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1 .0 INTRODUCTION 

Computerized models for analyzing the braking and handling performance 
of commercial vehicles require two types of input information. F i rs t ,  a 
physical description of the vehicle to be studied i s  needed. Second, 
control inputs must be specified for  the type of maneuver to be simulated. 
This volume deals with obtaining the parametric information necessary for  
describing the iner t ia l  properties of heavy vehicles. 

The iner t ia l  properties of commercial vehicles can be d i f f i cu l t  to 
determine because of the sizes and weights of these vehicles. Nevertheless, 
UMTRI has measured certain of these iner t ia l  properties for a rather large 
number of vehicles. This document presents the methods used and the 
results obtained by UMTRI in an ef for t  to a s s i s t  simulation users i n  

describing vehicles of the i r  interest .  

Hence, the purposes of th i s  report are to (1) provide example data 
and ( 2 )  describe devices that  can be used to  measure iner t ia l  properties. 
This information i s  presented in the sections that follow. The UMTRI 
Pitch Plane Inertial  Properties F a c i l i t , ~  i s  described in the next section 
of th is  report. In addition, Section 2.0  gives pitch plane data for over 
th i r ty  heavy vehicles. Section 3.0 discusses additional iner t ia l  measure- 
ment techniques and provides data in a l l  three planes for  a limited number 
of heavy vehicles. The l a s t  section (S'ection 4 . 0 )  describes measurements 
of the iner t ia l  properties of vehicle components such as axles and wheels. 



2.0 THE PITCH PLANE INERTIAL TEST FACILITY 

The heart of the UMTRI iner t ia l  properties measurement capability i s  

the Pitch Plane Inertial  Test Facility. This i s  a permanently Installed 

f a c i l i t y  which allows for  the measurement of total  vehicle iner t ia l  

properties in the pitch plane, i . e . ,  longitudinal and vertical center of 

gravity position and the polar moment of iner t ia  in pitch. 

The f ac i l i t y ,  shown in Figure 1 ,  i s  best described as a "swing" on 
which the vehicle i s  mounted for testing. Center-of-gravi ty  positions 

are measured using s t a t i s  moment balance techniques. Moment of iner t ia  

i s  measured by treating the vehicle as a compound pendulum. Following 

a physical description of the f a c i l i t y  in Section 2 .1 ,  a simplified 

mathematical explanation of these t e s t  methods will be given in Section 2 .2 .  
Section 2.3 contains a l i s t ing  of data gathered on the f ac i l i t y .  

2.1 The Facili ty 

The Pitch Plane Inertial  Test Facili ty i s  pictured in Figure 1 .  The 

f ac i l i t y  can normally accept two- or three-axle vehicles with a gross 

t e s t  weight of u p  t o  25,000 lb. and with no axle located more than 12 feet  

(longitudinally) from the vehicle center of gravity. (Special modifica- 

tions can be made t o  accept some vehicles outside of these specifications. ) 

The f a c i l i t y  i s  basically a swing-like f ixture upon which the t e s t  

vehicle rests  and which, in turn, i s  supported by knife-edge pivots such 

that  the swing and vehicle may rotate freely about  a la teral  axis. More 

specifically,  the f a c i l i t y  i s  composed of: 

(1) S ta t ic  frame 

( 2 )  Two l i f t  and t i l t  mechanisms 

( 3 )  Two knife-edge pivot assembl ies 
(4 )  Two side members 

(5 )  Two (or three) cross members for use with two- 
(or three-) axle trucks 

( 6 )  Instrumentation 





R e f e r r i n g  t o  F igure  1, the  s t a t i c  frame i s  f i x e d  i n  t h e  ground and 

prov ides v e r t i c a l  guides f o r  t h e  h y d r a u l i c a l l y  powered 1  i f t i n g  mechanism. 

The 1  i f t i n g  mechanism supports t h e  swing and v e h i c l e  on two kni fe-edge 

bear ings, which a r e  secured i n  t h e  u p r i g h t  p o r t i o n  o f  t h e  s i d e  members. 

The e l e v a t i o n  o f  t h e  kn i fe-edge assemblies i s  ad jus tab le  over  v i r t u a l l y  

t he  f u l l  he igh t  o f  t he  s i de  members. (Th i s  f e a t u r e  leads t o  enhanced 

measurement accuracy, as exp la ined  i n  Sec t ion  2.2. ) 

The s i d e  members a r e  each composed o f  a  25- foo t  aluminum I-beam 

loca ted  l o n g i t u d i n a l l y  beside t h e  veh i c l e ,  t h e  cen te r  u p r i g h t  s t r u c t u r e ,  

and f o u r  b rac ing  rods. The cross members span t he  d i s tance  between t h e  

s i d e  members, r e s t i n g  on t he  lower,  i n s i d e  f lange o f  t he  s i d e  member I- 

beams. The webs o f  these beams are  per fo ra ted  a long  t h e i r  e n t i r e  l e n g t h  

a1 low ing  t h e  cross members t o  be secure ly  b o l t e d  i n  p l ace  anywhere a long  

t he  l e n g t h  o f  t h e  beams. The t e s t  v e h i c l e  r e s t s  on i t s  t i r e s  on t op  o f  

t he  cross members. 

Dur ing c.g. p o s i t i o n  t e s t i n g ,  t h e  h y d r a u l i c a l l y  mot i va ted  t i 1  t i n g  

mechanisms app ly  an ex te rna l  torque t o  the  swing through a  p a i r  o f  s t r a i n -  

gauged l oad  c e l l s .  The s t a t i c  angu la r  p o s i t i o n  o f  t h e  swing, w i t h  and 

w i t hou t  a p p l i e d  torque, i s  measured us ing  an i nc l i nome te r  p laced on t he  

upper sur face  o f  bo th  s i d e  member I-beams. T i 1  t angles used do n o t  

exceed 8 degrees. I t  has been found t h a t  a t  t h i s  l e v e l  o f  t i 1  t, v e r t i c a l  

t i r e  and suspension d e f l e c t i o n s  f o r  heavy veh i c l es  a r e  i n s i g n i f i c a n t  , and 

so a r t i f i c i a l  c o n s t r a i n t s  a re  r a r e l y  used. However, smal l ,  a1 be i  t s i g n i -  

f i c a n t ,  l o n g i t u d i n a l  d e f l e c t i o n s  o f  t h e  v e h i c l e  on i t s  t i r e s  and o f  t he  

swing members can and do occur du r i ng  t i  1  t i n u .  Long i t ud ina l  c o n s t r a i n t s  

a re  used t o  reduce t h e  magnitude of these d e f l e c t i o n s  and d i a l  gauges a r e  

employed t o  measure those t h a t  do occur.  

For moment o f  i n e r t i a  measurements, t he  t i 1  t i n g  mechanisms a re  de- 

coupled from the  swing. The swing i s  a l lowed t o  o s c i l l a t e  f r e e l y  ( f r om 

an i n i t i a l  d e f l e c t i o n  o f  l e s s  than 5 degrees) and t he  t o t a l  p e r i o d  o f  50 

cyc les  i s  measured. 

Add f t i ona l  geometr ic measurements which l o c a t e  t h e  var ious  ad jus tab le  

members o f  t he  swing, as we11 as t he  p o s i t i o n  o f  t he  v e h i c l e  on t he  swing, 

a r e  made. 



The data are reduced by computer program and are presented as shown 
in Figure 2 .  The "estimated error" values are determined by a 1 inear 
error analysis explained in the following section and represent the maxi- 
mum (plus or minus) error expected for  the given measurement. Notice 
that the vertical position of the c.g. i s  referenced t o  an easily defined 
point in the sprung mass, thus avoiding the need to specify t i r e  radius 
in the t e s t  condition. (Vertical c.g. position with respect to ground i s  
given only for convenience.) 

2 . 2  Test Techniques: A Mathematical Explanation 

To provide for c la r i ty  in the following discussions, the iner t ia l  
properties of the swing i t s e l f  have been ignored. I n  the actual t reat-  
ment of t e s t  data, the combined properties of the vehicle and swing are 
determined and the known properties of the swing are then "subtracted" 
to determine vehicle properties. 

Figure 3 i l lus t ra tes  a generalized c.g. t e s t  arrangement. The upper 
portion of the figure i l lus t ra tes  the t e s t  vehicle resting on the swing 
with no external torque applied. As i s  generally the case, the vehicle 
c.g. i s  not direct ly  aligned with the centerline of the swing, and so this  
s t a t i c  condition involves a non-zero angular position of the swing, e, 
(which has a negative value as shown in the f igure) .  I n  the lower portion 
of the figure,  the system i s  shown a t  s t a t i c  equilibrium with a known, 
external torque applied t o  the swing. The swing has assumed the angular 
position, e~ ( a f t e r  moving through the differential  rotation, eT  - e o ) .  
During a c.g. t e s t  ser ies ,  measurements of e o ,  T ,  e,., and W are taken (as  
mentioned previously) and calculations of the foll  owing nature are made t o  
determine c.g. position: 

The equation for the summation of moments about the pivot point, for 
the lower figure, i s  

and from the geometry of the lower figure 
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Combining ( 1 )  and ( 2 )  yields the expression for a l ,  viz.:  

T 

el  = W sin ( e T  - e o )  

From the geometry of the upper figure 

p = a l  sin eo  

These val ues, e2 and a3,  are the fundamental experimental measurements 
which, when combined w i t h  straightforward geometric measurements locating 
the vehicle on the swing, lead t o  the determination of c.g. height and 
longitudinal position. 

As mentioned above, the actual data reduction process i s  more complex. 
A number of geometric measurements are  made to determine the relat ive 
position of the various adjustable members of the f ac i l i t y .  These are 

used t o  determine the iner t ia l  properties of the swing assembly in i t s  
specific t e s t  condition. These properties are u l  timately removed from 
the measured properties to determine the vehicle properties. A1 so, since 
the vehicle rests  on the swing on i t s  own t i r e s  and since the swing 
structure i s ,  of course, somewhat f lexible ,  a small 1 ongi tudinal motion 
of the masses occurs ( in  an axis system w i t h  i t s  origin a t  the pivot point 
and which rotates with the swing) between the " t i1  ted" and "non-ti1 ted" 
t e s t  conditions. Experimental resul t s  are very sensit ive t o  t h i s  sh i f t  
in position, and so these motions are measured (with dial gauges) and are 
treated appropriately in the calculations. 

To determine the pitch moment of iner t ia ,  the vehicle i s  supported 
as shown in the upper portion of Figure 3 and i s  allowed t o  osc i l la te  
f reely,  through small angles, as a compound pendulum. The period of 
oscil lation ( P )  i s  measured. Again, ignoring swing properties, the pitch 
moment of iner t ia  ( I  ) can be calculated from the equation 

Y 



where "g" i s  the gravitational constant and a l  has been determined from 
the c.g. t e s t  procedure. (Equation ( 6 )  derives from the l inear analysis 
of a compound pendulum. ) 

As mentioned previously, the vertical position of the knife-blade 
pivot i s  adjustable relat ive to the vehicle in order that  the geometry of 
the t e s t  set-up may be arranged to enhance measurement accuracy. The 

following presentation, a1 though greatly simp1 ified relat ive t o  the actual 
calculations, serves to i l l u s t r a t e  the principles involved. 

If we assume that the vehicle i s  precisely located on the swing so 

that  e 2  = 0, then e = e l ,  
3 

then Equation (3 )  serves as an exact formula- 
tion of the primary c.g. height measurement. That i s :  

I - - 
3 W sin eT 

where we have also assumed eo  = 0 for simplicity. A f i rs t -order  estimate 
of the measurement error on e3, that  i s ,  be3, i s  given by 

where aa3/aT, aa3/aW, and ar3/ae are the partial derivatives of r3 with 
respect to T, W ,  and e ,  respectively, and AT, AN, and ae are the measure- 
ment errors on T ,  W ,  and eT, respectively. Calculating the partial 
derivatives and substituting them into Equation ( 7 )  yields:  

T 2 T2 
"3 = [W sin sT]" + [- W2 sin e T ]  + [- W sin O T  sin ( Z O T ) ]  "7 

To reduce experimental error ,  i t  i s  generally desirable t o  reduce 
the absolute value of each of the partial derivatives ( the bracketed 
terms). Equation (8)  shows that 

1) The absolute value of each of the partial derivatives i s  
reduced by increasing the absolute value of eT.  



2 )  The abso lu te  va lue  o f  two o f  t h e  p a r t i a l  d e r i v a t i v e s  i s  

reduced by reduc ing  t he  abso lu te  va lue  o f  T. 

I n  p r a c t i c e ,  P o i n t  ( 1 )  can be used by employing t h e  maximum t i l t  ang le  

a v a i l a b l e  w i t h  t h e  f a c i l i t y .  P o i n t  ( 2 )  can be used by a d j u s t i n g  t h e  k n i f e -  

edge p i v o t  p o i n t  t o  p rov i de  t h e  s h o r t e s t  e3 l e n g t h  which i s  p r a c t i c a l .  

That  i s ,  t h e  va l ue  o f  T  r e q u i r e d  t o  produce a  g i ven  t i 1  t ang le  (eT)  

becomes sma l l e r  f o r  sma l l e r  va lues o f  e3. 

I n  theory ,  i f  t h e  kn i fe-edge p o s i t i o n  was ad jus ted  so t h a t  i t  a l i g n e d  

d i r e c t l y  w i t h  t h e  c.g., t h e  a f f e c t e d  p a r t i a l  s  would become zero, e l  i m i n a t i n g  

these sources o f  e r r o r .  I n  p r a c t i c e ,  we have found t h a t  i t  i s  bes t  t o  

ma in ta i n  a  minimum va lue  o f  6-8 inches on a3. Smal ler  va lues produce such 

a  low l e v e l  of system s t a b i l i t y  t h a t  t h e  s t a t i c  c o n d i t i o n  i s  d i f f i c u l t  t o  

a t t a i n  due t o  no rma l l y  p resen t  a i r  cu r ren t s ,  e t c .  

The same a n a l y s i s  technique p rov ides  a  f i  r s t - o r d e r  e r r o r  e s t i m a t i o n  

f o r  p i t c h  moment o f  i n e r t i a  as f o l l o w s :  

where t h e  bracketed q u a n t i t i e s  a r e  t h e  app rop r i a t e  p a r t i a l  d e r i v a t i v e s  

and t h e  " A "  terms a r e  exper imenta l  measurement e r r o r s .  Equat ion ( 9 )  

shows t h a t :  

a I 
1 )  i s  beyond t h e  exper imente r ' s  c o n t r o l  

" i s  min imized ( a t  ze ro )  when 2 )  - 
a"3 

a3 = (+ 
112 

( i  .e., when e3 equals t h e  r a d i u s  of g y r a t i o n )  

a I 
3)  p i s  min imized ( a l s o  a t  ze ro )  when e3 = 0 

Po in t s  ( 2 )  and ( 3 )  imp ly  t h a t  a compromise i s  i n  o r d e r  when choosing 

a3 f o r  moment o f  i n e r t i a  t e s t i n g .  Equat ion (10) produces va lues on t h e  

o rde r  o f  1 /2  o f  t h e  wheel base f o r  t y p i c a l  t r u c k s .  For t h e  UMTRI f a c i l i t y ,  

a n a l y s i s  has shown t h a t  va lues o f  r3 on t h e  o rde r  o f  25 inches produce 

min imized e r r o r  es t imates .  



~l though the major sources of error have been included here, the 
actual error estimate calculations used in data reduction are f a r  more 
complex. Terms are included that represent potential errors deriving 
from errors in a host of swing iner t ia l  and geometric properties which 
may be "bui l t  in," as well as the specific measurement errors deriving 
from each t e s t  sequence. The "estimated errors" which appear on the data 
sheet, as shown previously in Figure 2 ,  are calculated according t o  the 
form: 

where 
M i s  the measurement of interest  

aM/axi i s  the partial  derivative of M with respect to  
parameter x i  

AX i s  an estimate of the accuracy of parameter x i  

i varies sufficiently t o  include vir tual ly  a1 1 parameters 
used in the calculation of M .  

In addition t o  calculating the "estimated errors," each t e s t  procedure 
i s  repeated three times and a standard deviation of the three results of 
each measurement i s  computed. Commonly, standard deviations are. an order 
of magnitude smaller than the "estimated errors" indicating that t e s t  
repeatability errors are small re lat ive to our estimates of potential 
parametric errors ( i  .e .  , the bxi quantities used). 

2 . 3  Pitch Plane Data 

The following pages contain a tabular prssentation reviewing the 
vehicles measured and measurements made on  the Pitch Plane Facility. 

An additional numeric, the normalized pitch radius of gyration, i s  
also presented for  trucks and t ractors .  This numeric i s  the radius of 
gyration in pitch divided by the wheelbase, viz.:  



Normalized Radius of Gyration : 

where 
I is  the pitch moment of inertia,  in-1 b-sec2 
Y 

g i s  the gravitational constant, 386 in/sec2 

W i s  the weight, Ibs 

WB i s  the wheelbase, in 

For single rear-axle trucks, except for one (short wheelbase) outl ier ,  
these parameters range from .46 to - 5 3  w i t h  an average value of .48 and 
a standard deviation of ,027. For dual rear-axle vehicles, the parameter 
averages .SO w i t h  a standard deviation of -013. These results suggest 
t h a t  wheel base and weight may be used t o  produce reasonably good estimates 
of pitch moment of inertia.  



TYPE OF VEHICLE : S ing le  Rear-Ax1 e Trucks (T rac to rs )  
- - -- 

L o n g i t u d i n a l  C . G .  Hgt. Normal i zed 
Veh i c l e  Tes t  Tandem P o s i t i o n  A f t  Above P i t c h  Moment Radius of 

Load Weight Wheelbase Spacing o f  F t .  Ax le  Ground of I n e r t i a  Gy ra t i on  
Name D i s t r i b u t i o n  1 bs i n  i n  i n  i n  i n - 1  b-sec2/rad 

i n  _ _  
GMC 6500 V-8 Dump Empty 11,920 125 68.06 35.43 131,634 -52 

Springs 
- Compressed -- 

GMC T3060 I r o n  Blocks i n  26,325 125 84.12 64.12 259,832 -49  
6500 V-8 Body Axle. 

Loads - 
8700- F ; 
17,800-R 

GM As t ro  95 Dump Empty 15,749 143 57.37 38.83 176,556 -46  
Spr ings 
Compressed 

GM As t ro  95 Dump Empty 15,749 143 57.39 39.56 177,109 .46 
Spr ings Free 

GMC Dump Empty 11,525 125 67.82 36.64 129,654 .53 
-1 

6500 V-8 Springs Free 

GM 9500 Dump 14,415 139 69.76 36.24 159,824 -47 
As t ro  95 R o l l  Bar 

GMC 6500 V-8 10,770 109 47.68 35.42 123,358 -61 

Ford 9000 Empty 17,850 137 67.43 37.61 187,166 -46  
F l a t  Shor t  
Bed, R o l l  Bar 

Ford 10,828 156 83.18 37.84 145,327 -46  

Ford 9000 Empty Bed 16,314 138 72.35 38.99 220,044 .52 

Ford 9000 S l  eeper Cab 13,861 134.5 49.6 37.21 138,510 .46 

F r e i g h t l i n e r  LoadRack 17,194 190 82.11 37.61 341,362 -46  

GMC 5 t h  Wheel 10,875 150 64.70 32.89 1 38,559 .47 

I H ,  1954 Bare Frame 9,656 140 55 .04 32.54 88,192 .42 
-- 

---. 



TYPE OF VEHICLE : Dual Rear-Ax1 e Trucks (T rac to rs )  
- - - - - - - 

L o n g i t u d i n a l  C.G.  Hgt. Normal i z e d  
Veh i c l e  Tes t  Tandem P o s i t i o n  A f t  Above P i t c h  Moment Radius o f  

Load Weight Wheel base Spacing o f  F t .  Ax le  Ground of I n e r t i a  Gyra t 1 on 
Name D i s t r i b u t i o n  l b s  i n  i n  i n  i n  i n - 1  brsec2/rad i n  
GMC 9500 Diesel  17,277 146 50 82.27 34.15 235,750 .50 

Springs 
Compressed 

GMC Ast ro  19,250 151 - 5  55.5 80.22 35.68 284,134 -50  
95 

GMC 9500 Dump 25,945 146.6 5 0 97.83 50.53 362,949 .50 
Diesel  ~rnp ty 

GMC As t ro  5 th  Wheel 17,389 150.75 49 68.58 32.64 241,479 -49  
95 -- Empty 

GMC High Box 25,945 147 50 97.80 50.5 372,714 -51 
P a r t i a l  F i l l e d  
(Sand) 

Ford 9000 F l a t  Bed 20,975 144.5 50.12 77.76 35.95 302,995 .52 

Ford A73 F l a t  Bed 25,215 170 55 97.7 39.79 491,364 -51 
LNT 9000 R o l l  Bar 

White Empty 21,255 175 7 2 88.25 36.37 383,829 -48  

I n t e r n a t i o n a l  Bare Frame 14,761 143 49 65.58 44.52 176,762 -48 
Harvester 

Ford 9000 5 t h  Wheel 17,135 185.75 50.5 90.48 30.80 318,715 -46 

Ford 800 Bare Frame 11,383 150 50 81.8 30.82 161,347 .49 

TYPE OF VEHICLE: Four-wheel D r i v e  

Ford Bronco Ranger w i t h  3,793 92.5 39.59 27.19 21,212 
Spare T i r e  & 
 TO^ 

Ford Bronco Nodi f i e d  R o l l  3,673 92.5 41 -17 28.62 24,963 
Bar - 2 F u l l  
Gas Cans - No 
Spare 



TYPE OF VEHICLE: Four-wheel D r i v e  
-- -- 

L o n g i t u d i n a l  C.G. Hgt. Normal i z e T  
Veh ic le  Tes t  Tandem P o s i t i o n  A f t  Above P i t c h  Moment Radius o f  

Load Weight Wheel base Spacing o f  F t .  Ax le  Ground of I n e r t i a  G y r a t i o n  
Name D i s t r i b u t i o n  l b s  i n  i n  i n  i n  i n - 1  b-sec2/rad i n  

AMC Jeep No Spare 2,852 83 37.92 26.45 10,455 -45 
CJ-5 

AMC Jeep No Spare 
CJ-7 

Chevrol e t  With Spare 5,005 107 51 .16 27.14 39,628 .52 
Blazer  
K-5 1974 

AMC Jeep With Spare 3,895 83 39.92 24.1 2 14,710 .46 
CJ-5 8 C y l .  

AMC Eagle 2-Door 3,448 109 43.54 22.64 23,202 .47 
Empty 

TYPE OF VEHICLE: Passenger Cars 
-- p p  

2 
GM Nova &Door 3,773 111 48.68 19.03 31,269 .51 

w Empty 

AMC Pacer 2-Door 3,275 104 43.23 21.38 20,275 .47 
Empty 

AMC Concord 2-Door 3,244 1 08 45.89 21.14 23,731 .49 
Empty 

AMC S p i r i t  &Door 3,125 96.5 38.9 21.00 18,005 .49 
Empty 

TYPE OF VEHICLE: Pickup/Van 

Dodge Van E ~ P  ty  5,163 127.5 69.46 28.54 66,777 .55 
Sportsman 

Dodge Van Ambul ance 6,050 127.5 65.08 33.14 78,000 .55 
Sportsman Equ i pped 



TYPE OF VEti ICLE: School Bus 
-- 

L o n g i t u d i n a l  C.G. H9t. Normal ized 
Veh i c l e  Tes t  Tandem P o s i t i o n  A f t  Above P i t c h  Moment Radius o f  

Load Weight Wheel base Spacing o f  F t  . Ax le  Ground of I n e r t i a  
Name 

G y r a t i o n  
D i s t r i b u t i o n  1 bs i n  i n  i n  i n  i n -1  b-sec2/rad i n  

242 Ford 25,625 74.95 
Forward o f  47.74 801,654 -45  
Rear Ax le  

Ford 14,738 260 94.19 43.80 688,748 .52 

TYPE OF VEHICLE: Trave l  T r a i l e r s  

A i rs t ream 31' Trave l  5,545 A t  Support 33.125 42.6 42.38 123,352 
P o s i t i o n  Ahead o f  

169 Rear Ax 1 e 

Hol iday  31' Trave l  #1 6,950 A t  Support 39.8 73.8 49.9 253,119 
Rarnbl e r  Stock P o s i t i o n  Ahead o f  

167.5 Rear Ax le  

Hol iday 31' Trave l  #2 4,540 A t  Support 32.5 33.6 35.07 87,584 - Rambler Loaded w i t h  P o s i t i o n  Ahead o f  
Cn Sand Bags 169 Rear Ax le  

Hol i day 31' Trave l  #2 3,193 A t  Support 32 40.67 38.13 78,969 
Rambler St r ipped P o s i t i o n  - Ahead o f  

169 Rear Ax le  

Prowler Standard 3,238 A t  Support 30 30.54 38.9 40,758 
F l  eetwood H Equip. P o s i t i o n  Ahead o f  

139 Rear Ax le  

S t a r c r a f t  6 Empty Stan. 1,479 A t  Support 30 15.46 28.11 7,858 
Equip. P o s i t i o n  

174.9 



Long i tud ina l  C . G .  @t. Norma 1 i zedp 
Vehic le  Test Tandem P o s i t i o n  A f t  Above P i t c h  Moment Radius of  

Load Weight Wheel base Spacing o f  F t .  Ax le  Ground of I n e r t i a  Gyra t ion  
Name D i s t r i b u t i o n  l b s  i n  i n  i n  In i n -1  b-sec2/rad i n  
Donahue 3-Ax1 e 5,961 36 34.75 34.86 79,229 
Farm 
T r a i l e r  

Ford With Backhoe 6 '8"  65.32 24.8 262,130 
Backhoe & Front  Loader 
555 

Ford Without Backhoe 6 '8"  27.56 35.7 70,136 
Backhoe With Front  
555 Loader 



3.0 ADDITIONAL VEHICLE INERTIAL MEASUREMENTS 

UMTRI uses two a d d i t i o n a l  arrangements t o  conduct moment o f  i n e r t i a  

measurements o f  heavy veh ic les .  These t e s t  set-ups a re  bo th  much more 

temporary i n  na tu re  than t h e  f a c i l i t y  o f  Sec t ion  2.0. 

F i r s t  i s  a  swing f a c i l i t y  designed t o  per form i n e r t i a l  measurements 

i n  e i t h e r  r o l l  o r  p i t c h .  The f a c i l i t y  i s  shown i n  these two modes, 

r e s p e c t i v e l y ,  i n  F igures 4  and 5. The t e s t  technique and data hand1 i n g  

methods f o r  t h i s  dev ice  a r e  analogous t o  those d e s c r i b i n g  moment o f  i n e r t i a  

t e s t i n g  i n  Sec t ion  2.0. 

The second t e s t  method, used f o r  yaw moment o f  i n e r t i a  t e s t i n g  i s  

shown i n  F igures  6 and 7. With t h e  suspensions cons t ra ined  t o  t h e i r  s t a t i c  

p o s i t i o n s  by cables,  t h e  v e h i c l e  i s  p r i m a r i l y  supported a t  a  p i v o t  p o i n t  

l oca ted  s l i g h t l y  a f t  o f  t h e  v e h i c l e  c.g. Th i s  leaves a  small p o r t i o n  o f  

t he  v e h i c l e  weight  ( a  few hundred pounds) t o  be supported by t h e  f r o n t  

wheels. Under each o f  t h e  f r o n t  wheels a r e  p laced two s t e e l  p l a t e s  

separated by a  number o f  b a l l  bear ings. Thus, t he  f r o n t  wheels a re  f r e e  

t o  move about on a  h o r i z o n t a l  p lane. A grounded c o i l  sp r i ng  i s  a t tached  

a t  r i g h t  angles t o  t h e  v e h i c l e  frame some d i s tance  f rom the  p i v o t  p o i n t .  

With t h i s  arranaement, a  small o s c i l l a t i o n  i n  yaw may be in t roduced and 

t he  p e r i o d  o f  o s c i l l a t i o n ,  r ,  determined. Us ing t h e  n o t a t i o n  o f  F igure  6, 

yaw moment o f  i n e r t i a  o f  t h e  veh i c l e ,  I zz ,  may be determined us ing  

Equat ion ( 1  1  ).  

The suppor t ing  p i v o t  i s  i l l u s t r a t e d  i n  F igure  8. Unres t ra ined  yaw 

mot ion r e s u l t s  from the  use of a  h y d r o s t a t i c  bear ing.  Veh ic le  weight i s  

supported by a  s i n g l e  3 /4- inch b a l l  a top  t h e  bear ing  i n  o rde r  t o  l i m i t  

p i t c h  and r o l l  moments passed t o  the  bear ing.  The t e s t  arrangement i s  

shown i n  F igure  9. 



Figure 4 Figure 5 

t 
Figure 6 Figure 7 
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Under c e r t a i n  cond i t i ons ,  unwanted o s c i  11 a t i o n s  tend t o  appear du r i ng  

yaw i n e r t i a  t e s t i n g .  A tendency f o r  t he  v e h i c l e  t o  o s c i l l a t e  s l i g h t l y  

i n  r o l l  was noted. As i t  i s  supported du r i ng  t e s t i n g ,  t h e  v e h i c l e  may r o l l  

about an a x i s  pass ing through t h e  b a l l  bear ing  a t  t h e  p i v o t  p o i n t  and t h e  

f r o n t  t i r e  con tac t  p o i n t .  (The f r o n t  suspension i s  e f f e c t i v e l y  r i g i d  due 

t o  t he  c o n s t r a i n i n g  cables. )  Th i s  a x i s  i s  shown by t h e  dashed l i n e  i n  

F igure  7. To min imize t he  e x c i t a t i o n  o f  r o l l  o s c i l l a t i o n s ,  t h e  c o i l  s p r i n g  

was anchored t o  t he  v e h i c l e  as c l ose  t o  t h i s  r o l l  a x i s  as poss ib le .  Fur ther -  

more, t he  s p r i n g  constant ,  K, and t h e  leng th ,  e,, were chosen such t h a t  t he  

n a t u r a l  yaw frequency o f  t he  system was cons iderab ly  d i f f e r e n t  from the  

r o l l  f requency, thus reduc ing  t h e  tendency f o r  yaw o s c i l l a t i o n s  t o  e x c i t e  

r o l l  o s c i  11 a t i ons .  

An a d d i t i o n a l  mode o f  o s c i l l a t i o n  was observed d u r i n g  yaw i n e r t i a  

t e s t s .  The c o n s t r u c t i o n  o f  c o m e r c i a l  veh i c l es  t y p i c a l l y  r e s u l t s  i n  con- 

s i de rab l  e  t o r s i o n a l  compl iance o f  t h e  frame. Consequently, some veh i c l es  

showed a  tendency t o  o s c i l l a t e  i n  a  t w i s t i n g  manner a long  t he  l e n g t h  o f  

t h e i r  frames. Th i s  problem was e f f e c t i v e l y  reduced by l o c a t i n g  t he  sp r i ng  

near t he  h o r i z o n t a l  c e n t e r l i n e  o f  t h e  frame r a i l s ,  thus reduc ing t he  moment 

r e s u l t i n g  from t h e  s p r i n g  f o r c e  which was passed i n t o  t h e  frame. 

Resu l ts  f o r  veh i c l es  t e s t e d  i n  r o l l  and/or yaw a re  g iven  i n  Table 

2. Note t h a t ,  f o r  e s t i m a t i n g  purposes, yaw moment of i n e r t i a  tends t o  be 

n e a r l y  equal t o  t he  p i t c h  moment. Fur ther ,  t h e  rad ius  o f  g y r a t i o n  i n  r o l l ,  

f o r  the two "bare-frame" heavy veh i c l es  measured, i s  near 30 inches. 





4.0 VEHICLE COMPONENT MEASUREMENTS 

Moments o f  i n e r t i a  o f  v e h i c l e  components, p a r t i c u l a r l y  t h e  r o l l  i n -  

e r t i a  o f  unsprung masses and t he  p o l a r  i n e r t i a  o f  t i re /wheel /drum assembl i es ,  

have been measured f o r  two heavy veh i c l es .  

The t e s t  technique used i s  i l l u s t r a t e d  i n  F i gu re  10. As shown i n  

t h i s  f i g u r e ,  t he  component o f  i n t e r e s t  was suspended on a three-cable ,  

mu1 t i f i l a r  pendulum. A smal l  r o t a t i o n a l  o s c i l l  a t i o n  about t h e  v e r t i c a l  

a x i s  was in t roduced  and t h e  p e r i o d  determined. 

The equa t ion  f o r  c a l c u l a t i n g  t h e  moment o f  i n e r t i a ,  I ,  about t h e  

c.g. o f  t h e  assembl i e s  i s  

where 

W = 

- 
Wb - 
L = 

r =  

'r = 

'r = 
0 

1 

Data gathered i n  t h i s  manner i s  presented i n  Table  3. 

t e s t  weight  o f  t h e  assembly 

weight  o f  t h e  suppor t ing  p l a t f o r m  

l e n g t h  o f  t h e  suppor t in9  cab les 

h o r i z o n t a l  d i s t ance  from cen te r  o f  p l a t f o r m  t o  

suppor t ing  cab les 

p e r i o d  o f  o s c i l l a t i o n  of p l a t f o r m  p lus  assembly 

p e r i o d  o f  o s c i l l a t i o n  o f  p l a t f o r m  on l y .  



~ o r s ' i o n a l  
Pendulum 

Pendulum Suspended by 
Means of  Lift Truck 

Figure 10 



Table 3 

Po la r  Moment o f  I n e r t i a  o f  Wheel/Tire/Dru~m Assemblies: 

I n e r t i a  Radius of 
D e s c r i p t i o n  ( in - lb -sec2)  Weight ( I b )  Gyra t ion  ( i n )  

18 x 22.5 t i r e ,  spoke wheel, 
15" drum 163 

10 x 20 duals, spoke wheels, 
15" drum 2805 

10 x 20 t i r e ,  spoke wheel , 
15" drum 1 03 

10 x 20 duals, spoke wheels, 
16.5" drum 231 

10 x 20 t i r e ,  d i s k  wheel 
15 x 1.43 d i s k  brake (294 l b )  '9 9 

10 x 20 duals,  d i sk  wheels 
15 x 1.43 d i s k  brake (513 I b )  21 1 

10 x 20 ti re ,  spuke wheel 
15 x 4 drum (319 l b )  115 

10 x 20 duals,  spoke wheel 
15 x 6.5 drum (569 l b )  2'41 

R o l l  Moment o f  I n e r t i a ,  Unsprung Mass* 

F ron t  unsprung mass, 10 x 20 t i r e s ,  
spoke wheels, 15" drum 371 9 

D r i ve  a x l e  assembly; 10 x 20 duals,  
15" drum, spoke wheels 44!58 

T r a i l e r  a x l e  assembly; 10 x 20 duals ,  
15" drum, spoke wheels 41 00 

Fron t  unsprung mass, 10 x 20 t i r e s ,  
d i s k  wheel, 15 x 1.43 d i s k  brake 

D r i ve  a x l e  unsprung mass, 10 x 20 
duals, d i s k  wheels, 15 x 1.43 
d i s k  brake 

* I n c l  udes both 1 eaf sp r ings  . 
2 5 


