by that compaey. Plates 
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15 and 16, taken from this report. show the construction of the 
instrument. On these figa:rs, parts 17 are the quartz crystals, 
parts 3, G, and 7 constitute'the mass {see paragraph 12 part a) . 
Part s 9 are disc springs that force the mass against the crystal. 
A sensitivity of 0.0079 millivolte per unit of g;ravity, g, as 
given by w,estinghouse checks with the value determined at this 
Laboratory (see paragraph 44). 

(d) Wire strain Gage Type Accelerometer 

21. The strain gage type accelerometer constructed at this Labora­
tory i s shown in plate 17. It consists of a thin walled seamless 
steel tube, one end of which is hard sol dered to a base contain­
ing a mounting stud, the other end is hard soldered to a bronze 
mass . Tubes of several wall thicknesses (0 .0084", 0 .0114", and . 
0 .0252")have been used. The outside diameters were all approxi­
mately 0.5" . A strain gage, made of l mil diameteroupron wire 
wound on one surface of an onion skin paper, figure 2, is cemented 
to the tube . The wires of the strain gage run in the direction of 
the tube axis, they cover the complete c ircumference of the tube. 
This latter is necessary in order that bending stresses may cancel 
out. The gage resistance is about 600 __ ohms. 

" 1J] T _/_ 
30 - - - - - ---1 (\J 

_J_ 

k I ,, 
~ /-2. 

Figure (2) Wire Strain Gage for accelerometer. 

22. After the wire is wound as illustra ted a second thin 
sheet of onion skin paper is .cemented (with duco and acetone) on 
the gage so as to sandwich the wires. c are must be taken not to 
move the gage and paper with respect to each other before the 
cement has hardened or the gage wires will be moved from their 
positions . 

23. A gQod procedure for cementing (with duco and acetone) the 
gage wire to the tube is to put a libera l amount of cement on the 
tube and the back of the wire gage . The wire gage is then put in 
position on the tube and a medium cotton thread .is wound around 
the tube over the wire gage. Winding should begin over the leads 
and should be wound closely and uniformly forcing the excess cement 
out the bottom. only one layer of windi ng is necessary. After 
this layer has been wound more windings should be placed over the 
leads , these windings should be Baturated with duco. The complete 
gage should now be baked for eeveral daya at temperatures between 
60oC and 100°0 • 
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24 . The gage base is threaded so that a protecti ng cover tube 
can be used. Attempts have been made to damp the na tur al period 
by connecting the to~ cf the cover tube and the top of t he gage 
mas s with a lead (1/8" thick) washer. 

25. The fol l owing section on wire strain gages applies also to 
t his type accelerometer , which in essence , is a s train measurement. 

(e) Wi r e s train Gages 

26. A wire strain gage may be used as one arm of a bridge circui t 
(see f igure 3) . R of this circuit should be adjusted t o equal t he 
gage r esistance. it consists of a small wire wound res i stor of 
s lightly less rei \stance than the gage plus a variabl e r esistor for 
balancing. Rs and R7 are fixed wire wound resist or s of about 5000 
ohms each. R

6 
and R7 should be very close to the same value, but 

i t does not make much difference what t hat value i s. Sma l l s l ow 
changes of unbalance do not effect the osoillograph signal. 

y 
e = output --- ---+---- -----

Figure (3 ) Bridge circuit for wire type s t rain gages. 

27 . An a lternative cir cuit is shown i n f i gure 4. Whi l e this 
circuit i s more simple it was found that t he large steady state 
volt age across the output polarized a bl ocking condenser (a 1 mfd. 
paper condenser) in the preamplifier circuit and caused some de­
lay in reaching steady state conditions . 

~u:put 

I Rg R 

-v 
Figure (4) An alternative circuit £or wire type strain gages . 

28. If R is made equal to Ra: , in t~ _. above circuit, V 1a t he applied 
voltage , and it .An denoteW the ohange or strain gage resistance, 
~hen·1t • an easily bf shOW'n that the ohange of output voltage is 
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t~EcL, SS~FtED 
(1) 

6_e 

This same equation also holds true for the circuit shown in figure 
( 3} • It is assumed that a R is small and that the impedance of 
the circuit into which the o§tput feeds is very high compared to 
the values of the above circuits. 

The change or resistance of a wire strain gage is 

(2) 
.,DR 
- R-

Where /i. R is the strain and G is the so called gage factor. -r 
The output voltage from equation (1) is therefore 

(
3

) /) e : GV 
-4--

pr t he strain is 

(4) 

29. This last equation means that a strain can be measured by 
using the calibrating voltage with the preamplifier as shown 
on figure (1). The gage factor, G, is known. An alternative 
method of calibrating is to change the resistance of the gage 
circuit by a known small amount and noting the change of signal 
resulting. The change of resistance is usually accomplished by 
adding a high resistance in parallel with the gage and shorting 
a small section of this resistance to produce the change. For 
the wire strain gage type accelerometer the acceleration is 
determined be low: 

If r s: accelerometer tube mean radius 
t • a.cce lerome ter tube wall thickness 
w s weight of bronze mass of accelerometer 
E = modulus of elasticity of the tube (mild steel ) 
a - acceleration 
g • acceleration of gravity 
n = a/g 

then by ordinary mechanics 

(5) 
n: 81TrtEe 

WG V 
where 

(6) 
a• ng 

30. Equation (5) determines the the0~~tical value of aocelera­
tion. This can be checked by calibrations and from results given 
later {paragraphs 41 through 43)~ It will be found that the check 
is very satisfactory. Thia equation will not be valid i n the 
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vicinity of the resonant point of the mounted accelerometer. 

Calibration of Accelerometers 

31. A bar, if held in position so that is restricts the flow of 
air from a suitable orifice. can be made to vibrate at its natural 
frequency. This can be explained quali ta ti ve ly by assuming that 
the escape of ~iris proportional to the displacement of the bar 
from the orifice and that the departure from average air presst:re 
is proportional to the integral of the difference between the air 
flow and the average value of flow. In figure (5) the solid curve 

Pressure Displacement 

1.1.J 
Q:'. 
;:) 

(/) 
(/) 

' Average 

' "' / Value 

' / -.... --Q) 

ct Time ➔ 

Figure (5) 

represents the displacement of the bar from the orifi ce, or the 
flow of air from the _orifice, and the pressure is assumed to be 
repreaented by the broken curve. f.hen the displacement, or flow, 
is greatest the pressure is falling with greatest rapidity. If 
these are sinusoidal functions the pressure will be be low average 
whi le the bar is moving away from the orifice. This will increase 
the amplitude of vibration until some steady state condition is 
reached. 

32 . Figure (6) shows roughly such a bar and orifice. plate 18 
illustrates a laboratory set-up used in making measurements in­
cluded in this report. The bar illustrated in this plate is of 
cold rolled steel 2" thick, 2-1/2" wide, and 21" l ong. It is not 
advisable to use a bar o~ square cross-section because of lateral 
vibrations. The bar is kept from moving 1n a horizontal plane by 
pins held acainst its fundamental nodal points. The bar is allowed 
to move slightly in a vertical direction so as to float freely on 
the film of air between the orifice and bar. When there is no air 
pressure the har rests .solidly on the wide lips of the cup contain­
ing the orifice. Spring .supports are sometime a an advantaie to 
remove part or the weight of the bar from the air column. 

33 . The bar will not vibrate if there are any loose objects, or 
if any object that subtra.cts much energy, is mounted upon it. Thus 
the crystal accelerometer with the regular cable a.t1Dahed IJdrlbits bar 
vibrations ss the cable absorbs too much energy. Good vibr~tions 
can be had if a short flexible wire is used to connect the aooeleJ'O-

.. 12 • 
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meter to the cable. The maximum 
this method has been about 450g. 

0 

Air Cup or 
Out l et Orifice 

Air Inlet 

Spring supports 

of acce lerat ion obtained by 
This was wi th a wire s trai n 

I 

Nodal Poi nt 

Constricted 
Openi ng 

cup Lip 

Figure (6) Compressed air excited vi bra ting bar . The sectioned 
part is cut away to show the air orifice . 

gage type accelerometer attached. With s ane development wor k i t 
is possible that th.is maximum can be considerably increased. 

34. To calibrate ·an accelerometer it is attached by means of a 
stud to a tapped hole in the center of t he bar (See plate 18). 
The Ecce lerometer is ill umi nated with a s trobotac (GR type 631-B) 
and the excur sions of a scratch or spot, as it moves i n slow mot ion, 
is measured with a traveling microscope . The excur sions can be 
measured in non-intermi t tant light by observing t he length of a 
streak made by a moving scratch, but care must be taken not to 
include the width of the spot in the measur ements . When the 
strobotac is used the'fr equency of the bar can also be easily 
obtained. 

35. The maximum acce leration of a sinusoidally vibrating body i s 

(7) 

where 

f i s the frequency and 
D i s t he maximum displacement 
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from an average position. 

or 

(8) 

where 
a = ng 

1'ihich is the acceleration in terms of the number of gravity units. 
It corresponds to equation (5). Equation (8) determines the ex­
perimental , or measured, value of acceleration which is used for 
calibration determinations, 

Impact Gages 

36. TWo similar types of impact gages are in use . One constructed 
by General Electric and another of more economical design oonstruoted 
at this laboratory. An unassembled view of the latter is shown 
on plate 19. The laboratory model is made from standard hexagonal 
cold rolled steel stock and the lead dis cs are punched from selected 
1/8 inch thick sheet lead. As no weight is added to the ball (3/8 
inch dia. ball bearing) the instrument i s not as sensitive as the 
General Electric model. It is emphasi~ed that these gages can only 
be used to com.pare similar type shocks and under no circumstances 
can they be expected to give indications as to the magnitude 01' 
high frequency accelerations. 

Lead Maximum Displacement Gage 

37. General Electric1 has described this Gage. _The iage is 
constructed of a tapered lead angle , made of about 1/32 inch 
thi ck sheet l ead, that is eoldered to a br ass , or iron. base. 
(See plate 20). This gage is mounted s o as to be partly crushed 
by a displaced part. The displacement i s measured by the amount 
cru,hed. The gages oan be straightened and used many t imes. 

Displacement Meters 

38. A resistance type displacement meter, has been used at this 
Laboratory. it is expected that the high speed moving· picture 
camera will be ~sed i n its stead for the determination of displace­
ment. 

High Speed Moving Pictures 

39. The delivery of a hig,h speed moving, picture camera to the 
Naval Research Laboratory has been delayed. This camera is ex­
pected to take up to 3000 frames per second on 16 mm film. The 
equiv.alent time of exposure per frame at this speed .is said to 
be 1i1aooo second. It was expected that the performance and 
sui t ability of this method of measurement would be evaluated in 
this report, but in order to expedite the dissemination of other 
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information from this Laboratory, its performance will be in• 
dicated in a later report. 

MEASURalENTS 

(a) Accelerometer Characteristics 

40. A free acclerometer, i.e., an accelerometer that i s not 
mounted on any mass, has been found to exhibit different character­
istics than when mounted on a mass. There are several reasons 
why this should be so, one of which can be explained in the 
following manner: M accelerometer consists of a mass that 
resists a change of motion. This mass is connected elastically 
to a mounting base. The mass and the base will, in the unmounted 
case, vibrate about the center of mass of the system. If the 
accelerometer is mounted the mass will vibrate about the base. 
In this latter case the accelerometer will have a longer natural 
period. The change of natural period may be expected to be greater 
in the wire strain gage type acceleraneters, either cantilever or 
tubular type, than in the quartz type where the weight of the mass 
is considerably smaller than the weight of the base . Changes of 
natural frequency,due to this cause, are clearly shown on plates 
4 and 5. The changes for the quartz accelerometer are difficult 
to evaluate as eeveral different modes of vibration are introduced 
when the accelerometer is mounted. These different modes of 
vibration introduced by mounting an accelerometer on a hea~ base 
(~he base usually consisted of a steel block, approximately cubi cal 
and about 2-1/2 inches on a side) make it probable that the high 
frequency components (about 10,000 c.p.s.) appearing in most re­
cords are but a local and unimportant manifestations. It is con­
sidered important that an acceleraneter, when mounted on a small 
relatively heavy steel block, should exhibit natural. frequencies 
l:elcw 12,000 cycles per second. 

(b) Accelerometer calibrations 

41. 
are 

Wire Strain Gabe Type . The constants of gages ,f/:1 and /f,4 
(see paragraph 29). 

r otl3s 
t 0.0114 6 E 29 x 10 
W 0 ,109 
G 2.1 

o.t inches 
0.0252 tnche/s· 2 29 x 106 lbs in 
o.116 lbs 
2.1 

Equation (5) of paragraph 29 becomes the~efore 

n(gage /j:l) = 0.00856 x 103 e v 
n(gage ,j/,4): 0.018 x 103 e v 

42. Calibration was performed on a vibrating bar for wh~ch, 
(fran equation (8) paragraph 36) 

n· : 4 'T(" 2 r2o 
g 
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For gage #1 

so 

emu: - 1.14 x 10-3 volts (not R•M•S• value) 

V : ~l.7 volts · 
D • 6.5 x 10-3 inches 
f • 820 cycles per second 

a • ng • 4if2 £
2D g: 448.g 

g 

a . ng = 0 .00855 x 103 ~g = 450g 
V -

Thus t he value of acceleration as measur ed by an uncalibrated 
accelerometer agrees with the va lue as determined by displace­
ment and frequency. 

For 

So 

gage if,4 

em.ax: ,0 . 26 X 10- 3 volts 

V . : 21.4 volts 

D : 3 . 52 X 10-3 inches 

r = 824 cycles per second 

a : ng = 41'2 r2o g · 
g 

3 a: ng = 0.018 x 10 e: 220g 
V -

43. The value of acceleration as measured by an uncalibrated 
acce lerometer is in fair agreement with t he measured value of 
acceleration. 

44. Quartz Crystal Type. The quartz crystal accelerometer was 
mounted on a bar tha t vibrated with a f r equency of 896 c . p.s. 
The sens i t ivity , as given by Westinghouse, is o . 0079 millivolts 
per unit of gravity with a capacity of 0 .0987 itfd. in parallel 
with the unit. For any other capacity across the unit the sensi ­
tivity is : 

s: o.0079 x 0 .0987 millivolt s/g 
C 

where C is the capacity in parallel with the unit . The capacity 
of t he lead 0 able used was 40 micro micr o farads per foot (single 
conductor microphone cable). Two capacities wore used 
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in parallel with the crystals., either 0.0109 m.fd . or 0.0809 m.fd. 
These result in sensitivities of 

or 

Check l 

sB: 0.0716 millivolts/g 

sA • o.009a3millivolts/g 

(C • 0 .0109 m.fd.) 

Acoel. measured from frequency and displacement a 222g 
Accel. measured with accelerometer : 225g 

Check 2 ( C • 0 .0809 m.fd • ) 

Accel. measured fran frequency and displacement: 189g 
Accel. measured fran accelerometer = 171g 
The lower crystal of the accelerometer broke about August 

24t h. With a new crystal installed the followin~ check was 
obt ained. (C = 0.0809 mf'd.) 

Accel . measured fran frequency and displacement~ 198g 
Acee!. measured frcm accelerometer • 211g 
These values all check within 10 percent and must be 

regarded as satisfactory. 

( c) HI Shock Machine Measurements 

45. Measurements of the HI Shock Machine characteris t i cs as re­
ported here are limited to acceleration measurements with the cry­
stal acceleraneter. 

46. Acceleration teasurements. Plates 6, 7., 8 ., a.nd 9 show 
typical acceleration curves. Plate 9 contains three records 
made under similar conditions. The gain ratio between the pre­
amplifier and the oscillo~raph amplifier was changed for the dif­
ferent runs in order to determine if overloading oocun-ed . in the 
preamplifier. This did not occur so the three records can be 
regarded as identical. The similarity between the records is 
remarkable and point to point comparison can readily be made. 

47. Plates 6, 7, and 8 give characteristics of the bare striking 
plate at position :f/=6 . (See plate 21 for diagrams showing position 
locations.) Th•se are for a new undeformed striking plate. very 
similar records were obtained for an old cracked and deformed 
striking plate. A canpariaon of maximum accelerations as obtained 
from the old and the new striking plates is shown in table I · 
Neither from the table nor fra:n the osci llographic records do any 
significant differences appear between the old and the new strik­
ing plate. The accelerations at position 6 were., on the avera~e, 
more severe for the cracked plate than for the new plate. It i s 
possible that the average of the maximum accelerations of ·all 
points on the surface of the new more r i gid striking plate would 
be greater than that of the old plate, and it is to be expected 
that variations from the averaie would not be as great in the 
new strikia.g plate as in the old. It is not believed that their 
ohU"•otttilti o• are greatly diHerent. f! is also seen fran these 
11latt1 t hat tor th• baok blow .. tir•t r•boun« oooura after about 
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0 .02 seconds. This is probably bottoming of the spri ngs 0£ one 
of the holding bolts . For the end blow it requir es about 0.04 

· seconds for the rebound blow, the backstop must be hi t in this 
ease . For the top blow there is no sudden reversal of the pl ate, 
but after 0.08 seconds the plate has t r aversed its maxi mum dis­
tance and is thrown baok against the hammer . A relat ively long 
time later the hammer will fall back and strike the pl ate . 

TABLE I 

Compar i son of the maximum accelerations as obtained at str i king plate 
location /t6 of a cracked, geformed striking plate and a new striking 
pl ate a t N•R•L• and values obtained by Westinghouse and General Elec­
tric f or the HI Shock machines at East Pittsburgh, Sche nectady , and 
Phi,ladelphia. 

Direction 
of Impact 

Back blow 
Top blow 

End blow 

Hammer Detector AcoeI . on HI Shocic Stand at 
Energy Locati on Schenectady Phila. East Pitt s . NRL 
ft . lb . Cracked 

2000 6 4300g 3300g 4200g 4500g 
2000 6a{9) 1130 1190 

6C(l0) 1500 930 1900 
2000 6e{ll) 1375 1290 

6d(l2) 1060 1340 2700 

48 . rt i s believed that t he measurements , made by Westinghouse 
and General Electric for the top and end blows, are low because 

New 

3700g 

2300 

2300 

of the design of the accelerometer mounting block . A different 
de sign of block was used at the Naval Research Labora t ory. A 
rough calculation indicates that an acceleration of 2000g would 
subject the 3/4n holding bolts of the

2
westinghouse or General 

Electric model to about 40,000 lbs/in tensile stres s i n addition 
t o their drawing up stress . Plate 21 shows the detector locations 
on the striking plate and the accelerometer mounting block used at 
thi s Laboratory. 

49. All of the 12,000 cycle low pass f ilter r ecords shaw a high 
frequency component of acceleration of about 10,000 to 12,000 
cycles per second. As , has been ment ioned in paragraph 40 it 
is possible that spme of these ere char acteristic of the mounted 
accelerometer. Whether they be real or not, i t is probable that 
they are of little significance except for bri ttle materials • .An 
a ttempt should be made to experimentally determine the damaging 
effect of these high frequency accelerations. I t i s probable t hat 
more reliable in.formation can be obtained when 5000 cycle low pass 
fi l teration is used rather t han the 12 , 000 cycle low pass filter. 

50. Plates 10 through 12 show that i t is possibl e to integrate 
the acceleration curves for several thousandths of a second, with 
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either a 5000 or a 12.000 cycle low pass f i lter, and get reason­
able results of velocity and displacement. Thi s is a good me t hod 
of checking the perfor mance of the accelerome t.er as s light fal se 
chanbes in zero. (see plate 6 of refer ence 19) caused by the shock, 
quickly give rise to unreasonable values of veloc i ty and displace­
ment. The results also show that high .frequency accelerations 
contribute little to t he impulse. The f i rst few milliseconds of 
t he velocity and displacement can be r egarded as of f air accw-acy , 
but as the t otal • r ea under the accelerat ion curve becomes large, 
and as the diff erence between the pos i t i ve and negati ve -areas be­
c omes small. t he resul ts become inaccurate. rt is interesting to 
note how negligible are_ the changes of velocity due t o the high 
f r equency components of acceleration. Changes of dis placement due 
t o these components are still smaller and cannot be not i ced on the 
s ca le used . 

SUWARY AND CONCLUSIONS 

51. High i mpact shook can be measured in terms of accelerations 
and di splacements as a function of time. As i t i s impracti cal 
t o determi ne these values at all points on an apparatus. measure­
ments of distortion and strain are of considerable value for 
additional shock descri ption. 

52. Measurements of acceleration can best be obtai ned by means 
of a quartz crystal accelerometer. The acceleration- t ime curves 
are extremely canplicated and cannot be suffioiently described by 
a few numerical values . When definite f r equencies appear in these 
curves they should be i ncl uded in its numerical description. When 
additional values are desired ror its de scription a me thod. in which 
the maximum average value of acceleration for vari ous short inter­
val s of time. i s suggi,sted . This method has been used in a pre­
vious report .19 A graphical representat i on of maximum shock 
characteris t ics is given on plate 23. 

53. Many me thods are available for measuring displ acements , but 
i t is expect ed that high speed motion pictures may well be used. 
as they are expected to provide additional information on dis­
t orti on together with an overall view ·or the apparatus . only 
gross displacements are expeot.ed frcm motion picture analysis . 
Velocity and displacement char&es over ~riods of a f ew milli• 
seconds can usually be obtained from acceleration records. 

54. Acceleration measur ements on the Naval Research High Impact 
Shock Stand have shown that the maximum accelerations of the bare 
anvil (striking) plate to be about uvice as grea~ for the back 
blow as for the top or end blows. Measurements made on this 
machine by the deacri bed methods show g,ood agreement with measur e­
ments made by Westinghouse and General El~ctric for simi lar machines 
at Schenectady, ·Philadelphia, and East Pi t tsburgh for the 1:aaok 
blow, but differ considerably for the t op and end blOl'V'S• It is 
believed that the accelerometer mounting block may cause this 
diff erence. 
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55. Little differences in maximum value& of acceleration were 
observed for corresponding shocks when an old cracked striking 
plate was used. (see plate 22) and when a new striking plate 
was used. 

56. A method of accelerometer calibration has been de scribed. 
This method together with other methods of calibration should 
be further deveLoped so that a quick, convenient, and reliable 
calibration can be obtained for various frequenci es of vibrat ion 
With magnitudes up to at least lOOOg. 

57. Natural fr~quency canponents, observable at about 10,000 to 
12, 000 cycles per second, are introduced by mounting t he quartz 
crystal accelerometer on a small heavy base. rt is probable,there­
fore, that some of the accelerations recorded in this frequency 
range are not real. It is believed that the records obtained with 
the 5000 cycle low pass filter are accurate within about 10 per 

. cent. It would be most valuable to know the relati ve damaging 
eff ects of differe~t acceleration frequencies on different types 
of apparatus. 
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APPENDIX I 

Motions of an Elastically llounted Weight Subjected to 
a Simple Shock 

The motions of an object subjected to a single impulse 
may, ·if determined exactly, be extremely complicated. 1lhen a force 
is applied to a body waves of stress radiate through the body from the 
point of application of the force. Those waves. like sound waves in 
a room, reverberate back and forth within their confines r eflected and 
transmitted in various degrees at the boundaries of their confines. 
Superposition of the radiated and reflected waves at any point in the 
body gives the resultant stress at that point at some instant of time. 
If. however, the body is small. s o that a stress Ttave traverses its 
length in a negligible time, then the ordinary theory of elast icity can 
be applied. The ordinar-.r theory assumes the stress to be i nst antly 
transmitted t hrough the body. 

When the exact theory is used. the appearance of high 
frequency hieh magnitude accelerations in an elastically mounted material 
becomes reasonable while in many such cases the ordinary approximate 
theory indicates that these acce1erations should be negligi ble. The 

xi.mate th 
he 

Literature .on longitudinal stress lfave transmission is 
quite extens i ve. The references at the end of this appendix give good 
bibliographies for further study. Thornton{l) and Rafleigh(2) give the 
more elegant treatment o! the subject while Donne11{JJ gives an excellent 
and more simple description of a restricted field. DeJuhasz{4) has a 
series of a rticles. His bibliographies are quite extensive . Little 
work has been done on the propagation of transver se vibrations by stiff 
beams although the first two above references contain the general theory. 
A discussion of the approximate theory somewhat similar to that of this 
appendix is incl uded in a recent Taylor Model Basin report{6). 

A brief description of the propagation of longitudinal 
stress waves and of the propacation of transverse vibrations by stiff 
beams will be given. A more complete description. determined by the 
approximate theory, is presented on. ~e action of an elastically mounted 
material. Additional material by this theory can be found in most texts 
on the subj ectCS). 

A. Longitudinal Stress Waves 

If a force. F. is applied to the end a bar {Fig. 1) for a 
time t then a pressure wave of length. L • pt. will be initi ated, where 
p is the velocity of propagation. 

OEClASSlr: - ' 

Appe!\dix I 
Page 1 



Figure 1 . 
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Short time impact on a bar. A force F is applied a short 
time at one end of a bar. The velocity of the traveling 
streas wave is p. The velocity of the particles within the 
disturbed section is v. An increase of bar diameter indicates 
compression, a constriction indicates tension. 

'tihen the force is applied the first infinitessimally thin la~r 
at the end of the bar will start moving with a velocity, v. The accelera­
tion of this layer can be regarded as infinite. If the for ce applied 
remai.ns unifom for a time, t, then all of the parts of a bar section of 
length, L, will have a velocity, v, as indicated in the figure. The section 
L will move along the bar with the velocity or sound in that material and 
will be reflected and transmitted by varying degrees by changes of bar 
section. The bar as a whole will move in discontinuous steps as only one 
section of the bar is moving at a given time. 

Some interesting features are included in the equations of 
motion and stress for the above case. The layer, or particle, velocity is 

(1) V = p ~./-;,r;---

lbs/in2. 

where p = pressure 
E - Modulas of elasticity 

P c density 
g = acceleration of gravity 

For a mild steel material yielding will begin at p • 30,000 
The factors E, ,P • and g are constants of the material. 

-
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For a steel bar 

E : 30 X lo6 x 14L lbs/!t
2 

,o : !iBO lbs/ .rt3 

g: )2.2 ft/sec2 

P = 30.000 x 14L lbs/rt2 

then from equation (l) 

v : 17 .3 ft/sec 

Therefore, if the bar is' struck a blow of short time 
duration by a hard material, am if the velocity of the striking material 
is greater than 17 .J ft/sec. permanent deformation will result. If the 
blow is of a longer time duration a lesser striking velocity is required 
to result i n permanent deformation. Impacts of intensity necessary to 
cause permanent deformation will not be transmittt3d great distanc:es because 
of excessive energy losses. theref'ore, it may be concluded that a high 
velocity ct of· a given momentum ovides little more shock a distance 

r om the impact than a ow ve oci y 1mpac o the same momentum. Low 
velocitles are considered between 17 ft/sec and about 100 ft/sec. High 
velocities are considered as over 100 ft/sec. 

If a body is mounted on the right end of the bar (Fig. l) 
the amount of energy it can receive is at most equal to the energy of the 
traveling wave. This energy, half' kinetic and half potential, i s 

(2) w = p2 V 
E 

11here V is the voluae of the strained section. 

Assume the maximum stress to be J0,000 lbs/in2 and E to 
be JO x 106 lbs/in2 then 

(3) ''max = .30V in-lbs 

A mounted body may receive a relatively large impulse of 
energy ina very short time. A pulee one foot long would last about 1/17000 
second. A small. light, mounted bodywould immediately (nearly) attain t he 
velocity. v. 

B. Propagation. of Transverse Vibration by Stiff Beams. 

Figure 2a shows a stiff beam fixed at one end. The fixed end 
is moved up,rards quickly, compared to the natural period of the bar. and 
brought to rest. The beam will !'ave a bend as shown in Figure 2b. This 
kink ,nll travel along the length of the beam at a velocity that is depend- . 
ent not only on the physical properties of the beam, but also on the shape 
of the kink. It lti.11 be reflected and transmitted in varying degrees at 
changes of bar section. If the fixed end of the beam is displaced harmoni­
cally in the vertical direction the velocity of the waves have been shown to 
va17 inversely as the wavelength(l)• 
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Figure 2. Part a shows a stiff bar SUP!)Orted at its left end. Part b 
shows the bar a short time after the support had been displaced 
quickly upward a distance d. The bend in the bar travels with 
a velocity p'. 

It is probable that this type of wave causes many high frequency 
accelerations recorded on the H. I -. shock machine. It is understood that 
ordinary transverse resonant vibrations of beams are standing waves result­
ing from t hese types of traveling waves. 

The amount of energy transmitted by the kink in the bar is the 
S\l!l of the kinetic energy (velocity upward in this case) and potential energy 
of bending. It is obvious that a wave of this kind traveling along a heavy 
ship's structure may impart severe high frequency impulses to relatively 
light materials that are mounted on the structure even though the structure 
has a long fundamental natural period of vibration. 

C. Approximate Theory - Action of Elaaticallz Mounted Materials 
Under Signal Impulses of Various Shapes 

This section does not consider aspects of propagation of 
stresses. Judgment and reservations are, therefore. necessary in apply­
ing the derived results. The results should apply quite well for the 
analysis of materials of small dimensions and for materials on mounts 
incapable of transmitting much energy by- traveling stress waves. This is 
generally true i£ the mounted material is heavy compared with its supports. 
Act.ion of elastically mounted materials subjected to harmonic vibrations 
is amply covered by texts(5). 

Consider a base (see Fig. 3) to which a weight, W, is 
elastically mounted.AO and Xw represent the displacement of the base and 
the weight from an initial equilibrium position. 
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Figure 3. Elastically mounted weight. 

I f the base is displa ced the spring will exert a diff erent . force 
on the weight. This force will be equal to the spring constant times their 
relative displacement or 

(h) Force = k (Xb - Xw) and this is equal to the accel eration times 
the mass of weight. so 

The base_is given~ displacement as a function of time . 1- e • • 

(7 ) lti = A!(t) 

(8 ) 

Figure 4, 

A variety of simple pulses can be had by making f ( t) s: 

f -a/ .;,; r--a2 t and adjusting parameters. al & 82. 

Displacement of the base to which the weight is mounted. 
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Assume. t herefore that 

A complete solution for this equation is 

(10 ) Iw- = c1 sin pt + C2 cos pt + Ar,2 [ ~-21t E-a2t. J 
if + p2 - a~ + p2 

Hhere C1 and C2 are arbitrary const ants to be determined by boundary 
conditi ons which are 

( 11) When t = 0 then Xw = 0 and dXw = 0 
~ 

From t hese conditions 

(12) C2 : A 2 r 1 p l_al_+_p_2 

(13) C1 = Ap 

(14) X,, 

r~ 
I al + ~ 

~ ! P2 J 
a2 l 

~ + P2 ~ 
2 ~ sin pt - Ap ; _1 __ 

i a¥ + P2 .... 

Case I - As sume the base is displaced s uddenly to a maximum posit.ion and 
returns s l ov,ly to zero as shown in Fig. 5, 

X 

+ 

0 

Figure S. Sharp pulse of long duration. 

In the above case it has been assumed that 

-;___~~--~· • .,_"!. 

(a1, a2 and p, have the dimensions t-1 ) 
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under these conditions X., of equation (14) reduces approximately to 

(~) X,.. • A (1 - cos pt) 

llhich is merely an oscillation about the displaced position with an 
amplitude equal to the displacement. It should be noted that the rapidity 
of the initial displacement of" the base does not affect the displacement 
of the weight as long as the displacement is quick compared top. There­
fore. the maximum value of acceleration of t he base has no relation to 
damage to the Tleight. Iri this case it is oniy the displacement £ha£ is 
of importance. (when traveling waves are considered this wave front may 
be important). 

Case II - Assume the base moves slowly compared with the 
natural period of weight. (See Fieure (6), 

Figure 6, Pulse long compared to natural period of l7eight, 

In this case it has been assumed that 

(17) . p ) ) a1 and p 7 1 a2 

Under these conditions Xw of equation (14) reduces approximately to 

(18) 1w: A (~-a1t -C-a2t) 

llhen the duration, and the time of rise or decay, of the 
r,ulse is long compared to the natural period of the weight, t hen the 
base and wei.cht move as a unit and the maximum acceleration is the 
principal damaging agent. 

Case III - Assume that the base is displaced to a maximum and 
returns to its initial position in a time short compared to the natural 
period of the mounted ,Teight. (See figure 7). 

Xw 

0 

Figure 7. Pull(le short ccnpared. to the 1'\&tural period o! the weight • 
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In this case it has been assumed that 

~ > ~ 
Under t hese conditions Xw 0£ equations (14) r educes approximately to 

(20 ) 1w = Ap [ ai a~ ] sin pt 

Again it is noted that the initial displacement can be very r apid or the 
initial acceleration can be very high. without greatly affecting the 
results . 

Case IV -

Assume the base to move in pulses, as illustrated below. having 
period of the same order of durat_ion as the weight. No a ttempt is made 
to show the general case exactly. but from case I the f ollOlt'ing quanti ta­
tive res ults can be derived. 

~ 

! 
-~ 

i~ 
·~ ., 
~ 

Xw 

time 

a 

S1111..1sotd al C 'JYVes 

b 

C 

Figure 8. Qualitative effect of displ.&-cement o.t' the baoe for duration 1n 
the same order ot magnitude as the period of the weight with 
respect to the base. 
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Figure 8 shows that the we:tght ma.y suffer high amplitudes of displacement 
if the period of the base displacement cycles is of the same order of 
duration as the period of the weight with respect to the base. Figure 8a 
illustrat es a single nearly square wave pulse of duration equal to one 
half the weights natural period. This is a first step in building up 
resonance . Part 8 c shows a second step in building up resonance. Part 8b 
gives an ideal relation between the base and weight. Here the pulse lasts 
a full cycle and the weight executes but one cycle. From t he above illus­
trations i t is apparent that dangerous amplitudes of displacement may 
result if the period of the mounted weight is near t hat of the displacement. 
Collisions between the weight and the mounting plate are probable. From a 
study of displacement curves of submarine hulls caused by underwater explo­
sions, and of plate 22. it is observed that a displacement cycle is usually 
greater t han 1/25 second. As it is not recommended that mounted apparatus 
have periods lor.ger than 1/25 second, because of possible resonance with 
ship machinery-, it is advisable that mounts be constructed of sufficient 
stiffness so that apparatus (the ,,ei3ht) will approximately follow the low 
frequency displacement curve as sh01'Il on Figure 6. In order to ninimize 
the effect of the higher frequency accelerations the mounted appa,ratus 
should have as long a period as possible. l:ith the limit of 1/25 second 
as the l oneest period permissible it is sugeested that periods be between 
1/ 25 s econd and 1/100 second when possible. Plate 13 shows t he reduction 
in magnitude of high frequency hannonic accelerations and displacement by an 
elastic mount. 

COOCLUSIOHS 

The followillG statements are indicated by t his appendix. The 
statements carmot be regarded as facts for al.l· cases but must be considered 
with r espect t o the dimensions and nature of t he structures s ubjected to 
shock. 

1 . Traveling stress waves. both longitudinal and nexual, may 
exist in structures having long natural periods of vibration. The existence 
and the reflections of these waves may give rise to high frequency high 
magnitude accelerations. 

2 . The maximum energy that can be transmitted i n a traveling 
stress wave i ncreases as some function of the mass and stiffness of the 
material through which the wave travels . A heavy object mounted on light 
supports will, therei'ore, be little affected by the traveling Traves. A 
light object mounted on a heavy base will be greatly disturbed by traveling 
waves in the base. These waves may cause high magnitude high f requency 
accelerations even though the base has a long natural period. 

J. If the effects -0f traveling stress v,aves are neglected then 
high frequency components of acceleration (above $000 c . p.s. ) aIXl frequency 
components of a steep acceleration wave front, are not of importance to 
aunaratu.s t hat, as momted on a base, has natural frequencies below several 
h~dred cycles per second. 
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4. To decrease damage, caused by deaccelerations, it is not 
advisable to have the period of vibration of the molmted apparatus 
near the time of a displacement cycle. If the apparatus mounting 
base is stopped when the apparatus is at the end of its swing (See 
Fig. 8a and Be) the shock, as measured by displacement and low 
frequency components of acceleration, may be more than doubled. As 
the period of the apparatus cannot practically be made long enough 
to soak up the gross displacement cycle, it is suggested that in 
most cases the period be made short enough so as to follow this 
gross displacement cycle. (See Fig.6). A period of l/2S second 
would in most cases be short enough for this purpose. Exceptions 
to this rule are expected for many specific cases. 

5. To decrease the effects of high and medium frequency accel­
erations the mounted apparatus should have natural periods,as long as 
possible. A compromise with part 4 must be attained. 

6. The more exact theory of shock predicts extremely high 
values of acceleration near points of impact. In this theory only 
an infinitely thin lamina is initially assumed accelerated. This 
lamina may imnediately acquire a given velocity, which requires 
infinite acceleration, without violating energy principles. Traveling 
stress waves may thus have extremely high accelerations near a point 
of impact. These values are of extremely short time duration and 
decrease rapidly in magnitude away from the point of. impact. Certain 
types of maximum reading accelerometers may respond to these values 
and may therefore indicate higher values of acceleration than indicated 
by tho crystal type accelerometer with its filtered output. 
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#4 GAGE - FREE 

13 000 IV/ SEC. 

#4 GAGE - HEAVY BASE 
9200-v/SEC. 

#4 GAGE - HEAVY BASE 

~ INCH LEAD DAMPENER 
980 O~/.SE C. 

# f GAGE - FREE 

8500 "'/ SEC. 

#t GAGE - HEAVY BASE 

6000"'/SEC. 

(CALCUL ATED 7 500 ~/SE CJ 

#1 GA GE - HEAVY BASE 

t INCH LEAD DA MPENER 
7500 l'V/SEC. 

WIRE ST RAIN GAGE T YPE ACCELEROME TER: GAGES #4 a # 1 HA VE 
TUBE WAL:L THICKNESSES OF 0.025

11 
8i 0.011

11 
RESPECTIV ELY. 

EXCI TATION INITIATED BY LIGHT HAMME R BLOWS. T IMIN G SPOTS 

ARE 0.001 SECONDS APART. 
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(A) FREE - NO FILTER 

20000~/SE C. 

;) HEAVY BASE 

2 OOOrvLOW PASS FILTER 

C 

~ ii•~; - "' I •• 

I . . . ,_ 

(E) HEAVY BASE 
5000-vLOW PASS FILTER 

(8) HEAVY BASE - NO 

FILTER 

(0) HE AV Y BASE 

12000 "-' L OW PASS FILTER 

WESTINGHOUSE QUARTZ CRYSTAL ACCELEROMETER CHARACTER­
ISTICS. ON AL L OSCIL LOGRAMS EXCEPT (A) THE ACCE L EROMETER 
WAS MOUNTED ON A STEEL BLOCK OF SEVERAL POUN DS WEIGHT. 
THE UNIT WAS HELD BY HAND DURING EXCJTION BY LIGHT HAM­
MER BLOW S, T IM ING SPOTS ARE 0.001 SECONDS APART. 

PLATE 5 
Ct.A: S E 
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CRYSTAL ACCELEROMETER OSCILLOGRAM. TOP BLOW, 2000 FT.-LBS. 
POSITION 6C BARE PLATE,12000 CYCLE LOW PASS FILTER. TIMING 
SPOTS 0.001 SECONDS APART. THE LOWER CURVES ARE CONTIN­
UATIONS OF THE UPPER CURVES. 

PLATE 6 
CLASSI 



CRYSTAL ACCELEROMETER OSCILLOGRAMS. END BL0W,2000 FT.-LBS., 
POSITION 6D BARE PLATE, 120001\J LOW PASS FILTER. TIMING SPOTS 
0.001 SECONDS APART. THE LOWER CURVES ARE CONTINUATIONS 
OF THE UPPER CURVES 

PLATE 7 



BACK BLOW, 2000 FT.- LBS., POSITION#6, BARE PLATE TIMING 
SPOTS 0.001 SECONDS APART. THE LOWER CURVES ARE 
CONTINUATIONS OF THE UPPER CURVES. 

CRYSTAL ACCELEROMETER CURVES. 

FOR THREE CURVES EXCEPT 

CONDITIONS ARE IDENTICAL 
FOR FILTRATION. 

ECLASSlFIE PLATE 8 









COMPARISON OF OSCILLOGRAMS OBTAINED FROM THE CRYSTAL 

ACCELEROMETER UNDER SIMILAR CONDITIONS. TIMING SPOTI ARI 
QOOI SECONDS APART. Tl£ TIMING SCALES AIIE SLIGHTLY 
Dl,FERINt 

PLATE S 













WESTIN GHOUSE ACCELEROMETER PARTS 

DECLASSiFJED PLATE 16 
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