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1 .0 INTRODUCTION 

T h i s  r e p o r t  p resen ts  f i n d i n g s  and recommendations developed 

by The U n i v e r s i t y  o f  M ich igan  Highway S a f e t y  Research I n s t i t u t e  

f o r  t h e  Federal  Highway A d m i n i s t r a t i o n  i n  a  p r o j e c t  e n t i t l e d  

"Response o f  Veh ic les  t o  Pavement Undu la t i ons . "  The o b j e c t i v e  o f  

t h e  research  was t o  determine t h e  r i d e  mot ions o f  two passenger 

ca rs  when they  t r a v e r s e  two s p e c i f i e d  pavement u n d u l a t i o n s  a t  

v a r i o u s  speeds. 

The assumption u n d e r l y i n g  t h e  p o t e n t i a l  use o f  u n d u l a t i o n s  

i n  road  su r faces  i s  t h a t  r i d e  mot ions w i l l  encourage d r i v e r s  t o  

t r a v e r s e  them a t  r e l a t i v e l y  low speeds. 

The research  e n t a i  l e d  computer s i m u l a t i o n s  o f  t h e  undul a t i o n s  , 
v e h i c l e s ,  and t r a v e r s a l  speeds. S e c t i o n  2 p resen ts  d e t a i l s  o f  

t h e  s i m u l a t i o n s  and t h e  v e h i c l e s  cons idered i n  t h i s  s tudy.  

S e c t i o n  3 p resen ts  t h e  computed r e s u l t s .  Conclusions and 

recommendations a r e  g i v e n  i n  S e c t i o n  4. 





2.0 TECHNICAL DETAILS 

T h i s  s e c t i o n  i s  d i v i d e d  i n t o  t h r e e  subsec t i ons  concern ing  t h e  

computer s i m u l a t i o n  used i n  t h i s  research ,  t h e  road  p r o f i l e ,  and 

t h e  s i m u l a t e d  v e h i c l e s .  

2.1 The Computer S i m u l a t i o n  

The HSRI "Phase 111" computer s i m u l a t i o n  [I] * was used f o r  t h e  

c a l c u l a t i o n  o f  r i d e  response r e s u l t i n g  f rom t h e  pavement undu la -  

t i o n s .  I n  t h i s  s tudy ,  a  f i v e  degree o f  freedom model was used, 

f a c i l i t a t i n g  computa t ions  o f  t h e  bounce and p i t c h  mot ions  o f  t h e  

sprung mass, t h e  v e r t i c a l  mo t ions  o f  t h e  f r o n t  and r e a r  wheels,  and 

t h e  l o n g i t u d i n a l  p o s i t i o n  o f  t h e  v e h i c l e ' s  mass c e n t e r .  S ince  t h e  

r o a d  p r o f i l e  and t h e  v e h i c l e  a r e  assumed t o  have l a t e r a l  symmetry, 

no r o l l i n g  mot ions  r e s u l t ,  and t h e  l e f t  s i d e  wheels have i d e n t i c a l  

mot ions  t o  t h e  r i g h t  s i d e  wheels.  

C a l c u l a t i o n s  were made a t  speeds f rom 5 t o  60 mph (2 .2  t o  26.4 

m/sec) i n  d i s c r e t e  5 mph (2.2 m/sec) increments .  Two v e h i c l e s  were 

s i m u l a t e d  on two road c o n f i g u r a t i o n s  a t  each speed, a  t o t a l  o f  48 

computer r u n s .  The s i m u l a t i o n  t i m e  f o r  each r u n  depended on t h e  

wheelbase o f  t h e  v e h i c l e ,  t h e  t r a v e r s i n g  speed, and t h e  l e n g t h  o f  

t h e  c o n f i g u r a t i o n ,  v i z .  : 

where 

ts = t h e  s i m u l a t e d  t i m e  i n  seconds 

a = l e n g t h  o f  t h e  road  u n d u l a t i o n  

W b  = v e h i c l e  wheelbase 

V, = v e h i c l e  speed 

--- --- - - - 
*Brackets  i n d i c a t e  r e f e r e n c e s .  



Thus t h e  s i m u l a t i o n  i s  conc luded one second a f t e r  t h e  r e a r  wheels 

l e a v e  t h e  r o a d  u n d u l a t i o n .  

The t i m e  h i s t o r i e s  o f  t h e  v a r i a b l e s  computed i n  t h e  s t u d y  

a r e :  

1 ) V e r t i c a l  d isp lacement ,  v e l o c i t y  , and a c c e l e r a t i o n  

o f  t h e  sprung mass c e n t e r  

2)  P i t c h  ang le ,  v e l o c i t y ,  and a c c e l e r a t i o n  o f  t h e  

sprung mass 

3 )  L o n g i t u d i n a l  p o s i t i o n  o f  t h e  sprung mass c e n t e r  

4 )  F r o n t  and r e a r  suspens ion  f o r c e s  and d e f l e c t i o n s  

5) F r o n t  and r e a r  t i r e  f o r c e s  and d e f l e c t i o n s  

6)  V e r t i c a l  ax1 e  d i sp lacemen t  

7 )  Ground c l e a r a n c e  

I n  a d d i t i o n ,  key m e t r i c s  a s s o c i a t e d  w i t h  t h e  above t i m e  

h i s t o r i e s  were computed d u r i n g  each s i m u l a t i o n :  

1) Peak p o s i t i v e  and n e g a t i v e  v e r t i c a l  a c c e l e r a t i o n s  

o f  b o t h  t h e  f r o n t  and r e a r  passengers 

2) Root mean square a c c e l e r a t i o n s  o f  t h e  f r o n t  

passenger 

3)  Peak t i r e  f o r c e s  and t i r e  d e f l e c t i o n s  f r o m  t h e  s t a t i c  

va lues  f o r  t h e  f r o n t  and r e a r  

4 )  Histograms i n d i c a t i n g  t h e  p e r c e n t  o f  t i m e  i n  wh ich  

ti r e  f o r c e s  ( f r o n t  and r e a r )  a r e  l e s s  than  c e r t a i n  

f r a c t i o n s  of t h e  s t a t i c  t i r e  l oads .  The f r a c t i o n s  

used he re  a r e  0, 1/4,  3/4,  1  . 
5) Peak p o s i t i v e  and n e g a t i v e  s p r i n g  d e f l e c t i o n s  f o r  

b o t h  t h e  f r o n t  and r e a r  suspensions 

6 )  Minimum v e h i c l e - g r o u n d  c lea rance  d u r i n g  t r a v e r s a l  . 



2.2 The Road Profi le  

The road prof i le  used in th i s  study i s  a  parabolic shaped 

bump protruding from the reference road level ,  as shown in Figure 1 .  

h Road Level x 

Figure 1.  Road Profi le .  

The road coordinates ( x , y ) ,  as measured from t h e  beginning of the 

bump (Point 0 ) ,  sa t i s fy  the re la t ion:  

The two road bumps, determined by the parameter s e t  ( a , h )  employed 

fo r  t h i s  study, are presented in Table 1 .  

T A B L E  1 

Bump 

1 12  f t .  5 i n .  
( 2 . 4 6  m) ( 1 2 . 7  cm) 

16  f t .  6 in .  
(3.28 n i )  ( 15 .24  cnl) 



2.3 Veh ic les  

The two v e h i c l e s  s i m u l a t e d  were a  1971 Mustang and a  1973 

B u i c k  s t a t i o n  wagon. Pa ramet r i c  s p e c i f i c a t i o n s  f o r  each v e h i c l e  

a r e  l i s t e d  i n  Tab le  2. 

The suspensions on b o t h  v e h i c l e s  were modeled i n  a  non-1 i n e a r  

f a s h i o n  t o  s i m u l a t e  t h e  i n c r e a s e d  s t i f f n e s s e s  encountered a t  t h e  

bump s tops ,  as shown i n  F igu res  2a and 2b. 

The t i r e s  were rep resen ted  by a  v e r t i c a l  s p r i n g  and damper 

making p o i n t  c o n t a c t  a t  t h e  t i r e - r o a d  i n t e r f a c e .  The r o a d  can 

t r a n s m i t  o n l y  v e r t i c a l  f o r c e s  t o  t h e  v e h i c l e .  



TABLE 2 

VEHICLE SPECIFICATIONS 

Parameter U n i t s  

T o t a l  Weight 1 b 

Sprung Weight 1 b 

Suspension Weights 

F r o n t  1 b 

Rear 1 b 

Passenger Weight 1 b 

S t a t i c  T i r e  Loads 

F r o n t  1 b 

Rear 1 b 

Wheel base i n  

S t a t i c  C.G. H e i g h t  
Above Ground 

Sprung i n  

T o t a l  i n  

P i t c h  Moment o f  I n e r t i a  
o f  Sprung Mass i n - 1  b/sec 2 

Viscous Damping-Front Ax1 e 

Jounce 1 b - s e c / i  n 

Rebound 1 b - s e c l i n  

Viscous Dampi ng-Rear Ax1 e 

Jounce 1 b - s e c / i  n 

Rebound 1 b-sec/ i n 

1971 Mustang 1973 Bu ick  

3488 4583 
( 1  551 5N) (20385N) 

2836 3770 
(12615N) ( 1  6769N) 



T A B L E  2 (Cont. ) 

Parameter 

Maximum Coulomb Frict ion 
Front Suspension 

Rear Suspension 

Tire Spring Rate 

S t a t i c  Flat Ground Clearance 

Between Ax1 es 

A f t  o f  Ax1 es 

Passenger Distance Behind 
C . G .  

Front 
Rear 

U n i t  - 1971 Mustang 1973 Buick 



Rear - 
Sus~ension - *O0 T 

2 4 
- S P R I N G  DEFLECTION 

(Inches) 



I 
4 

SPRING DEFLECT1 

-800 
' 



3.0 THE COMPUTED RESULTS 

Several calculations were made to  summarize the performance 

of each vehicle on each bump. A summary of these calculations i s  

given in t h i s  section. 

3.1 Accel era t i  ons 

The peak passenger ver t ica l  accelerations ( b o t h  positive and  

negative) achieved during traversal of the two road undulations 

for  each combination of vehicle and speed are shown in Figures 3a 

t o  3d. Simulations were made fo r  a f r on t  passenger located a t  the 

sprung mass center fo r  each vehicle a n d  a t  a  rearward position 

located 24 in .  (61 cm) behind the mass center for  the Mustang and 

60 in .  (152.4 cm) behind the  mass center f o r  the Buick wagon. The 

difference between these values of accelerations i s  due t o  the 

pitch accelerations encountered. 

The peak acceleration values f o r  the f ront  and rear passenger 

d o  n o t  necessarily occur simultaneously since the bounce and  pitch 

modes go in and o u t  of phase during t raversa l .  Further, the time 

of the peaks may occur a f t e r  the vehicle has completely crossed the 

bump. This occurs when the vehicle becomes airborne during t r a -  

versal and impacts the road surface some distance beyond the bump. 

The root-mean-square acceleration experienced by the f ron t  

passenger i s  an aid in determining the overall severi ty level of 

the vert ical  acceleration. This value i s  given by 

where Z i s  vert ical  acceleration. Root-mean-square acceleration 

i s  plotted against vehicle speed i n  Figure 4 .  



f igu re  3 a .  Peak a c ~ c l e r a t i o n s  of f r o n t  a n d  r e d r  passenge rs  - -  
I4ust;1nq, 1 2 '  x 5" t u r ~ . , ~ ~ .  





Ficjure 3 ~ .  . Pc;il; c!ccc?l c r < l t i o r i s  o f  f r o n t  and r c d r  ~~~~~~~~~~s - -  
[{lii Ch;  ! , ; , ~ ~ ; t . l l l  , 1 2  ' ;< 5" t j ~ ~ i ' , ~ .  







A f a c t o r  wh ich  has a  s i g n i f i c a n t  i n f l u e n c e  on t h i s  computa- 

t i o n  i s  t h e  p e r c e n t  o f  t h e  t ime ,  tS, i n  w h i c h  t h e  f r o n t  and r e a r  

t i r e s  a r e  o f f  t h e  ground. T h i s  f a c e t  o f  r i d e  w i l l  be d i s c u s s e d  

l a t e r .  

3.2 T i r e  Forces  and D e f l e c t i o n s  

The t i r e s  f o r  each v e h i c l e  a r e  modeled as a  l i n e a r  s p r i n g -  

damper system. The t i r e  s p r i n g  c o n s t a n t  i s  1420 l b / i n  (2487 N/cm) 

o r  2840 l b / i n  (4974 N/cm) f o r  t h e  a x l e .  The t i r e  damping c o n s t a n t  

i s  two p e r c e n t  o f  c r i t i c a l  damping v a l u e  determined f rom t h e  

suspens ion  w e i g h t  and t h e  t i r e  s p r i n g  r a t e .  

F igu res  5a t o  5d show t h e  peak dynamic t i r e  f o r c e s  and 

d e f l e c t i o n s  above t h e  s t a t i c  c o n d i t i o n s  o c c u r r i n g  d u r i n g  t r a v e r s a l  . 
These c a l c u l a t i o n s  g i v e  t h e  t o t a l  t i r e  l o a d  i n c r e a s e  above t h e  

s t a t i c  c o n d i t i o n  f o r  e i t h e r  t h e  f r o n t  a x l e  o r  t h e  r e a r  a x l e .  These 

c a l c u l a t i o n s  a r e  r a t h e r  rough  app rox ima t ions  a t  t h e  extremes as 

n o n l i n e a r  phenomena shou ld  be expected t o  be  i m p o r t a n t  under such 

h i g h  l o a d s .  

3.3 T i r e  Force H is toarams 

The use o f  t h e  h i s tog rams  may b e s t  be e x p l a i n e d  t h r o u g h  a  

d e t a i l e d  example. F i g u r e  6 shows t h e  t i m e  h i s t o r y  o f  t h e  v e r t i c a l  

r e a r  t i r e  f o r c e  f o r  t h e  Mustang t r a v e r s i n g  t h e  1 2 '  x 5 "  u n d u l a t i o n  

a t  20 mph (8 .8  m/sec) .  The s t a t i c  a x l e  l o a d ,  NS, i s  1516 1b 

(6743 N ) .  The l e n g t h  o f  t h e  ar rowed l i n e s  i n d i c a t e  t h e  e lapsed  

t i m e  i n  which t h e  t i r e  f o r c e  i s  l e s s  than  t h e  i n d i c a t e d  f o r c e  l e v e l .  

Fo r  t h e  purpose o f  t h e  h i s tog rams ,  t hese  t in ies tilay be norrl ial i z e d  

t o  t h e  s i m u l a t i o n  t ime ,  tS, which  h e r e  i s  1.72 sec (0 .72  sec f o r  

bump t r a v e r s a l  and 1  second a d d i t i o n a l ) .  The p e r c e n t  t i n i e  va lues  

f o r  t h i s  r u n  a r e  shown i n  Tab le  3 .  Note t h a t  t h e  t a b l e  i n d i c a t e s  

t h a t  t h e  r e a r  t i r e s  a r e  o f f  t h e  qround 15.7 pt:r.ccrlt o f  t h e  t i i i i e .  
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T A B L E  3 

A HISTOGRAM FOR THE R E A R  TIRES O F  T H E  MUSTANG 
ON THE 12' x 5" BUMP AT 20 MPH 

Tire Load % Time 

N S 50.5 

.75NS 34.7 

.50NS 29.1 

.25NS 2 2 . 7  

0 18.7 

The force histograms are shown in Figures 7a t o  7 h  which 

i 11 us t ra te  the calculated percentages fo r  the f ront  and rear  t i r e s  

o f  each vehicle f o r  each road undulation as a function of speed. 

3.4 Suspensiot~ Deflections 

The peak suspension deflect ions have a bearing on b o t h  the 

vehicle accelerations and the g r o u n d  clearance. Peak jounce and 

rebound spring deflect ions fo r  the f ron t  a n d  rear suspensions are  

shown in Figures 8a t o  8d fo r  each v e h i c l e - u n d u l a t i o n - s p e e d  

combination. 

3.5 Minimum Vehicl e-Ground Clearance 

A most important consideration of the design of the road 

undulation i s  whether the vehicle can traverse the bump without 

"bottoming ou t . "  The road bump may obstruct the vehicle between 

the axles,  a t  e i the r  axle or a t  e i the r  bumper. Figure 9 shows 

a simulated vehicle p rof i l e .  The numbers 0-4 designate the 

possible obstruction points. 

Figure 10 shows the silllulation resu l t s  o f  each co111bi nation 

of vehicle-road undulation in which the n i i~ i i r r~~ i i r~  c lcaranie ,  , i s  

plotted against vehicle speed. The nulnbers a lo r lq  f.tiese Lurves 

indicate the corresponding vehicle positiorl o f  the ~~~itiiri~ii~n clearcince. 
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Figure 7 a .  Tit.? fiircc "l istograii is - -  Mustang f r o n t ,  1 2 '  x 5" b u ~ i ~ p .  

24 
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Figure 7b. T i r e  force  h i s t o u r a n i s  - -  Mustang rear, 1 2 '  x 5" bump.  
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Fiqure 7c.  Tire f-orcc h i s t c l q r ~ r i l s  - -  M u s t ~ ~ r i q  f r on t ,  1 6 '  ,$ r "  11 . 
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Figure 7 d .  T i r e  force  h i s t o g r a ~ l s  -- !+!ustang rear ,  1 6 '  x 5" , I  



20 30 40 50 

VEHICLE SPEED (mph) 

Figure 7e. Tire force histograms -- Buick f ron t ,  1 2 '  x 5"  5 ! : * ~ .  
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Fioure 7 f .  Tire force histogra~~is -- Guick r c ~ i r ,  1:' 1 ' huI:.p. 
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Figure 8b.  Peak suspcrision s p r i n q  d c f l c c t i o r l s  - -  Mustanq,  1 6 '  :< 6" bump. 
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F i g u r e  9. V e h i c l e  p r o f i l e .  



VEH ICLE S PEED Impl i l  



Nega t i ve  va lues o f  c lea rance  (shaded a rea )  i n d i c a t e  o b s t r u c t i o n  

would have occur red,  however, t h e  dynamic v e h i c l e  behav io r  d e r i v e d  

f r o m  t h e  o b s t r u c t i o n  i s  beyond t h e  scope o f  t h e  s i m u l a t i o n .  

F i g u r e  10 shows ev idence o f  o b s t r u c t i o n  o f  each v e h i c l e  

w h i l e  t r a v e r s i n g  t h e  1 6 '  x 6 "  u n d u l a t i o n .  A l though  no o b s t r u c t i o n  

i s  apparent  f o r  t h e  1 2 '  x 5" u n d u l a t i o n ,  each v e h i c l e  came w i t h i n  

2 i n .  o f  t h e  road bump a t  r e l a t i v e l y  low speed. 



4.0 FINDINGS A N D  RECOMMENDATIONS 

The simulation resul ts  indicate t h a t  s ignif icant  discomfort 

wil l  be experienced by passengers riding in e i the r  vehicle during 

a traversal of the five- or six-inch undulation a t  speeds in 

excess of 20 mph. We use "indicate" rather than a stronger word 

since the computed resul ts  are an approximate representation of 

the physical world. The model of the vehicle employed in the 

simulation i s  a rigid-body representation of a n  en t i ty  t h a t  has 
f i n i t e  f l ex ib i l i t y  and thus the influence of the bending motions 

of the car body on the accelerations f e l t  by the passengers has 

been ignored. Nevertheless, the calculated accelerations are 

suff ic ient ly  large t h a t  i t  seems reasonable t o  conclude t h a t  the 

undulations, as designed, will cause typical drivers t o  decrease 

t he i r  speed substantial ly e i the r  t o  avoid discomfort or t o  pre- 

vent structural  damage. Clearly, the calculations show that  the 

16 '  x 6" undulation may cause the traversing vehicle t o  be damaged 

as a resul t  of physical interference between road a n d  vehicle. 

On balance, i t  appears t h a t  the long-wavelength undul a t i  ons 

examined in t h i s  study should n o t  be introduced as speed-reduction 

devices without giving th i s  matter careful ,  further t h o u g h t  and 

without examining additional undulation geometrics. Some of our 

reservations derive from a concern abou t  the driver w h o  may be 

inclined to seek a t h r i l l  from traversing these undulations a t  high 

speed. As indicated i n  Figures 7a to  7h, a high speed of traversal 

will resul t  in the vehicle being airborne for a s ignificant  amount 

of time. In our judgment, th i s  lack of tire-road contact i s  

hazardous from a directional control point of view. It i s  also 

conceivable that  the undulations examined in th i s  study can cause 

s t ructura l  fa i lures  during a high-speed t raversa l .  Without infoy- 

mation re la t ive  t o  the maximuni loadings that  can be withstood by 

the s t ructure  of the vehicle, i t  i s  not possible t o  draw subs t an t l~e  

conc lusions with respect to  the issue o f  structural  integri :y . 



I t  i s  clear that long wave undulations cannot be thwarted by 
traversing them a t  high speeds and consequently i t  i s  desirable 
t o  find the minimum disturbance which wi 11 avoid the 'disastrous 
consequences mentioned above and yet create sufficient discomfort 
t o  serve i t s  intended purpose. Accordingly, HSRI recommends that 
an undulation of somewhat lesser severity be installed for a pi lot  
study i n  which t r a f f i c  would be monitored over a reasonable length 
o f  time. 



REFERENCES 

1.  Wink le r ,  C.B., e t  a1 . , A Computer Program f o r  P r e d i c t i n g  
t h e  B r a k i n g  Performance o f  Trucks and T r a c t o r - T r a  il e r s  
t o  be p u b l i s h e d  by t h e  Highway S a f e t y  Research I n s t i t u t e ,  
Univ. o f  M i  c h i  gan, Repor t  No. UM-HSRI-PF-75-5. 


