-Megsurement and Analysis of Acvceleration Environments
E Generated by NRL Rough Road Simulator

E. W. CLEMENTS

Ccean Siructures Brench
Ocean Technology Division

February 1970

]
¥ -~
-

Reproduced by the
CLEARINGHOUSE
for Federal Sciantific & Technical

. Information Springfield Va. 22151
NAVAL RFSEARCH LABORATORY
Tibo dosemant trs beos agproved for public relsase aud sale; s distfbusion is walnvited.




CONTENTS

Aogstract
Problem Status
Authorization
List of Figures
Referencesg
INTRODUCTION
Description of NRL Rough Road Simulator
MEASUREMENT ©F ROUGH ROAD SIMULATOR OUTPUTS
Measurement Program
Measurement Ingtrumentation
Measurement Procedure
ANALYSIS OF ROUGH ROAD SIMULATOR OUTPUTS
Analysis Program
Analysis Instrumentation
Analysis Procedures
RESULTS
Acceleration Levels
Zero~load Spectral Density Data
Effect of Load on Spectral Densities
Amplitude Distributions
CONCLUDINS DISCUSSION

ACKNGWLEDGMENTS

ii
i1
ii

141

NN

(-2 V. .

10
12
12
13

14




ABETRACT

The NRL Rough Road Simulator is a device for determining the yesis~-

tance of military equipments tc damage by the mechanical environments '
arising from ground transportation. Rough terrzin i1s simulated by pre-
seuting a contoured surface moving st contrcllad speed to the wheels of
& tethered vehicle which provides the apprepriate mechanical interface
between the terrain and the equipment under test. The sutput motions
generated at the machine-equipment interface are of a quasi-random,
vibratory nature, and consist of the rigid-body motionz of the vehicle
and its suspension system and the elastic motions of the vehicle's

structure.

The measurement and analysis instrumentation system for such motions
must extend the capability of a random vibraticn instrumentat:on system
to very low frequenc. s, and in addition rossess a high dynamic range
capahility, since collisions between adjacent structural components of
the vehicle may produce local motions of a shock-like nature. A suitable
instrumentation system has been assembled, and has provided a representa-
tive description of the output motions generated by the Rough Road Simul-
ator and the influence on them of variations in some of the test conditionms.

The output motions studied were those produced with a Type M35 6 x 6
truck as the tethered vehicle., Acceleration waveforms were recorded at
various points of the truck'’s cargo spzce for several equivalent truck ;
speeds, and with dead-weight loads approximating its full rated capacity i
(5,000 1b), half of rated capacity, and without load. Data are presented
in terms of power spectral densities and rms sacceleration to permit compar=-
ison of the motions at the various locations and to indicate how tha motions i
themselves and the relationships between them ares altered by changes in equiv- !

alent truck speed and payload. !
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List of Figures

1. Schematic of truck cargo space, showing relationship ¢f measure-
ment locations to truck body structure. The positions of the lcad
segments (when used) are shaded.

2. Photograph of the truck cargo space in the full load confijuration,
The total load is 4522 1b. The transducer package is shown at Location J
L. Note cutout to permit access to location 32. i

3. Bleck diagram of measurement system. The scceleration channel I
shown is one of three, the drum speed channel one of two. Acceler-
ation channel calibrations were inserted behind the charge amplifiers,
the charge-to-voltage transfer coefficient of the charge amplifiers
being checked ‘ndependently.
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4, Block diagram of analysis system.

5. RMS acceleration levels measured at each speed, averaged over all

measurement locations. The bars represent the average rms longftudinal
component (i), the average transverse component (V), the average verti-
cal component (V), and the average rm:s resultant of the individual sets
of longitudinal, transverse and vertical components (R). A: zero load, -
B: half load, C: full load. 1
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6. RMS resultant accelerations at each measurement location, averaged
for all speeds. RMS resultants are derived as the rms value of the rms
accelerations found in the three component directions. The height of
the bar plotted at each meaguvement location is proportional to the
average rms resultant acceleration, whose value (in g) is noted at the
top of each bar. The average of these values for each row and column
are shown by the vertical lines at the ends of the row and column
markers. A: zero load, B: half load, C: full load.

7. Vertical component spectral densities at the various measurement
locations at an equivalent speed of 5 m/h with zero load. Effeciive
analrsis filter bandwidths are: 0.25 Hz, 2-12,.5 Hz; 1.25 Hz,

12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz. A: Loc. 11, B: Loc. 12, C: Loc. 13,
D: Loe. 21, E: Loc 22, F: Loc., 23, G: Loc. 31, H: Loe, 32, I:
Loc. 33, J: Loc. 41, K: Loc. 42, L. Loc. 43.

8. Speciral densities of component accelerations at location 23 for
speeds of 3, 10 and 20 m/h with zero load. Effective analysis filtor
bandwidthe are: 0,25 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hx,
62.5-300 ¥2. A: Long: tudinal, S m/h; B: Transverse, Sm/h; C:
Vertical, 5 m/h; D: Longitudinal, 10 m/h; E. T. .nsverse, 10 m/h;
Vertical, 10 m/h; G: Longitudinal, 29 m/h; H: Transverse, 20 m/k:
I: Vertical, 20 m/h.




9. Vertical compounent spectral densities in the vicinity of the

lpad at speeds of 5 and 20 m/h with zeroc load, half lcad and full
load. Effective analysis filter bandwidths are: 0.25 Hz, 2-12,5 Hz;
1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz, A: Loc. 22, Zero Load,
5 m/h; B: Loc LL, half load, 5 m/h; €: Loc. L, full load, 5 m/h;
D: Loc. 22, zero load, 20 m/h; E. Loc. LL, haif lcad, 20 m/h;

F: Loc. L, full load, 20 m/h.
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INTRODUCTION

Military requirements for electrunic (and other) equipments demand
reliable operation in spite of a variety of severe emrirommental condi-
tions. One of the more damaging mechanical environments to which equip-
ments will be subjected arises from handling and transport in combat
areas, which may entail hasty loading into any available vehicle followed

by rapid progress over assorted unprepared surfaces. One method of testing

an equipment's ability to withstand such treatment is to load it intc a
selected vehicle and transport it about a prepared test track providing a
controlled variety of rough surfaces. 1 addition to its expense and in-
convenience, this procedure has the major weakness that the test severity
is limited by the motion tolerance of the driver, since a level of gev-
erity which seems intolerable on the tesi track may well be regarded as
highly desirable on the battle field. The ability to expose equfoments
to transportation enviromments in the testing laboratory by use of an
appropriate testing machine is thus a distinct advantage because of the
more realistic test severities which may be obtained, as well as allowing
trangportation testing to be performed in the same facility which performs
other mechanical environmentsl testing. To this end machines have been
developed in an attempt to imitate the mo*ion of a vehicle's cargo space.
These imitations have little in common with the actuality, although these
machines have been useful and provide a reasonable test environment for
some types of test package (Ref. 1).

A otudy group was formed to consider the problem of a more appropri-
ate test machine, and reported favorably on the feasibility of tethering
a test vehicle to a device featuring powered bumpy-surfaced drums as =
facsimile of rough terrain. Dimensional adjustments would permit a vari-~
ety of vehicles to be attached and the test severity could be controlled
by the speed of rotation of the drums and by adjustrient of the profiles
of the bumps upon them*, A machire such as this was constructed and in-
stallad at NRL in 1960, and has been described elsewhere (Ref. 4,5).

In order to permit a test procedure to be specifi.d it {s necessary
that the characteristice of the motions develop.d in the test vehicles by
this machine be known and compared to those found in real 1{fe. (Ref.6,7).
The ultimate machine outputs of concern are thr cargo space motions of
the various vehicles. These outputs will te afrected by the nature of
the vehicle, its general condition, its load and load reactions, and the
point at which motion is measured as well as by the controlled parameters
of the test machine {tself. It is thus i{mprobable that a given set of
operating conditions for the test machine will prov!die satinfactory out-
puts for all vehicle, or for a given vehicle with various test packsges,
or for a given vehicle and test package at different tlaes.

*A more recent approach is to fit long-stroke hydraulic force generators
to the wheels of the test vehicle, with the sdvantage that prograsmming
is C-ne electronically (Ref. 2,3),




The motions which must be measured and analvzed are characterized
by a more or less randoin waveform of wide dynamic range and involving
components over a broad range of frequencies. Such a motion may be
said to be cumposed of a vibration constituent (due to the suspension,
tires, etc.) and a shock constituent (from bumping of structural members,
etc.). The instrumentation system used t~ measure such motions thus
must be a hybrid of s-<tems used for either normal shock or vibraticn
waveforms. It must combine the sensitivitv and low noise level of a
vibration measuring system with the dynamic range and frequency response
of a shock measuring system; the system used for analysis requires an
even greater range of frequency response thar that of most shock analysis
systems,

Degcription of the NRL Rough Road Simulstor

As installed, the NRL Rough Rc:d Simulator consists of two pairs
(right and left) of 33 1/2-in diameter bv 30-in wide drive drums and
a tethering arrangement. The test vehicle is tethered so that the
wheels which underlie its cargo srace are supported by the drive drums,
any aaditional wheels simply resting on the floor of the laboratory.
The spacing between the fore and aft members of each pair of drive
drums may be adjusted to match the spacing of the vehicle's wheels,
and, if only two wheels are to be supported, the forward drums of each
pai. may be uncoupled from the aft by disengaging mechanical clutches,
The vehicle used fc. the studies reported here was a 6 x 6 M-35 truck,
so that all four drums were required. In this configuration the forward
drums are coupled to the aft by V-belts, and each aft drum is driven
(also through V-belts) by an hydraulic motor.

Drum speed is s2t and controlled by adjusting centrifugal switches
on t e control console. These are driven directly by flexible shafts
from the aft drums, and provide a 'bang-bang' type servo loop. The set-
ting of the centrifugal switches gives an indication of nominal drum
speed, and variation of actual speed about this setting is indicated by
tachometers attached to each of the aft drums. Each drum is fitted with
two diametrically opposed profile plates with maximum heights of either
3/4-in or 1 1/2-4n. The dynamic locada when the vehicle wheel- encounter
these bumps lead to variation in the speeds and phase relations of the
fore and aft members of each vair of drums, as does normal belt slippage.
Similar action lea:ia to speed variation between pairs of drums in addition
to that which may be introduced intentionally by means of their incependent
spead control capability.

MEASUREMENT OF ROUGH ROAD SIMULATOR OUTPUTS

Measuremant Program

The measurement program was deviszd as a sample of the wany possible
variations of the operating conditions of the Rough Road Simulator, and
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included:
I. Vehicle Variations

2, Test vehicle: truck, 2 1/2 ton, 6 x 6 M-35

b, Tire presgure: highway (45 psi)

¢. Load magnitude: empty, one~half rated load and
full rated load

d. Loié configuration: dead-weight.

I1. Instrumentation Variations
a. Three components of motion (longitudinal, transverse a I
vertical)
b. Measurements at twelve locations within the cargo space
of the truck.
ITII. Machipe Variations

a. Drum speeds equivalent to 5-3%5 m/h, by increments of 5 m/h.

The motions generated under each combination of these control parameters
were reccrced for & period of two minutes.

The basic program could be enlarged to include several types of tes
vehicle, & larger variety of load configurations, and a series of bump
rrofile plates.

Measurement instrumentation

Th2 measurement locations were selected with an eye to the structure
the M-35 truck serving as a test vehicle, and were arranged in 4 rows awx
3 columns (¥rig. 1). The first row lay midwav between the front of the tr
bed and the forward rear axlsz, the second over the forward rear axle, the
third midway betwveen the reay axles, and the fourth midway between the af
rear axle and the tail gate. The first column lav midway batween the lef
side of the tiuck bed and the left main chassis rail (and very nearly at
center line nf the left dual rear wheeis}, the second along the center !
of the tru:zk ted, and the third over the right main chassis rail. These
locations were coded by row number-column nu~ber, :1 to 43, Pigure 1 ala
shows the location of the los: mounting fixtures (shaded). These were &

to the truck bed along each of the miin chassis rails centered midway bat .

the rear axles, with the right load {ixture .overing measurement locatiot
and 1), Weights were attaclied alonp these fixtures for ths half-losd rw
bringing the total load in *he tyu.: to 2316 ip. For the full-losd rume,
steel plates vere bolted to the fiutures over the half-load wef{ghts, brir
the tocel load to 4522 1b. These plate: spanned the spacz between the lc
fixturas, and were cut out (o permit s:ceas to measu-ement location 32 (}
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The transducer package comnsisted of three plezoelectric accelerometerxs
mounted orthogena.ly on an inculating block. This was bolted down at each
measurement location so that rhe sensizive axes of the geecalerometers vere
aligned along the length of the truck bed {longitudinal), across its breadth
(transverse) and vertically. Since only three accelercmeters of sppropriate
type were available measurements were taker for the various locations sequen-
tially. After cenditioning, the accelersmeter output signals were recorded
on magnetic tzpc, together with output signals from the twc drive drum tach-
ometer generators and a reference (1KHz) sinusoid. Each sccelerometer out-
put signal was recorded on two tape tracks, one having twice the gain of the
other, A block diagram of the measurement instrumentation system is shown
in Fig. 3, and response parameters are listed in Tabie I.
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Measurement Procedure

Measurement runs were performed at each measurement location in
sequence, ste cing at location 11 and procecding through 12, 13, etc.,
to conclude at 43. This sequence was completed first without a load
in the truck, then with a load of approximately half the rated capacity
of the truck, and finally with approximately the full rated load ca~
pacity. The procedure "~'lowed for each measurement run was to bolt
the transducer package ... place, adjust the Rough Road Simulator drive
drume to an equivalent speed of 5 m/h; and start the magnetic tape
recorder, After a twc minute perfod had been recorded, an announce-
ment to this effect was recorded on the tape recorder's voice track,
the Rough Road Simulator speed adjusted to 10 m/h, a two-minute sample
recorded, and so on in 5 m/h increments of equivalent truck speed up
to the maximum obtainable, which was 35 m/h for the unloaded truck
and 34 m/h with either half or full load. The master tapes thus
include the motions generated when the equivalent truck speed is
changing, and speed 18 indicated by voice markers as well as by drive-
drum tachometer outputs.

ANALYSIS OF ROUGH ROAD SIMULATOR OUTPUTS

Analysis Prougram

The resulting records were then processed using an analog (single
chaunel) wave analyzer system with extended low-frequency capability,
and utilizing tape-recorder speed-up to achieve the required low fre-
quency response and teo shorten the analysis time.

In spite of the playback speed multiplication, analysis requires
considerable time. The recordings which were analyzed were selected
to provide a cross—section sampling of Rough Road Simulator outputs.
In the interests of time conservation, each sample .as a 40 second
interval takan from the two-minutes-long record, and the analysis per-
formed vas well under the maximum capabilities of the analyzer. An
analysis of the complete two minutes of data, usa:z the full capabili-
ties (in mode and range) of the analyzer system would require some
50 hours of analysis time for each of the seve.al thousand records.

The initial analysis program thus consisted of:

a. measurement of rms accelerations for each control parameter
combination, and

b. plotting acceleration spectral demsity curves and accel-
eraticn amplitude distribution functions for several control
narsmeter combinations.




Any future expansion of this basic program could includ ~nalysis
in terms of Fourier spectra and shock spectra, extension of tuxz frequency
range to the full 0,.05-2500 Hz obtainable, and processing of each accel~
eration component at each position at each speed, utilizing the full two
minutes of recorded data.

Ideally, the measured waveform should be separated into its shock
and vibration censtituents, each being analyzed separately, since shock
spectra are more appropriate for interpretation of the shock constituent
and spectral densities for interpretation of the vibration constituent.
“"hile the vibration constituent is associated primarily with the low
frequencies and the shock constituent with the high, there is sufficient
overlap to prevent their separation by simple filtrationm.

The distinction between ''shock-like" and ''vibration-like" comstitu-
ents in this complex motion is of necessity an arbitrary one. One might
say that a typical shock motion is characterized by possessing a sizeable
number of frequency components, an amplitude which builds up rapidly from
zero to some maximum, then decays more or less rapidly back to zero, and
an overall duration which is relatively short: here the terms "rapidly"
and "short'" are with respect to the dominant frequencies of the motion,
and imply that only a few cycles or teus or cycles of the dominant fre-
juencies elapse. A typical vibration motion converccly is cheracterized
by one or a relatively small number of frequency components, an amplitude
which does not vary too greatly or too rapidly, and a duration which is
long with respect to the dominant frequencies involved. A typical random
vibration mation combines some of each of these characteristics. Its
frequency .omponents may be many and cover a wide range (or they may not),
its amplitude will vary largely and sometimes ratner rapidly due to the
occasioral coincidence of component maxima demanded by the nature of
stochastic processes, and its duration is long.

An adequate separation program requires far more elaborate facili-
ties than are available with the present analysis system. Thus for the
data obtained here there has been minimal attempt to differentiate bet~
ween shock and random vibration.

Analysis Instrumentation

The magnetic tape recorder had & dual-tape c. .ability allowing it
to tramsport 1/2 in. and 1 in., wide tape simultaneously. Head patching
permitted the recorded signal to be played back from the 1 in. master
reel and recorded on a 1/2 in., analysis loop Little signal degradation
was incurred, since re-_.ecording was in the predetection mode and time
correlation was assured by driving both tapes with the same capstan.

The analysis loop then furnished a repetitive signal to the wave analyzer,
distribution function analyzer and voltmeter.
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The wave analyzer was an electronically swept heterodyne type
having analysis filter bandwidths of .5, 2, 10 and 50 Hz, and a square
law detector. The distribution function analyzer had a precision manual
control for level selection and provided a meter deflection indicating
the percentage of time this level was exceeded or not exceeded by the
input signal's instantaneous ‘aiue; a plot of this meter reading vs level
control setting is thus representative of the amplitude cumulative dis-
tribucion function of the input signal. The voltmeter was a true RMS
type with a bandwidth of 2Hz ~ 200 XHz. Figure & shows a block diagram
of the analysis system,

Analysis Procedure

Since it was apparent that only a sampling of records could be
handled in a ressonable length of time, the most informative sample
should be chosen. Survey of the literature and observation of the
Rough Road Simulator in operation indicated that the frequency range
of 2-300 Hz is likely to contain most of the significant components
in these records, and the vertical acceleration component is the
strongest, usually by a considerable margin, The speeds of 5 and 10
m/h are the most desirarle speeds in terms of driver toleration, and
some speed will be the most severe in terms of rms acceleraticna.

Preliminarv analysis consisted of measuring the rms acceleration
levels from all of the records obtained. The results of this substan-
tiated the above observations and pin-pointed the most severe speed at
20 m/h. Spectral densities were measured for the following selected
group of records: in the zero lcad condition, the vertical acceler-
ation components at each measurement location for speeds of 5, 10 and
20 m/h, and in addition the transverse and longitudinal components at
measurement locations 23, 32 and 41 for the same speeds; in the half-
load condition, the vertical acceleration components at measurement Jo-
cations 43 and LL (left load segment) for speeds of 5 and 20 .i/h, and
in the full load condition, vertical components at locations 43 and L
(load plate) for speeds of 5 and 20 m/u. Amplitude distributions ware
also measured for these records while the spectral density analysis
was in progress. While sparse, this selection .z sufficient to indicate
the variations ir spectral properties due to the variables of geometry,
orientation, load and speed.

The time required t. trequencv-analyze a single record was much
reduced by playing the analysis loop at A0 i/s, which multiplied the
frequencies involved by a factor of 8 and shortened the duration of
the rec rd by the same factor, since the original recording was made
at 7.5 1/s, The higher trequency permitted broader analysis filters
to be used withot* loss of resolution, and the much faster scan rates
thus permitted results in a large reduction of the total analysis
time even though the scan range is larger by a factor of 8. Further




reductions in analysis time resulted from switching to broader ana-
lysis filters when the scan reached an appropriate frequency, and
froceeding at a faster scan rate than otherwise permissible.

Using the speeded-up play-back, the wave analyzer program was
to scan from 16-100 Hz with the 2 Hz filter, 100-500 Hz with the
10 Hz fiiter, and 500-2400 Hz with the 50 Hz filter, yielding a
worst-case resoclution of 12.5%. Analysis time was further reduced
by analyzing the firgt 40 seconds of the two minute record, providing
& worst-case sampling error estimate of +25Z, with 80% confidence.
Analysis uncertainty was reduced by empirically determining the ma. -
imum scan rate consistent with build-up time for each filte:, The
final program required 2 1/2 hours for analysis of each record.

Since it was not feasible to separate the shock and vibration
ronstituents of the recorded waveforms, it was essential to retain
the highest possible dynamic range. Accordingly, the low-gain tape
records were analyzed, and amplifier gains get to provide maximun
permissible le..ls for an input corresponding to the 20 g maximum
capacity of these tape channels. Careful balancing and other ad-
justments permitted the noise level! to be reduced to 34 db down from
the maximum level (with square law detection) so that signal-to-
noise ratio was not unduly impaired.

The spectral density plots consequently represent signal samples
which may contain some constituents of a shock nature. With the volt-
meter and distribution function meter it is ponsible to recognize when
a probable shock transient appears and to compensate for 1it, tending
to restrict the rms levels and distribution functions to the vibratory
part of the signal, This tendency for the spectral density plots to
represent a different aspect of the motion ies much reduced by the
greatly longer effective averaging time of the wave analyzer as com-
pared to the other two instruments.

RESULTS

Acceleration Levals

Figure 5 shows the variation of rms accelaration components with
equivalent truck speed, averaged over all measurement locations., The
acceleration components are represenced by the bars labelled L (longi-
tudinal), T (transverse), and V (vertical): the additional bars label-
led R (resultant) are the rms values of the rms components. PFigure 6
shows the rms resultant acceleration at each messuremant position,
averaged over all truck speeds. The basal plane in Fig. 6 represents
the carge space of the truck, and the loads and measurement locations
are shcwn in approximately their actual positions. Numbars at the top




of each bar give the resultant acceleration at that position in g 1ms;

the height of the bar is proportional to this quantity. Vertical lines
at the ends of rows and columns give average resultants for those rows

and cclumns,

Figure 5 indicates that the most severe speed (on the averaye) ie
20 r/h, largely because the truck becomes increasingly airborne z. the
higher speeds. The effect of increasing load is to reduce the acceler-
ation levels induced and to hold the truck down on the machine until
somewhat higher speeds are veached, so that for the full-load condition
the severity at 25 m/h is no less than that at 20 /h. It may also be
seen that the vertical acceleration component is the largest by a sub-
siantial margin.

Figure € shcws the general lowering of resultant accelerati a
levels throughout the cargo space due to adding load. As might be
expected, the accelerations measured directly on the load weights
are low, and those at locations removed from the neighborhood of the
load fixture are not much affected by the presence of the load. The
highest levels are generally found across the fourth row, and the low-
est across the third.

Zero Load Spectral Density Data -

Spectr -1 densities were obtained for data measured at all posi- {
tions and speeds, for the zero load condition. However only a repre-
sentative sampling is included her=, Fipure 7 presents the spectral
densities (in g“/Hz) of the vertical accelerations at each position
of the truck cargo space at a drum speed of 5 m/h. The spectral densi-
tizs of the vertical accelerations have most cf ths continuum concen-
trated below 20 Hz, while the higher frequencies are represented by
a relatively few line components, This pattern is typicsl for all speeds,
components and positions., One of the more striking features 1is the very
strong 46 Hz component at location 23, which evidently contributes much
to the high rms levels of Figs. 5 and 6. Interestingly, this component
is nct apparent at ‘ocatious 13 or 33, but thera is a fairly strong 58 He
component at location 43. While the vicinity of 60 Hz is an unsettling
place to find a strong component, it is accompanied by lesser components ¢
at 170 Hz and 240 Hz, all of which show normal growth with increasing
speed, and which do not appear at other locaticas. It is evidently
real. The data from locations 13 and 33, on the ot} -r hand, show well
defined component bands in the sub-20 Hz region,

Recalling the placement of measurement locations, it might be
expacted that column 3 would show the most beam-like behavior (as
it lies aionz the right main chassis rail), column 2 to be most like
o a set of plates, and column 1 somewhere intermediate. By and large
-3 this seems to be borne out. Column 3 appears most frequency-seisctive
and most position-depencent, column 2 most broad-banded in frequenc=-,
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and least position dependent, and column 1 is scmewhere in between.

At 1¢ m/h all positions show some discrete band structures in
the region lelow z. Hz. Whilie che overall level is higher, the high-~
er frequency ‘omponents increase more than the low frequency continuum,
tending to fill in the spaces betweew the line components and leading
to a more continuous spectrum in this higher-frequency region.

At 20 m/h, the higher frequency components are stronger and more
nearly continuous. However, the low frequency region does not reach
much higher levels. Instead, the effect seems to have become one of
filling in the aoles between the bands noted in Fig. 7. The components

just above 2 Hz now seem tc be the most important in the sub-20 Fg
region.

Figure 8 gives the spectra/density data for the three acceler-
ation components measured at locatior 23 for speeds of S, 10 and
10 m/h. The longitudinal and transverse components show the same
spectral growth and filling-in as previously remarked in the vertical
component, The strong 46 Hz component in the vertical spectrum is also
quite respectable in the other directions, but the dominant 160 Hx com-
ponent of the longitudinal motion is fairly small in the vertical, and
only alightly larger in the transverse direction. It may also be noted
that the lowest frequencies do not dominate the sub~20 Hz region of the
longitudinal and transverse spectra as they do the vertical. The peaks
in this region lie around 5-8 Hx for these directions, rather than the
frequency of 2 + Hz of the vertical. It is possible, of course, that
additional pesks lis below the range of analysis, but it is unlikely
tha: these would greatly exceed those plotted, as the energy contained

in the plotted components accounts for the measured rms levels reason~
shly well.

The component spectra at location 32, which lies along the center
of the truck's cargo space midway between the axles and is about the
“"softest" of the measurement position, show that high frequency com-
ponents are quite weak, and slmost completely absent in the transversa
direction. A low band centered about 48 H: in the vertical ard a 280 Hx
line observable in the longitudinal fipally appesr in tha transverse,
but a 190 He line noticesble in the others does not appesar. Only in the

lonzitudinal direction do the high frequency components compare with the
strength of those in the region below 20 Hx.

At location 41, also, the high frequency cowponents are lass pro-
nounced than the low; the dominant high fraquency lines being at 56 Hx
in the vertical direction (also prominent in the longitudinal), 140 RHx
in the transverse (also visible in the other two directions) and 280 Hax
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in the longitudinal (also detectable in transverse and vertical).
Again, the lowest frequencies scanned seem more influential in the
vertical direction than in the others, although additional peaks may
lurk undetected beyond the analysis range. ‘

One may epitcuize the spectral densities observed as being comw-
posed of three distinct eiements: (1) a low fraquency >ntinuum,
relating primarily to the motion input to the truck, while increases
in level and shifts to higher frequencies as speed increases: (2) a
low frequency line structure associated with the truck's suspension,
tires, etc., which is little affected by change in speed; (3) a high
frequency line structure representing the structural response of the
truck's cargo space, which is strongly incre sed in level by increas-
ing speed.

Effect of Load on Spectral Densities

Figure 9 shows the variation of acceleration spectral densities
measured in the region of the load as a result of increasing load for
two speeds. The measurement locations were (1) for the full-load
condition, the load itself (the lowest acceleration position), (2) for
the half-load condition, the left load segment (also the lowest ac-
celeration position), and (3) for the zero load condition, location 22
(closest to the other two, although not the lowest acceleration location).
The speeds considered are 5 m/h (the least severe) and 20 m/h (the most
severe).

From Fig. 9 it appears that the reduction in acceleration level
as load (s increased 1s due largely to suppression of the truck bed's
strustural modes. While these vanish, the peak spectral densities in
the low-frequency region associated with the suspension, etc., remain
essentiaily unchanged; the energy in this region becomes concentrated
in fewer, better defined modes and shifts to lower frequencies. In-
crease in speed, at any given load, seems to provide the same general
changes in the spectral pattern, namely to shift the low-fraquency sag-
uent to somawhat higher frequenciss and slightly increase its line com-
ponants and to strongly increass auch high frequency ssgment as may be
present. A particular effect of speed which does vary with load is the
behavior of that part cf the spectrum referred to as the lov frequency
continuum, wvhich increases in level wvhen the truck is ..t loaded but
does not when it is.

Amplitude Distributions

While spectral density analyses were in progress, the signal
samples were also fed into a cumulative distribution analyzer. Sig-
nals vere normalized to provide the ssme rms voltage input, and an
attempt vas made to restrict the signals to those of a vibratory
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nature. The differences between curves due to load, speed, etc., are
smaller than the uncertainties, and the departure from normality sur-
prisingly small, save for the extremities. This will not be the case,
of course, if the entire motion, involving shock transients, is con-
sidered.

CONCLUDING DISCUSSION

The system of components assembled for the measurement and anal-
ysis of low level, very low frequency, quasi-random accelerations has
been found well suited to its purpose, and has considerably more capa-
bility than has been exploited by the shake-down reported here. It
may be said that the practical limit to the analysis procedurs is set
by the amount of time feasible to spend, rather than by limitations of
the analyzer system. While some mechanical inconveniences exist in the
operational procedure, they are slight and can be removed by minor up-
dating of some system components.

It is not practicable at this time to relate the motions generated
by the test vehicle on the Rough Road Simulator with those generated by
this type of vehicle on a rough road. ''Rough Road" constitutes an
elusive concept, as testified by the profusion of test courses maintain-
ed at such places as Aberdeen Proving Ground. While some measurements
of the motions undergone by this typs of vehicle on various rest tracks
have been made, little informstion is available in published form. In
view of the random nature of tue motion, it is not likely (nor is it
necessary) that the motion waveforms produced by a test machine would
corraspond to those produced by actual terrain. Such a correspondsnce
would in fact be more likely to be a detriment, as the simulstion would
then be highly specific, and any test would lack the universal applic-
ability desired in an environmental test.

Reference (6) providcs some data for motional parameters of this
type of vehicle travelling on test tracks; from the only spectral den-
sity plot included it appears that the Rough Road Simulator has only a
crude resemblance to the APG cross-country course. Whether it resembles
one of the other teat courses mor2 closely remains unknown., Wnat is
ultimately desired in & lsboratory test machine is to be able to attach
a specimen item to it in a specified way, to operate the teat machine in
a specified way, and to conclude, if the item survives, that one i{s xX
confident 1t will survive transportation in any vehicle over any tarrain

y% of the time. This requires knowledge of the envelope of actual trans-

portation environments which is not availnble, and hence it is not pos-
sible to do 0.
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(a)

Fig. 6 - RM.S resultant sccelerations at each measuroment location, averaged for all
speeds., RMS resulionts are derived as the rms value of the rms accelerations found
in the chree component directions. The height of the bar plotted at each mezsurement
location is proportional to the average rms resultant acceleration, whose value (in g)
is noted at the tnp of each bar. The average of thesc values for each row and column
are shown by the vertical lines at the ends of the row and columa markers. A: zero
load, B: half load, C: full load.
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(d)

Fig. 6 (cont’d) - RMS resultant accelerstions at each measurement loration, averaged

for a!l speeds. RMS resultants are derived as the rms value of the rms accelersations

found in the thre~ component directions. The height of the bar plotted at each mea-

surement location is proportional to the average rms resultant acceleration, whose

value (in g) is noted at the top of each bar. The average of these values for each row

. and column are shownby the vertical lines a: the ends of the row and cc’amn markers.
b A: zero load, B: half load, C: {ull load.
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(c)

Fig. 6 (cont'd) - RMS resuitant accelerations at each measurement location, averaged
for all speeds. RMS resultants are derived as the rms value of the rms accelerations
found in the three component directions. The helght of the bar plotted at each mea-
surement location is proportional to the average rms resultant acceleration, whose
value (in g) is noted at the top of each bar. The average cf these values for each row
and column are shown by the verticai lines at the ends of the row and column markers.
A: zero load, B: half load, C: ful! load.
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Fig. 7 - Vertical component s 2c.ral densities at the verious measurement locations ;
et an equivalent speed of 5 m/h with zerc load. Effective analysis filter bai.dwidths :
are: 0.25 Hz, 2-12.5 Hz; 1.25 Hz, 12.5 -62.5 Hz, €.25 Hz, 62.5-300 Hy. A: Loc.11, B:

Loc. 12, C: Loc. 13, D: Loc. 21, E: Loc. 22, F: Loc. 23, G: Loc. 31, H: Loc. 32, I: :
Loc. 33, J: Loc. 41 K: Loc. 42, L: Loc. 43. '




Fig. 7 (cont’d) - Vertical component apectra! densities at the various ryeasurement
locations at an equivalent speed of 5 :n/h with zero load. Effective analyais filter
bandwidths are: 0.25 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz. A:
Lee. 11, B: loc. 12, C: Loe. 13, Dt Loc. 21, E: Loc. 22, F: Loc. 23, G: Loc. 31, H:
loc. 32, I Loc. 33, J: Loc. 41, K: Loc. 42, L: Loc. 43.
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(c)

Fig. 7 (cont’d) - Veriteal component sp.ciral densities at the varioug messuremae
locations at an equivalent speed of 5 m~: with zero load. Effective analysis fiite
bandwidths are: 0.25 Lz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz, 6.25 Hz, 62.5-3v0 Hz, ¢

Ioc. 11, B: Loc. 12, C: loe, 13, D: Loo. 21, E: Loc. 22, F: Loc. 23, G: loc. 31,1
Loc. 32, I Loc. 33, J: Loc. 41, K: Loc. 42, L: Loc. 43,

27




.....‘,..'.,Jﬁm,’.., Y

o e

Fig. 7 (coni '3} - Vertical component spectial densities at the various measurement
jucations at an equivalent speed of 5 m/h with zero load. Effective analysis filter
bandwidths are: (.25 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 H~. A:
Loc. 11, B: Loc. 12, C: Loc. 13, D: Loc, 21, E: Loc. 22, F: Loc. 23, G: Loc, 31, H:
Loc. 32, I: Loc. &3, J: Loc. 41, K: Loc. 42, L: Loc. ™.




fen 4

SR

o,

SPECTRAL DENSITY {g* /HZ)

gapeat ; i .
- i § -
(©)
Fig. 7 (cont’d) - Vertical component spectral densities at the various measurement
locations at an equivalent speed of 5 m/h with zero load. Effective analysis filter .

bandwidths are: 0,25 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62,5-300 Hz. A:

Lec. 11, B: Loc. 12, C: Loc. 13, D: Loc. 21, E: Loe. 22, F: Loc. 23, G: Loc. 31, H:
Loc. 32, I: Loc. 33, J: Loc. 41, K: Loc, 42, L: Loc, 43.
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Fig. 7 (cont’d) - Vertical component spectral densities at the various measurement
locations at an equivalent speed of 5 m/h with zero load. Effective analysis filter
bandwidths are: 0.25 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 5.25 Hz, 62.5-300 Hz, A:
Loc. 11, B: Loc. 12, C: Loc. 13, I: Loc. 21, E: Loc. 22, F: Loc, 23, G: Loc. 31, H:
Ioc. 32, It Loc. 33, J: Loc. 41, K: Loc. 42, L: Loc. 43.
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Fig. 7 (cont’d) - Vertical component speciral densities at the various measurement
locations at an equivalent speed of 5 m/h with zero load. Effective analysis filter
bandwidths are: 0.256 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz. A:
Loc. 11, B: Loc. 12, C: Lo~. 13, D: Loc. 21, E: Loc. 22, F: Loc. 23, G: Loc. 31, H:
Loc. 32, I: Loc. 33, J: Loc. 41, K: Loc. 42, L: Loc. 43.
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Fig. 7 (cont’d) - Vertical component spectral densities at the various measurcment
locations a¢ an equivalent speed of 5 m/h with zero load. Effective analysis filter
bandwidths are: 0.25 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz., A:
Loc. 11, B: Loc, 12, C: Loc. 13, D: Loe, 21, E: Loc. 22, F: Loc, 23, G: Loc. 31, H:
Loc. 32, I: Loc. 33, J: Loc. 41, K: Loc. 42, L: Loc. 43.
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Fig. 7 (cont’d) - Vertical component spectral! densities at the various measurement
locations at an equivalent speed of 5 m/h with zero load. Effective analysis filter
bandwidths are: 0.25 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz: 6.25 Hz, 62.5-300 Hz, A:
loc. 11, B: Loc. 12, C: Loc. 13, D: Loc. 21, E: Loc. 22, F: Loc. 23, G: Loc. 31, H:
Loc. 32, I: Loc. 33, J: Loc. 41, K: Loc. 42, L: Loc. 43,

34

© b st
Fd




’
}
i
|
oy sA BV 1TTY T
: I -
; 3
ey ;
s
My
= S
i Sy e
“ F
, . .
e & k4] it 1T
Dot g ok 1TaE i
d e i3 b
s : &
P T 3
3.4 =
Y‘ i ‘ by
» o i o B
5 F B -.“l

(k)

Fig. 7 (cont’d) - Vertical component spectral densities at the various measurement
locations at an equivalent speed of 5 m/h with zero loed. Effective analysis filter
bandwidthe are; 0.20 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz, A;
Loc. 11, B: loc. 12, C: loc. 13, D: Loc. 21, E: Loc. 22, F: loc. 23, G: loc. 31, H:
Loc. 32, I: Loc. 33, J: Loc. 41, K: Loc, 42, L: Loc. 43.
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Fig. 7 {com’d) - Vertical component spectral densities at the various measurement
locations at an equivalent speed of 5 m/h with zero load. Effective analysis filter
bandwidths are: 0.25 Hz, 2-12-5 Hz; 1.25 Hz, 12.56-62.5 Hz; 6.25 Hz, 62.5-300 Hz. A:
loc. 11, B: Loc. 12, C: loc. 13, D: Loc. 21, E: Loe. 22, F: Loc. 23, G: ioc. 31, H:
Loc. 32, It Loc, 33, J: Loc. 41, K: Loc. 42, L: Loc. 43,
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Fig. 8 - Spectral densities of component accelerations at location 23 for speeds of 5,

10 and 20 m/h with zero load. Effective

.5 Hez; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62,5-300 Hz. A. Longitudinal, 5m/h; B: Trans-
verse, 5 m/h; C: Vertical, 5 m/h; D: Longitudinal, 10 m/h; E: Transverse, 10 m/h;

100

(a)

analysis filter bandwidths are: 0.25 He, 2-12

F: Vertical, 10 m/h; G: Longitudinal, 20 m/h; H: Transverse, 20 m/h; I: Vertical, 20

m/h,
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(b}

Fig. 8 (cont’d) - Spectral densities of component accelerc ions at location 23 for speeds
of 5, 10 and 20 m/h with zero inad. Effective analysis filter bandwidths are: 0.25 Hz, 2-
12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz. A: Longitudinal, 5 m/h B: Trans-
verse, 5 m/h; C: Vertical, 5 m/h; D: Longitudinal, 10 m/h; E: Transverse, 1Y m/h: F:
Vertical, 10 m/h; G: Longitudinal, 20 m/h; H: Transverse, 20 m/h; I: Vertical, 20 m/h.
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Fig. 8 (cont’d) - Spectral densities of coniponent accelerations at location 23 for speeds
of 5, 10 and 20 m/h with zero load. Efective gnalysis {ilter handwidths are: 0.25 Hz , 2~
12.5 Hz; 1.25 Hz, 12.6-62.5 Hz: 6.25 Hz, 62.5-300 Hz.2A: Longitudinal, 5 m/h: B: T. ang-
verge, 5 m/h; C: Vertical, 5 m/h; D: Longitudinal, 10 m/h: E: Trrasverse, 10 m/h: F:
Vertical, 10 m/h: G: Longitudinal, 20 m/n; H: Transverse, 20 m/h: I: Vertical, 20 m /M.
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UENCY (H2)

(d)
Fig. £ (cont’d) - Spectral densities of component accelerations at location 23 for speeds
of 5, 10 and 20 m/h with zero load. Effective analysis fiiter bandwidths are: 0.25 Hz, 2-
12.5 dz; 1.25 Hz, 12.5-62.5 Hz; 6.25 "z, 62.5-300 Hz, A: Longitudinal,b m/h- B; Trans-

verse, U m/h; C: Veriical, 5 m/h; ... Longitudiral, 10 m/h; E: Transverse, 9 m/h: F:
Vertical, 10 m/h; G: Longitudinal, 20 m/h; H: Transverse, 20 m/h; I: Veriical, 20 m/h.
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Fig. 8 (cont’d) ~ Spectral densities of component accelerations at location 23 for speeds
of 5, 10 and 20 m/h with zero load. Effective analysis filter bandwidths are: 0.25 Hz, 2~
12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz, A: Longitudin..l, 5/m/h; B: Trans-
verse, 5 m/h; C: Vertical, 5 m/h; D: Longitudinal, 10 m/h; E: Transverse, "9 m/h, F:
Vertical, 10 m/h; G: Longitudinal, 20 m/h; H: Transverse, 20 m/h; I: Vertical, 20 m/h,
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t Fig. 8 (cont'd) ~ Spectral densities of component accelerations at location 23 for speeds
Pt of 5, 10 and 20 m/h with zero load. Effective analysis filter b:ndwidths are: 0.25 Hz, 2-
12,6 Hz; 1.25 Hz, 12,5-62.5 Hz; 6,25 Hz, 62.5-300 Hz, A: Longitudinal, 5 m/h; B: Trans- ?
verse, 5 m/h; C: Vertical, 5 m/h; D: Lorgitudinal, 10 m/h; F: Transverse, 10 m/h, F:
Vertical, 10 m/h; G: Longitudinal, 20 m/h; H: Transverse, 20 m/h; I: Vertical, 20 m/h. C
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Fig. 8 (cont’d) - Spectral densitics of component acceierations at location 23 for speeds .

of 5, 10 and 20 m/h with zero load. Effective analysis filter bandwidths are: 0.25 Hz, 2~

12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz.A: Longitudinal, 5 m/h; B: Trans-

verse, 5 m/h, C: Vertical, 5 m/h; D: Longitudinal, 10 m/h; E: Transverse, 10 m/h, F:

Vertical, 10 m/h; G: Longitudinal, 20 m/h; H: Transverse, 20 m/h; I: Vertical, 20 m/h.
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Fig. 8 (cont’d) - Spectral densities of component accelerations at location 23 for speeds
of 5, 10 and 20 m/h with zero load. Effective analysis filter bandwidths are: 0.25 Hz, 2~
12,5 H7; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz.A: Longitudinal, 5 m/h; B: Trans-
verse, 5 m/h; C: Vertical, 5 m/h; D: Longitudinal, 10 m/h; E: Trensverse, 10 m/h, F:
Vertical, 10 m/h; G: Longitudinal, 20 m/h; H: Transverse, 20 m/h; I: Vertical, 20 m/h.

45




T

SPECTRAL DENSITY (g® /7HZ)

e g

gt H“j o4 ol
10

FREQUENCY (MZ)
(a)

Fig. 9 - Vertical component spectral densities in the vicinity of the load at speeds of 5
and 20 m/h with zero load, half load and full load. Effective analysis filter bandwidths
are: 0,25 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62,5-300 Hz. A: Loc. 22, zero
load, 5 m/h; B: Loc. LL, half load, 5 m/h; C: Loc. L, full load, 5 m/h; D: Loc. 22,zero
load, 20 m/h; E: Loc. LL, half load, 20 m/h; F: Loc. I, full load, 20 m/h,
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Fig. 9 (cont’d) - Vertical compinent spectral densities in the vicinity of the load at
speeds of 5 and 20 m/h with zero load, half load aid full load. Effective analysis fii-
ter bandwidths are; 0,25 Hz, 2-12.5 Hz: 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz, A:
Loc. 22, zero load, 5 m/h: B: Loc. LL, half load, 5 m/h; C: Loc. L, full load, 5 m/h; D:
&&22 zero load, 20 m/h; E: Loc. LL, half load, 20 m/h; F: Loc. L, full load, 20 m/h.
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Fig. 9 (cont’d) - Verticel components spectra! densities in the vicinity of the lozd at

speeds 0. 5 and 20 m/h with zero load, ha'* load and full losd. Eftective analysis fil-

ter bandwidth s are: 0.25 Hz, 2~12.5 Hz; 1.26 Hz, 12.5-62.5 Hz; 6.26 Hz, 62.5-390 Hz. A:

Loc. 22, zero losd, 5 m/h; B: Loc. LL. talf I.ad, 5 m/h; C: loc. L, full load, 5 m/h: D-

Loc. 22, zero logd, 20 m/h; E: Loc. LL, half load, 20 m/h; F: Loc. L, full load, 20 m/h.
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Fig. 9 (cont’d) - Vertical components spectral densities in the vicinity of the load at
speeds of 5 and 20 m/h with zero load, half load and full load. Effective analysis fil-
ter bandwidths are: 0.25 Hz, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 He, 62.5-300 Hz, A:
Loc. 22, zero load, 5 m/h; B: Loc. LL, half load, 5 m/h; C: Loc. L, full load, 5 m/h; D
Loc. 22, zero load, 20 m/h; E: Loc. LL, half load, 20 m/h; F: loc. L, full load, 20 m/h.
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Fig. 9 (cont’d) - Vertical components spectra. densities in the vicinity of the load at
speeds of 5 and 20 m/h with zero load, half load and full load. Effective analvsis fil-
ter bandwidths are: 0.25 Hg, 2-12.5 Hz; 1.25 Hz, 12.5-62.5 Hz; 6.25 Hz, 62.5-300 Hz. A:
Loc. 22. zero load, 5 m/n; B: Loc. LL, half load, 5 m/h; C: Loc. L, full load, * mhy D:
Loc. 22, tero losd, 20 m/h; E: Loc. LL, half load, 20 m/h; F: Loc. L, full load, 20 m/h.
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Fig. 9 (cont'd) - Vertical components spectral densities in the vicinity of the losd
speeds of 5 and 20 m/h with zerc load, half load,and full load. Eifective analvsis I
ter bandwidths are: 0.25 Hz, 2-12.5 Hz; 1,25 Hz, 12.5-62.5 Hz: 6.25 Hz. 82.5-300 Hz. .
Lee. 22, zero lnad, 5 myh; B: Loc. LL, hali load, 5 m7/h; 2 Loc. L, full load. 5 m/h:
Loc.22, zero load, 20 m/h; E: Loc. LL, half load, 20 m/h: F: Loc. L, £l load, 20 mA
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