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A safe ty engineering s tudy a t the General M o t o r s P r o v i n g G r o u n d revealed 
t h a t o f f - the- road accidents were the most preva len t type and concluded t h a t 
th is was the greatest po ten t i a l hazard i n the opera t ion . Compar i son w i t h 
accident stat ist ics and the physical characterist ics of roadsides on pub l i c 
h ighways leads to the same conclusions. 

Between 30 and 35 percent of h i g h w a y fa ta l i t i e s occur i n ofi^-the-road acci
dents, year a f t e r year. A n ob jec t ive look a t m a n y pub l i c h i g h w a y roadsides 
shows t h a t t hey off'er f ew safeguards i n the event of vehicle m a l f u n c t i o n or 
h u m a n m a l f u n c t i o n ; i n the eyes of the i ndus t r i a l safe ty engineer, m u c h of the 
roadside is def ic ient i n th is respect. T h e ob jec t ive of this s t u d y is to develop 
c r i t e r i a f o r roadside design w h i c h w o u l d remove these deficiencies. 

T h e sever i ty of opera t ion t h r o u g h roadside and median di tches as a f u n c t i o n 
of speed and cross-section de t a i l is measured i n terms of accelerations a long 
the p r inc ipa l axes as a test car is d r i v e n t h rough the d i t c h . Measured values 
are correlated w i t h sever i ty as gauged b y the d r ive r . Cross-section design c r i 
te r ia are developed such t h a t the sever i ty of accidents a t legal road speeds can 
be kep t w i t h i n the tolerable range. 

Guardra i l s are recognized as a fea ture w h i c h mus t be resorted to on occa
sions, and thus mus t be considered as a pa r t of roadside design. Full-scale 
test results of gua rd ra i l ins ta l la t ions , emphasizing mod i f i ed end t rea tments , 
are g iven . T h e hazards of s t r i k i n g s tandard t r a f f i c signs and l i g h t poles are 
ind ica ted and p rac t i ca l solutions are suggested. 

Analys is and measurement of g round surface react ion ' ' coe f f i c ien t" relates 
passenger car s t a b i l i t y fac tors t o roadside slope values such t h a t c r i t e r i a 
can be developed f o r s igni f icant design factors . T h e compara t ive costs of 
roadsides designed f o r safe ty are developed f o r specific examples of roads pass
i n g t h r o u g h b o t h level and wooded h i l l y t e r r a in . 

• T H E S I G N I F I C A N C E of the road- ins ta l la t ions and stop signs on intersec-
side i n the h ighway safety p rob l em is t ions a t grade are a l l a t t e m p t s to 
apparent f r o m the N a t i o n a l Sa fe ty e l imina te th is type of accident. In tens ive 
Counci l ' s s tat is t ics. Year a f t e r year, d r i v e r t r a i n i n g , pub l ic educat ional and 
between 30 and 35 percent (12,000 to enforcement programs are corresponding 
13,000) of the h ighway fa ta l i t i e s i n the e f fo r t s i n other fields. 
U n i t e d States occur i n noncol l is ion I n the policies on geometr ic design of 
accidents, mos t of w h i c h i n v o l v e the the In te r s t a te Sys tem, recogni t ion is 
vehicles leaving the roadway. g iven to the impor tance of roadside 

T h i s f ac to r is second on ly t o the t w o - hazards b y the adop t ion of enl ightened 
vehicle col l is ion as the most i m p o r t a n t s tandards of roadside design w i t h respect 
and deadly . A great deal of engineering to slope, d i t c h cross-sections, and e l i m -
design e f f o r t is being devoted construe- i n a t i o n of obstacles. I n recons t ruc t ion 
t i v e l y to reduc t ion and e l i m i n a t i o n of a n d mode rn i za t i on of exis t ing roads, 
the two-car col l is ion. T h e d i v i d e d h igh- some a t t e n t i o n is g iven to th is p rob lem, 
ways of the In ters ta te System, the t u r n - b u t one cannot help b u t feel t h a t the 
pikes and the expressways, grade m i n i m u m standards are appl ied a l l too 
separations, one-way streets, and signal f r e q u e n t l y in cons t ruc t ion of por t ions 
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of the In te r s t a te Sys tem; one cannot 
help b u t feel t h a t too l i t t l e emphasis is 
g iven to the e l i m i n a t i o n of roadside 
hazards on p r i m a r y and secondary and 
r u r a l roads, even when they are being 
reconstructed. 

I t is the i n t e n t i o n of th is paper to 
discuss the p rob l em i n general and t o 
give a number of specific examples of 
roadside hazards d r a w n i n large p a r t 
f r o m experience w i t h the P r o v i n g 
G r o u n d road system. I t is the f u r t h e r 
i n t en t i on to discuss some research results 
f r o m w h i c h specific design c r i t e r i a f o r 
roadside slopes and ditches are de r ived . 
T h e s t a b i l i t y fac tors of passenger cars 
are related to observed roadside charac
terist ics, especially w i t h respect to the 
slope of the roadsides and the coeff icient 
of f r i c t i o n of the roadside surfaces. Some 
discussion is g iven of the hazards 
i n v o l v e d i n convent iona l l i g h t poles and 
sign posts, w i t h suggestions as to how 
th is t y p e of hazard m a y be reduced or 
e l imina ted . I n a d d i t i o n , f u r t h e r observa
t ions on full-scale gua rd ra i l i m p a c t tests 
are g iven to supplement earlier publ ica
t ions on th is subject ( I ) . Pa r t i cu l a r 
emphasis is g iven t o gua rd ra i l end 
ins ta l la t ions . 

Some of the examples of roadside 
hazards have been discussed p rev ious ly ; 
they are repeated here as background 
and to give appropr ia te emphasis to the 
problern {2, J ) . 

T h e problems of safe roadside design 
have become of great impor tance to the 
management of General M o t o r s P r o v i n g 
G r o u n d , w i t h the increasing emphasis 
placed on the safety of the employee. 

T h e P r o v i n g G r o u n d was established 
in 1925 as an ou tdoor road test labora
t o r y when a p r i va t e road system was 
b u i l t f o r development w o r k on the 
company ' s products . F r o m a smal l 
opera t ion i t was expanded r ap id ly as 
requi red , and faci l i t ies have k e p t pace 
w i t h the increasing c o m p l e x i t y of auto
m o t i v e design. 

T o d a y the road system includes about 
62 miles of al l types of surfaces common 
to those of the publ ic h i g h w a y ; por t ions 
of th is system w i t h the highest t r a f f i c 
v o l u m e were completed b y the m i d -
1930's. D u r i n g the past 35 years, more 

t h a n 200 m i l l i o n test miles have been 
operated. T h e current rate is about 
40,000 m i per day, or 10 m i l l i o n miles 
per year. 

A t the P r o v i n g G r o u n d the no rma l 
standards of shop safety have a lways 
been employed . O r i g i n a l l y the a t t i t u d e 
about i ndus t r i a l accidents, qu i t e gener
a l l y , was t h a t they were bound to 
happen, and one had to learn to l ive 
w i t h t h e m . T h e indus t r i a l safety engineer 
has shown t h a t t h a t is no t so. H e has 
shown t h a t accidents are preventable , 
and t h a t accidents i n the p l a n t usual ly 
come abou t because of some h u m a n 
m a l f u n c t i o n . Recognizing tha t , w h i l e 
accidents are preventable , some w i l l no t 
be prevented , he provides a l l safeguards 
he can imag ine f o r a l l types of careless
ness and inat tent iveness w h i c h people 
m a y show so t h a t the effect of an acci
den t m a y be m i n i m i z e d . W h e n , a f ew 
short years ago, the concepts of the 
i n d u s t r i a l safe ty engineer were appl ied 
i n considerat ion of the P r o v i n g G r o u n d 
safety p rog ram, i t became evident t h a t 
the most serious po ten t i a l hazards lie i n 
the opera t ion of the vehicles on the road 
system, because bo th the masses and 
the speeds of cars exceed those of any 
of the o ther machines being used. 

Genera l ly speaking, the P r o v i n g 
G r o u n d road system was qu i t e we l l 
developed b y 1940. I n cons t ruc t ion , the 
design standards w h i c h prevai led gen
eral ly at the t i m e of cons t ruc t ion were 
used, and the practices used were 
comparable w i t h those of the state 
h i g h w a y depar tments . T h e basic ele
ments of h i g h w a y safety were considered 
w i t h admirab le fores ight i n the design 
of the road system and one-way t r a f f i c , 
l i m i t e d access, and avoidance of in te r 
sections of m a i n test roads a t grade has 
a lways been the pol icy . Thus , the basic 
design of the system avoided m a n y of 
the types o f accident w h i c h are n o w 
causing such great concern i n the pub l ic 
t r anspo r t a t i on system. A t the t ime , th i s 
approach was unique i n i t s en l ighten
m e n t and progressiveness. 

A s the accident s tat is t ics were re
viewed i t was f o u n d t h a t d u r i n g the 
calendar years 1953-1958, inclusive, 
cover ing app rox ima te ly 65 m i l l i o n test 
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miles, there was a t o t a l of 236 accidents, 
of w h i c h 72 percent were of f - the- road . 

T h e first and most obvious concern 
was to determine the reasons w h y dr ivers 
l e f t the road. I n m a n y cases the d r i ve r 
wen t to sleep. I n o ther cases he was 
obv ious ly i n a t t e n t i v e . Educa t iona l 
programs were under taken , repr imands 
were g iven , and i n the more flagrant 
cases dr ivers were discharged. 

I n spite of a l l of th i s , i t became ev iden t 
t h a t dr ivers do leave the road—inf r e 
q u e n t l y i t is t rue , b u t a l l too o f t e n 
s i m p l y because t hey are people and 
suffer no rma l h u m a n f a l l i b i l i t y . 

A f u r t h e r considerat ion led to the 
conclusion t h a t i t was no t possible to 
keep a l l dr ivers on the paved surface a l l 
the t i m e . One of the f u n d a m e n t a l 
pr inciples of safety engineering is t o 
an t ic ipa te every possible t y p e of accident 
w h i c h m a y occur because of machine 
f a i lu re or h u m a n fa i lu re and then to 
establish safeguards to m i n i m i z e the 
hazards or i n j u r y w h i c h m a y result w h e n 
such a f a i lu re occurs. W h e n the road 
system was analyzed f r o m the same 
p o i n t of v iew, i t was d i s t u r b i n g to find 
t h a t the design standards p rov ided l i t t l e 
or no safeguard i n the event of a fa i lu re 
of some type . T h e or ig ina tors had 
pioneered i n safe ty engineering b y t a k i n g 
f u n d a m e n t a l steps t o avo id accidents, 
b u t they d i d no t a p p l y the second con
cept of the i ndus t r i a l safety engineer— 
t o p rov ide a l l safeguards i n the event 
t h a t an accident occurs because of 
h u m a n f a l l i b i l i t y . 

W h e n i t was realized t h a t the roadside 
design d i d no t incorpora te the safety 
features c o m m o n to the machine shop, 
garage and maintenance tools, an 
a t t e m p t was made to make amends a t 
the earliest possible t ime b y using the 
experience of others. I m m e d i a t e com
parisons were made w i t h pub l ic h ighways 
i n the ad jacen t area: i t was f o u n d t h a t 
the pub l ic h i g h w a y system repeated 
most of the shor tcomings of P r o v i n g 
G r o u n d road system. H i g h w a y construc
t i o n was observed i n other states, a t the 
tu rnp ikes , even the newest components 
of the In te r s ta te Sys tem, and even there 
i t was f o u n d t h a t there is a l ack of safe
guards w h i c h w o u l d no t be to lera ted i n 

any modern i ndus t r i a l opera t ion . A l m o s t 
every mi le on any of these roads has one 
or more places where the occupants 
w o u l d suffer serious or f a t a l i n j u r y i f the 
vehicle l e f t the road a t n o r m a l h i g h w a y 
speeds. 

A n approach to the p rob lem of safe 
roadside design f r o m the a t t i t u d e of the 
i n d u s t r i a l safe ty engineer became the 
p r i m a r y interest i n p r o v i d i n g the proper 
safeguards to employees opera t ing on 
the P r o v i n g G r o u n d road system. E v e r y 
roadway accident includes as factors 
the d r ive r , the vehicle, and the h ighway . 
These factors were considered p rope r ly 
i n the approach t o the p rob lem. 

T h e P r o v i n g G r o u n d dr ivers are a d u l t 
males i n good heal th , selected on the 
basis of average or above competence, 
and on the characterist ics of des i r ab i l i t y 
i n an employee. T h e y are a l l qua l i f i ed 
d r ive r s w i t h several years of experience 
i n n o r m a l h i g h w a y d r i v i n g and i t is f a i r 
t o assume t h a t they compare w i t h the 
upper s t ra ta of d r ivers i n the t r a f f i c 
s t ream o n the basis of these characteris
t ics. T h e y d r i v e on a closed road system 
w i t h f avorab le geometry , r e l a t ive ly l o w 
t r a f f i c volumes, cont ro l led access, one
w a y opera t ion , and under r e l a t ive ly 
close supervis ion. Extens ive t r a i n i n g 
and educat ional programs have been 
conducted . T h e poss ib i l i ty of more 
ef fec t ive ways of i m p r o v i n g d r i v e r per
fo rmance has no t been ove r looked— 
the obvious solut ions have been ex
haus ted; some w h i c h are no t obvious 
have been t r i ed . I n spite of th i s , d u r i n g 
1953-8, inclusive, there were 170 o f f -
the-road accidents. 

Scrupulous a t t e n t i o n is g iven to safe ty 
i n design and manufac tu re , and cur
ren t automobi les w e l l m a i n t a i n e d are 
p rac t i ca l ly free f r o m fa i lu re i n service. 

Confidence i n the q u a l i t y of the 
vehicles and experience w i t h the f a l l i 
b i l i t y of the dr ivers resulted i n the firm 
conv i c t i on t h a t the m a j o r def ic iency i n 
the e f f o r t to e l imina te accidents was 
f a i l u r e t o devote suf f ic ien t a t t e n t i o n to 
the road i tself . I n this case, the concept 
of the o r ig ina l t r a f f i c p a t t e r n p rac t i ca l l y 
e l i m i n a t e d two-vehic le coll isions a n d 
conf ined the p rob lem almost en t i r e ly to 
the roadside. 
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Figure 1. Proving Ground car-tree accident. 

Figure 2. 35-Mph car-tree impact under remote control. 
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Figure 3. Trees adjacent to modern road. 

C O M M O N R O A D S I D E H A Z A R D S 

W h e n one adopts the safety engineer's 
a t t i t u d e and concepts, the most danger
ous s i tua t ion perceived i m m e d i a t e l y is 
t h a t of obstacles ad jacent to the road ; 
t h a t is, close enough to the t raveled 
surface t h a t the d r i ve r who has lost 

con t ro l of his vehicle t empora r i l y w i l l 
s t r ike the obstacle before he has an 
o p p o r t u n i t y to regain con t ro l . O n the 
P r o v i n g G r o u n d road system, and on 
nearby publ ic h ighways , the most o b v i 
ous obstacles are trees. Trees are desir
able and b e a u t i f u l ; i n the ear ly days of 

Figure 4. Artist's concept of safe roadside. 
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Figure 5. Man-made roadside obstacle. 

the P r o v i n g G r o u n d the a l ignment 
f r e q u e n t l y was mod i f i ed so t h a t a large 
b e a u t i f u l oak m i g h t be saved. However , 
a review of any newspaper shows t h a t 
trees con t r ibu t e a lmost every day to the 
stat is t ics of i n j u r y and death . 

Trees have p layed a pa r t i n the more 
serious P r o v i n g G r o u n d accidents ( F i g . 

1). T h e sever i ty of an impac t a t no rma l 
speeds is ind ica ted in Figure 2. T h i s car 
was d r i v e n i n t o the tree at 35 m p h b y 
remote c o n t r o l ; i t was damaged seriously 
and i t was ev iden t to anyone w h o w i t 
nessed the accident t h a t occupants of 
the car w o u l d have been seriously i n j u r e d 
and p robab ly k i l l e d . T o the safety 

I S L A N D L A K E 
R E C R E A T I O N A R E A 

K E N S I N G T O N 
M E T R O P A R K 

U S E K E N S I N G T O N R D 

Figure 6. Roadside sign. 
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engineer, the immed ia t e conclusion is 
tha t trees close to the roadside m u s t be 
e l imina ted sys temat ica l ly . F o r t u n a t e l y , 
w i t h modern equ ipment th is is p rac t ica l 
and re l a t ive ly inexpensive. A f t e r the 
trees are removed and the roadside is 
smoothed w i t h a grader, no poss ib i l i ty 
of serious accident i n this area remains. 

T h i s s i t ua t ion has i t s d i rec t counter
par t i n the pub l ic h ighway sys tem; o n 
some m a j o r h ighways of r e l a t ive ly 
modern design there are trees so close to 
the road as to be le tha l obstacles ( F i g . 
3) and , i n fac t , on some of the newest 
highways, small trees are being p lan ted 
as p a r t of the landscaping p rog ram. As 

a result, i n a l l too few years, the smal l 
trees w i l l g row i n t o b ig ones—signif icant 
hazards being c u l t i v a t e d i m m e d i a t e l y 
ad jacent to the edge of the road. 

B e a u t y is possible w i t h o u t large trees, 
or w i t h trees we l l i n the background ; i n 
exceptional cases, w e l l designed guard
ra i l ins ta l la t ions m a y be used i f speed is 
w e l l regulated. F igure 4 shows how 
shrubbery can be used. 

O n m a n y c i t y streets, and even some 
r u r a l h ighways , there are man-made 
obstacles i n the f o r m of u t i l i t y poles and 
l i g h t poles i m m e d i a t e l y ad jacen t to the 
paved surface ( F i g . 5) and signs to guide 
the t raveler (F ig . 6 ) . 

Figure 7. Comparison of low-impact and conventional light poles. 
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Figure 8. Full-scale test of low-impact pole. 

Figure'9. Damage from collision at 40 mph with traffic sign mounted at 42 in.; car runs into sign 
detached from post by impact. 
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Figure 10. Full-scale test at 40 mph; traffic sign mounted 
60 in. above pavement allows car to run beneath harmlessly. 

Conven t iona l l i g h t poles are self-
suppor t ing s t ructures n o r m a l l y erected 
on a concrete base and designed to w i t h 
stand winds of hurr icane ve loc i ty . U n 
f o r t u n a t e l y , t hey become roadside 
obstacles of i m p o r t a n t dimensions. As 
a compromise, a t r i p o d s t ruc ture con
s t ructed of l i g h t t u b u l a r ma te r i a l w i t h 
shear moun t s flush w i t h the base has 
been proposed. F igure 7 shows such a 
pole in contras t w i t h a conven t iona l 
pole in a p a r k i n g lo t . 

T h i s was evaluated in a full-scale test. 
F igure 8 shows three f rames f r o m the 
m o t i o n p ic ture record of this test. T h e 
car passed t h r o u g h beneath the pole 
w i t h negligible impac t and o n l y superf i 
cial damage; one leg, w h i p p i n g d u r i n g 
the col l i s ion, w o u l d have i n j u r e d occu
pants of a conver t ib le , b u t the design 
can be mod i f i ed to con t ro l th is . 

S tandard roadside signs, m o u n t e d at 
42 i n . above the pavement , are also a 
hazard. Figure 9 shows t h a t in a coll is ion 
a t 40 m p h a sign of th is type pierces the 
windsh ie ld p a r t i a l l y and showers the 
f r o n t passenger c o m p a r t m e n t w i t h glass. 
A t higher speeds, the sign w o u l d no t 
d r o p so f a r and occupants w o u l d find 
themselves r u n n i n g i n t o a 25-lb sign a t 
wha tever speed the car was t r a v e l i n g . 

W h e n the sign is m o u n t e d a t 60 i n . , 
the car passes beneath harmlessly ( F i g . 
10). R o a d signs a t the P r o v i n g G r o u n d 
are being relocated at 66 i n . 

D I T C H E S 

I n a l l par ts of the U n i t e d States i t is 
necessary to prov ide some t y p e of 
drainage system along the road to ca r ry 

Figure 11. Typical ditch on secondary road. 
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Figure 12. Sharp V-ditch on modern superhighway. 

off surface water . These di tches are 
e f fec t ive f o r c a r r y i n g of f the water , b u t 
they m a y present a serious hazard. 

F igure 11 shows a t yp i ca l s i t ua t ion o n 
m a n y miles of r u r a l road ; i t does no t take 
a safety engineer to recognize the serious
ness of the inev i tab le accident when some 
d r ive r becomes i n a t t e n t i v e or fa l l s asleep 
and leaves the road a t th is p o i n t . 

U n f o r t u n a t e l y , these practices are 
carr ied over to new roads ( F i g . 12) ; 
sharp V-di tches are s t i l l be ing graded 
almost i m m e d i a t e l y ad jacen t to the 
t raveled pa th of roads being b u i l t accord
i n g t o the In te r s t a te Sys tem standards. 

I n some cases, careless inspection 
procedures or lack of de t a i l i n construc
t i o n leaves a m o u n d unnecessarily ( F i g . 

Figure 13. Abrupt unnecessary roadside mound. 
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Figure 14. Impact test, ditch witli 2:1 backslope. 

13). O n r u r a l roads, a d d i t i o n a l r i gh t -o f -
w a y m u s t be procured or agreements 
w i t h the a b u t t i n g landowners made to 
abolish such ditches and banks. H o w 
ever, on por t ions of a modern road 
system where adequate r i g h t - o f - w a y is 
avai lable , such cons t ruc t ion is in to le rab le 
t o the safety engineer. 

T h e sever i ty of d i t c h impacts is 
ind ica ted b y F igure 14, w h i c h shows a 
remote ly cont ro l led car d r i v e n off a road 
t h rough a d i t c h w i t h a 2:1 backslope. 
T h e car was severely damaged and i t is 
ev ident t h a t the occupants w o u l d have 
suffered serious i n j u r y , a t least. 

F igure 15 shows a much mi lde r degree 

Figure 15. Im|iact test, ditch with 4:1 bacltsloiie. 
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Figure 16. GO-Mph test, driving tlirough flat-bottom ditcli. 

of sever i ty when the backslope is 4 : 1 . 
I n th is case the car c l imbed the b a n k 
w i t h a ra ther m i n o r i m p a c t and the 
i n j u r y and damage w o u l d have been 
negligible. 

T h e des i r ab i l i t y of ditches w i t h flat 
b o t t o m s and smooth contours and flat 
slopes has been discussed before, b u t no 
design c r i t e r i a have been g iven . Some 
p r e l i m i n a r y exper imenta t ion showed 
t h a t a car could be d r iven t h rough a flat 
d i t c h w i t h a wide rounded b o t t o m a t 60 
m p h w i t h ease and c o m f o r t ( F i g . 16). 

D I T C H T E S T S 

I n the foregoing test i t was n o t clear 
whe the r the value of the slope and back-
slope, the w i d t h of the b o t t o m d i t c h , or 
the dep th of the d i t c h c o n t r i b u t e d mos t 
s ign i f i can t ly to the sever i ty of opera t ion . 

PATH OF 
CENTER OF GRAVITY 
OF CAR ^ / ^ 

DITCH BOTTOM 

Figure 17. Schematic path of ear center of gravity tlirough 
ditch. 

A series of tests was r u n to evaluate the 
sever i ty of crossing a d i t c h as a f u n c t i o n 
of speed and d i t c h cross-section elements. 
I n the i n i t i a l series of tests, a d i t c h was 
d u g i n c o n f o r m i t y w i t h the M i c h i g a n 
State H i g h w a y D e p a r t m e n t s tandards 
f o r a median d i t c h on a d iv ided road. 
Cars were d r i v e n t h r o u g h the d i t c h a t 
moderate speeds; the d r i v e r noted the 
subject ive sever i ty as speed was i n 
creased and measurements of " v e r t i c a l " 
accelerations were made so t h a t the 
numer ica l values cou ld be correlated 
w i t h the d r ive r ' s sensations up t o the 
po in t where the opera t ion became so 
severe i t was unsafe. 

I n t u i t i o n suggests t h a t a d i t c h cross-
section should be of some curved f o r m 
to m i n i m i z e i m p a c t ; as the suspension 
system deflects under impac t , the u n 
sprung mass of the car w i l l f o l l o w a 
curved p a t h . I f the t r ans i t ion f r o m the 
side slope to the b o t t o m of the d i t c h is 
gentle enough t h a t the bumper does n o t 
d ig i n , the unsprung we igh t and the 
sprung mass of the car should have a 
cont inuous curv i l inea r m o t i o n . T h e 
simplest to consider w o u l d be a c i rcu la r 
m o t i o n as ind ica ted schematical ly i n 
Figure 17. 

I f the d i t c h cross-section is c i rcular 



132 D E S I G N 

6:1 SLOPE 

6:1 SLOPE 

PLAN VIEW 

CIKCULAIl ARC 
PERPENDICULAR TO ROADWAY 

CROSS-SECTION VIEW 

- CIRCULAR ARC 

Figure 18. Plan and section, ditch test. 

w i t h radius r, the p ro j ec t ion on the p a t h 
at w h i c h the car m a y r u n t h r o u g h the 
d i t c h becomes e l l ip t i ca l i n f o r m ; the 
pa th w i l l make some angle w i t h the axis 
of the road, possibly up t o 20° or more. 
T h e p ro jec t ion of a c i rcular cross-section 
on a p a t h a t angle of 90° —0 f r o m the 
axis of the road has the f o r m : 

= 1 (1) 

w h i c h is an ellipse i n the y-l plane, w i t h 
m a j o r axis of r/cos<j> and m i n o r axis of r, 

PLANE 

Y 

Z-DIRECTION OF ROADWAY 
X-AXIS PARALLEL 

TO PLANE OF ROADWAY 
AND AT RIGHT ANGLES 
TO DIRECTION OF ROAD 
AXIS PERPENDICULAR 
TO PLANE OF ROADWAY 
(VERTICAL) 

Figure 19. Projection of circular cross-section on car path 
through ditch. 

where 90° — <̂> = angle between p a t h of 
car and axis of d i t c h . T h e d e r i v a t i o n is 
g iven i n the A p p e n d i x and Figures 18 
and 19 indicate how th is p ro j ec t i on is 
made. 

W i t h a g iven d i t c h cross-section, the 
radius of cu rva tu re m a y be es t imated 
graphica l ly , and w i t h the speed a r b i 
t r a r y , the value of the radia l acceleration 
can be computed . 

T o v e r i f y the analysis and t o develop 

VABBS fl/)' TO 10J.0' 

STA. 7+00 TO »+50 

h 
130' V.O VARIES 11 1' TO 70.9' VARIES 11.4' TO U.4' VARIES 11.1' TO ».•' ,xr , 1 11.0-

I 1 1 
• 1 ^~""~"^^t!_^^^^^^^ Sf- * 4' V,C. —̂  

ll-'s \ 

STA. 3+50 TO 6+00 

vARiEi n.r TO w.r 

STA. 0+00 TO 2 + 50 

Figure 20. Test ditch cross-sections. 
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< 
S. 0.2 

30 40 50 
CAR SPEED-MPH 

Figure 21, Normal ("vertical") acceleration computed from 
test section design. 

values of radia l acceleration or severi ty 
w h i c h cou ld be to lera ted, three test 
d i t c h sections were const ructed as shown 
i n F igure 20. T w o sections w i t h a 4:1 
slope are t aken f r o m the M i c h i g a n State 
H i g h w a y D e p a r t m e n t standards f o r a 
median d i t c h ; these have d i t c h slopes of 
4:1 w i t h v a r y i n g w i d t h of the b o t t o m 
and v a r y i n g dep th t o p rov ide l o n g i t u d i 
nal drainage. Section 3 has the slope and 
backslope of 6:1 and the dep th v a r y i n g 
f r o m 4>< to 4 ^ f t , w i t h an 8- f t wide 
b o t t o m . 

T y p i c a l values of the n o r m a l or v e r t i 
cal accelerations were computed f r o m 
the test sections of 6:1 slope ( F i g . 21) . 

T h e tests were conducted b y l a y i n g 

o u t angles between the car p a t h and 
axis of the d i t c h of 10°, 15° , and 20° and 
b y d r i v i n g the car t h rough the d i t c h at 
i icreasing increments of speed. D u r i n g 
each test, recordings were made of the 
no rma l acceleration ( t ha t is, the rad ia l 
or ve r t i ca l acceleration) and the d r ive r ' s 
op in ion of the sever i ty was noted . Tests 
were conducted up to the p o i n t of ex
t reme d i scomfor t , and an est imate was 
made of the tolerable va lue of no rma l 
acceleration. I t should be noted here 
t h a t considerable t r a i n i n g was i n v o l v e d 
and the test engineer developed a con
siderable resistance to th i s t y p e of 
opera t ion . T h i s is an experience of 
considerable sever i ty at the higher 
speeds, and i t m a y be an t i c ipa ted t h a t 
the u n w a r y d r i v e r w i l l suffer severe 
psychological damage before he suffers 
physical i n j u r y . Because of his na tu r a l 
a l a rm, he is ap t to lose con t ro l of the car 
and prec ip i ta te an even more serious 
accident . Figures 22 and 23 show 
t y p i c a l test scenes. 

A f t e r the p rac t ica l l i m i t of d r i v e r 
tolerances had been reached, test cars 
equipped w i t h remote con t ro l devices 
were operated i n a l i m i t e d series of tests 
to de termine , i f possible, the sever i ty a t 
w h i c h s t ruc tu ra l damage began to ap-

Figure 22. Car entering ditch on test. 
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Figure 23. Car passing through ditch; bumper strilies ground here. 

pear. I t was in tended to cont inue the 
tests up to the p o i n t where i t was as
sumed t h a t serious i n j u r y w o u l d result 
t o the passengers. A l i m i t e d number of 
tests was made; these are n o t considered 
s ignif icant , because there should be no 
serious interest i n a d i t c h section where 
the sever i ty is beyond the d r ive r ' s 
tolerance. 

T h e test d a t a consisted of the values 
of acceleration measured b y a t ransducer 
carr ied on the car such t h a t i t measured 
the accelerations app rox ima te ly no rma l 
to the l ong i t ud ina l axis of the car and 
recorded t h e m on an osc i l lograph; car 
speed was recorded s imul taneously . 

Figure 24 is a t y p i c a l osci l logram f r o m 
these tests. T h e upper trace indicates 
car speed; i n th is test i t was 51 m p h . 
T h e second trace f r o m the top shows an 
ind ica t ion of the t i m e d u r i n g w h i c h the 
car was passing t h rough the d i t c h as 
noted b y the d r i v e r ; th i s is ind ica ted b y 
the s l igh t ly elevated p o r t i o n of the 
second l ine f r o m the top ex tending 
across the midd l e t w o - t h i r d s of the 
char t . 

T h e b o t t o m trace shows the accelera
t i o n recorded; as the car enters the d i t c h , 
the acceleration is s l i gh t l y above the 
zero l ine, or negative, p robab ly f r o m the 
effect of going over the ve r t i ca l curve. 

T h e acceleration increases f a i r l y r a p i d l y 
and d u r i n g the most severe p o r t i o n of 
the passage t h rough the d i t c h i t has a 
f a i r l y h i g h level , w h i c h persists f o r 
app rox ima te ly 0.2 sec. T h e mean value 
ind ica ted d u r i n g this p o r t i o n of the 
passage t h r o u g h the d i t c h was approx i 
m a t e l y 0.75 g. T h e va lue calculated b y 
assuming the reasonable p a t h of curva
tu re f r o m the p ro jec ted cross-section of 
the d i t c h was 0.32 g. 

T h i s re la t ionship between the calcu
la ted va lue and the t y p i c a l value 
measured is representat ive of the cond i 
t ions f o u n d i n most of these tests. T h i s 
char t indicates t ha t , d u r i n g such tests, 
observed values were i n the range of 
those calculated, b u t values also were 
observed persist ing fo r an appreciable 
l eng th of t i m e w h i c h are considerably 
higher than those ca lcula ted; in the 
severe cases, of w h i c h th is is an example, 
the observed values are near ly twice the 
calculated values. 

T h i s is easy to unders tand; the sus
pension system of an au tomobi le w i l l 
" b o t t o m " under values of ve r t i ca l ac
celerat ion w h i c h are r e l a t ive ly m i l d i n 
the f r a m e w o r k of reference of these tests. 
W h e n the suspension system bo t toms , 
ve r t i ca l forces are t r a n s m i t t e d t h rough 
the rubber bumpers, w h i c h have a m u c h 
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SECTION 3^^j5°^ 51 MPH 

CAR SPEED 

NORMAL ACCELERATION 

ALULATED .322 

MEAN .75 

Figure 24. Qgcillogram showing ditch test results. 
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Figure 25. Comparison of calculated and measured accelerations; ditch section 3, slope 6:1, 8-ft bottom. 
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Figure 26. Comparison of calculated and measured accelerations; ditch section 1, slope 4:1, 8-ft bottom. 

higher rate t h a n the car springs and a 
rate w h i c h m a y increase considerably 
as the def lect ion is increased; conse
quen t ly , an i m p a c t severe enough to 
b o t t o m the suspension system w i l l 
in t roduce non-l ineari t ies f o r w h i c h no 
provis ion is made i n the calculat ions and , 
indeed, w h i c h w o u l d be d i f f i c u l t o r 
impossible to compute d i r e c t l y b y simple 
means. 

Figures 25 and 26 show the comparison 
of calculated and measured values on 
d i t c h sections 3 and 1, respectively, as 
a f u n c t i o n of speed f o r a 20° angle of 
a t t ack . 

I t w i l l be noted t h a t a t the re l a t ive ly 
m i l d condi t ions a t 10 m p h there is 
reasonably close agreement between the 
observed and calculated values b u t t h a t 
the difference between t h e m increases 
r a p i d l y as the speed and, consequently, 
sever i ty of the test increases. I t m a y b e 
noted also t h a t the values of b o t h the 
computed and measured decelerations 
increase as the angle of a t t a c k increases; 
thus , fo r a 20° angle of a t t ack at 50 m p h 
where the computed value is app rox i 
m a t e l y 0.56 g, the observed value is 
app rox ima te ly 1.1 g on the tests on 
d i t c h section 3 ( F i g . 25) . 

Somewhat comparable results are 

shown i n F igure 26 i n the tests on d i t c h 
section 1; the dififerences between the 
observed and compu ted values are even 
greater. T h e observed sever i ty of tests 
was somewhat greater on d i t c h section 1 
and the l i m i t i n g speed was app rox i 
m a t e l y 40 m p h , compared w i t h app rox i 
m a t e l y 50 m p h on d i t c h section 3. 

T h e values (Tab le 1) indicate t h a t 
the observed sever i ty is a p p r o x i m a t e l y 
twice t h a t of the calculated va lue under 
the more severe condi t ions . 

T h u s i t is apparent t h a t none of the 
three d i t c h sections tested w o u l d be 
acceptable f o r a p r i m a r y road or a road 
where speeds above 50 m p h m i g h t be 
an t ic ipa ted . 

T h e d i t c h section shown under test 
i n Figure 16 was re-evaluated more 
ca re fu l l y t o p rov ide a be t te r es t imate of 
i t s capac i ty b y using a remote ly con
t ro l l ed car a t elevated speeds. T h e cross-
section is shown i n F igure 27. 

D r i v i n g experience a t moderate speeds 
indicates t h a t the sever i ty of i m p a c t 
begins to become uncomfor t ab le a t 
app rox ima te ly the p o i n t where the 
suspension b o t t o m s ; i t approaches the 
intolerable level when the bumper strikes 
the g round . A t higher speeds, i t w o u l d 
be expected t h a t even m i n o r contac t 
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C A L C U L A T E D A N D M E . \ S U R E D V . \ L U E S O F g F O R V A R I O U S C R O S S - S E C T I O N S , A N G L E S O F A T T . A C K . 
A N D S P E E D S 

.\ngle 
of 

Attack, 
deg 

Value of t 
.\ngle 

of 
Attack, 

deg 

10 M P H 20 M P H 30 M P H 40 M P H 50 M P H 
.\ngle 

of 
Attack, 

deg Meas. Calc. Meas. Calc. Meas. Calc. %" Meas. Calc. Meas. Calc. 

(a) S E C T I O N 1 

10 
IS 
20 

0.09 
0.07 
0.14 

0.009 
0.020 
0.034 

10 
29 
24 

0.14 
0.15 
0.30 

0.036 
0.079 
0.137 

26 
53 
46 

0.25 0.081 
0.36 0.178 
0.80 0.309 

32 
50 
39 

0.39 
0.54 
1.10 

0.143 
0.316 
0.548 

37 
59 
50 

— — 
— 

(6) SECTION 3 

10 
15 
20 

0.05 
0.05 
0.07 

0.006 
0.013 
0.025 

12 
26 
28 

0.10 
0.14 
0.15 

0.023 
0.052 
0.100 

23 
37 
67 

0.16 0.052 
0.30 0.116 
0.42 0.224 

32 
39 
53 

0.19 
0.39 
0.80 

0.096 
0.205 
0.398 

50 
53 
50 

0.25 0.145 
0.71 0.322 
1.10 0.645 

58 
45 
59 

Calculated 
Measured xioo. 

w i t h the g round w o u l d be i n j u r y -
p r o d u c i n g ; therefore , th is is a cond i t i on 
w h i c h the d i t c h design should avo id . 
There is some evidence t h a t suspension 
systems w i l l b o t t o m heavi ly under 
no rma l ve r t i c a l accelerations i n the 
order of 0.5 g, w h i c h appears to be i n the 
range i n w h i c h the calculated sever i ty 

of opera t ion is a first a p p r o x i m a t i o n to 
the average values observed. 

Design c r i t e r ia m i g h t therefore be 
based on the development of d i t c h 
cross-sections w h i c h , when projec ted at 
reasonable angles of a t t ack , w o u l d y i e l d 
p a t h profi les such t h a t the cu rva tu re of 
the p a t h of the center of g r a v i t y could 

M I L I T A R Y S T R A I G H T A W A Y 
S L O P E S O N N O R T H S I D E 

0 — 
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ro— 
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E D G E OF 
MIL. STWY. 

6.5:1 14.5:1 

11.5:1 150' W E S T OF 0.3 MILE M A R K E R 
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D I S T A N C E - F E E T 

I 
60 7 0 

Figure 27. Test at 75 mph in first experimental ditch. 
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SIDE SLOPE 

DITCH B O n O M 

Figure 28. Elements considered in the development of ditch 
design criteria. 

be es t imated reasonably accurately and 
first-order a p p r o x i m a t i o n to v e r t i c a l 
acceleration computed . Conservat ive 
design c r i t e r i a should p rov ide t h a t 
calculated values of ve r t i c a l accelerations 
should n o t exceed 0.5g f o r a car passing 
th rough a d i t c h at an angle of 15° under 
the an t i c ipa ted speeds of opera t ion . 
Th i s w o u l d assure reasonably c o m f o r t 
able opera t ion a t the design speed and 
provide a s l ight m a r g i n of safe ty f o r 
the d r i v e r w h o m a y have been unwise 
enough to exceed the design speed and 
u n f o r t u n a t e enough to leave the paved 
surface a t 15° or even some greater angle. 

T h e most i m p o r t a n t element of the 
d i t c h section design i n c o n t r o l l i n g the 
severi ty is the l eng th of the ve r t i c a l 
curve between the side slopes and the 
d i t c h b o t t o m . Obv ious ly the radius of 
cu rva tu re is the con t ro l l i ng element. 
For design purposes, however, i t is m u c h 
simpler to use a c i rcular ve r t i c a l curve 
and employ c r i t e r i a based on ve r t i c a l 
curve leng th . F igure 28 defines the 
elements considered i n the development 
of d i t c h design c r i t e r ia . 

F igure 29 shows the re la t ion between 
ve r t i c a l curve l eng th and the d i t c h slope 

1 
SPEED; 65 MPH 

SLOPE: 
u.ag 

6:1 

5 10 15 
ANGLE OF AHACK-DEGREES 

20 

Figure 30. Vertical curve length as a function of angle of 
attaclc for severity of 0.5g on a slope of 6:1. 

f o r the a r b i t r a r y condi t ions of the speed 
of 65 m p h and angle of a t t a c k of 15° , 
w h i c h w i l l p rov ide a sever i ty or n o r m a l 
acceleration of 0.5g. T o be noted is the 
r ap id increase i n required length of 
ve r t i ca l curve as the slope increases. 

Figure 30 shows the inf luence of the 
angle of a t t ack on ve r t i ca l curve length 
f o r the a r b i t r a r y condi t ions of speed of 
65 m p h and a d i t c h w i t h a slope of 6:1 
w h i c h w i l l produce a sever i ty or m i n i 
m u m acceleration of 0.5g. F r o m th is i t 
w i l l be noted t h a t the sever i ty increases 
m u c h more r a p i d l y t h a n the angle of 
a t t ack . 

T h e impor tance of the ve r t i ca l curve 
as a design element of the d i t c h section 
is emphasized b y Figure 3 1 , w h i c h shows 
v a r i a t i o n i n sever i ty w i t h ve r t i ca l curve 
l eng th ; condi t ions assumed are 15° angle 
of impac t , 65 m p h , and 6:1 side slope. 
T h e ve r t i ca l curve cannot be l e f t t o 
chance i n design, cons t ruc t ion , or m a i n 
tenance. 

T h i s concept of roadside safety f o r 
h ighways a t cur ren t opera t ing speeds 

SPEED: 65 MPH 
6:1 SLOPE 
ANGLE OF ATTACK 

SPEED: 65 MPH 
SEVERITY: 0.5g 
ANGLE OF ATTACK 

6:1 
SLOPE-RATIO 

20 
LENGTH-FEET 

Figure 29. Vertical curve length as a function of ditch slope 
for severity of 0.5g at a 15° angle of attack. 

Figure 31. Variation in severity with ditch vertical curve 
length. 
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Figure 32. Car on test at 65 mph rolls over at toe of 4:1 slope. 

provides t h a t obstacles are cleared fo r 
a reasonable distance f r o m the edge of 
the pavement to p rov ide maneuver room 
f o r the d r i v e r w h o leaves the pavement , 
and t h a t the roadside is t raversable so 
he can maneuver sa t i s fac tor i ly . O b v i 
ously the d r i v e r w i l l be unable to con t ro l 
his car i f the roadside is so severe t h a t 
the car is damaged, or i f he is i n j u r e d or 
even severely shaken u p or a larmed. 

R O A D S I D E S L O P E S 

There are few da ta of the value of the 
side slopes on f i l l sections upon w h i c h to 
base design cr i te r ia . I n some cases i t is 
obvious ( F i g . 32) t h a t the slope is too 
steep, or t h a t the t r an s i t i on f r o m the 
side slope to na tu r a l grade is too a b r u p t . 
I n m a n y cases, on re la t ive ly flat gentle 
slopes the car slides ra ther t h a n ro l l s 

Figure 33. Car slides on 6:1 slope. 
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Figure 34. Car rolls over on side slope. 

over (F ig . 3 3 ) ; b u t i n cer ta in cases the 
car m a y ro l l over ( F i g . 34) . 

T h e force and m o m e n t systems on a 
car s l id ing d o w n a slide slope are i n d i 
cated in Figure 35, i n w h i c h W is the 
weight of the car, T is the t read, H is the 
center of g r a v i t y height , 6 is the angle of 
inc l ina t ion of the slope, and F is the sum 
of the g r a v i t a t i o n a l component and 
ground react ion or i m p a c t react ion 
against an obstacle at the po in t where 
the we igh t on the upper wheel , Wu, 
approaches zero. T h e e q u i l i b r i u m of 

w c o s e 

W s i n e 

force components paral le l to the slope 
of the plane and no rma l to the plane are 
g iven b y Eqs. 2 and 3, respect ively; the 
e q u i l i b r i u m of moments b y E q . 4. 

XF, = F-ima+Wsme)=0 (2) 

^Fy = Wi-Wcose (3) 

XM, = ^W cosd-H(ma+W smd)=0. (4) 

F r o m E q . 2, 

F = ma+W smd. (5) 

F r o m Eqs. 5 and 4, 

cosff-HF = 0. ( 6 ) 

F = — I F cose (7) 
2H 

and the coeff icient of f r i c t i o n (or coeff i 
c ient of g round react ion) is 

_ F _ T 
where 6 = 0. (8) 

Figure 35. Force and moment relations when car sliding 
down side slope is decelerated. 

T h u s , on a level road the coeff icient of 
g round react ion w h i c h w i l l balance the 
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car about the react ing wheel is equal to 
the r a t io T / l I I , where T is the t read 
w i d t h and / / is the center of g r a v i t y 
height . 

E q . 7 shows t h a t on a car s l id ing 
d o w n a slope the g round react ion force 
necessary to t i p i t over is p ropor t iona l 
to the cosine of the angle of inc l ina t ion 
of the slope, consequently the reaction 
force against the wheel required to t i p 
the car over decreases as the angle of 
i n c l i n a t i o n of the slope increases. I t 
should be noted, f u r t h e r , t h a t the ra t io 
of the hor i zon ta l and no rma l forces, 
F/W, m a y be a coeff icient of f r i c t i o n or 
a coeff icient of g round react ion required 
to give th is e q u i l i b r i u m of o v e r t u r n i n g 
moments and t h a t the va lue of th is 
react ion is dependent on the t read w i d t h 
and the center of g r a v i t y height as 
expressed i n E q . 8. O n a level road, f o r 
example, the car w i l l o v e r t u r n when the 
coeff ic ient of f r i c t i o n exceeds the r a t i o 
of the t read and twice the center of 
g r a v i t y height . 

T h e va lue of the deceleration w h i c h 
mus t be p rov ided b y the f r i c t i o n or 
g round react ion on the side slope to 
o v e r t u r n the vehicle m a y be de te rmined 
f r o m the foregoing relat ions. 

So lu t ion f o r the deceleration, a, gives: 

100 

ma = — W COS0- W sinO 
2H 

(9) 

Wa T 
— = —Wcosd-Wsind (10) 

p 2H 

- = — cos^—smS 
g 2H 

(11) 

z 100 
ANGLE OF AHACK: 25-

6:1 4:1 
SLOPE-RATIO 

Figure 36. Effect of roadside slope on "tripping" 
deceleration. 

u 

z 
FOR AIL VAIUES OF T 

18 19 20 21 22 23 24 
H-CENTER OF GRAVITY HEIGHT-INCHES 

Figure 37. T / 2 H as function of H and T . 

a/g is the deceleration i n g r a v i t y u n i t s ; 
i t is i n the same uni t s and magn i tude as 
/ i n E q . 8. 

T h e efl'ect of roadside slope on the 
decelerat ion p rov ided b y the f r i c t i o n or 
g round react ion on the deceleration 
requi red to t r i p the car is shown i n 
F igure 36 f o r an a r b i t r a r y angle of a t t a c k 
of 25° , where a va lue of T/2H repre
sentat ive of cur ren t automobi les is 
considered. I t shows, f o r example, t h a t 
decelerat ion p rov ided b y the g round 
react ion and the coeff icient of f r i c t i o n of 
the slope required to t i p the car over is 
reduced b y about 6 percent below t h a t 
required on a level road on a slope of 
6 : 1 ; on a roadside slope of 4 : 1 , the 
t r i p p i n g deceleration required to over
t u r n the car is reduced b y 9 percent; on 
a 3:1 slope b y 13 percent; on a 2:1 slope 
b y 20 percent. F igure 36 means, then, 
t h a t i t is easier to t i p a car over on a 
steep slope than on a r e l a t ive ly flat slope. 

A s computed app rox ima te ly f o r s ta t ic 
condi t ions , cur ren t automobi les have an 
average s t a b i l i t y f ac to r of abou t 1.4 
w i t h some small va r ia t ions related to 
d i f f e r e n t design approaches. 

T h e effect on the s t a b i l i t y fac tor , 
T/2H, of v a r i a t i o n i n T and H, the 
t read w i d t h and center of g r a v i t y he ight 
respectively, is shown i n Figure 37 f o r 
a l l treads i n the prac t ica l range and a 
range i n center of g r a v i t y height f r o m 
18 i n . to 24 i n . T h e effect of lower ing the 
height of the center of g r a v i t y is of more 
impor tance on th is v a r i a t i o n t h a n is the 
effect of changing the t read . Figures 38 
and 39 show the rates of change o f / w i t h 
T and H, respectively. T h e d e r i v a t i v e 
of th is f u n c t i o n w i t h respect t o T, 
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Figure 3S. Rate of change of f with respect to T . 

{df)/{dT) = {\)/{2H), is independent of 
T, i n d i c a t i n g t h a t / decreases as the 
reciprocal of H of a l l values of T. On the 
other hand , the d e r i v a t i v e of / w i t h 
respect to H, idf)/{dH) =-{T)/{2IP), 
is inversely p ropo r t i ona l to the square of 
H, the center of g r a v i t y height , so t h a t 
the c o n t r i b u t i o n of H to the s t a b i l i t y 
index va r ied as the negative reciprocal 
of m 

T h e rela t ive s t a b i l i t y of the cur ren t 
cars has been achieved largely b y v i r t u e 
of l o w center of g r a v i t y height . I n pass
ing, i t should be noted t h a t reduc t ion i n 
the center of g r a v i t y height means 
i n e v i t a b l y t h a t the d r ive r ' s pos i t ion i n 
the car w i l l be lowered and consequently 
t h a t the d r iver ' s eye height is also 
lowered. 

T h e t r end i n d r ive r ' s eye he ight and 
its re la t ion t o crest ve r t i ca l curve 
passing distance is discussed elsewhere 
{4, 5, 6). I t should be clear, however, 
t h a t the reduc t ion i n eye height occurs 
somewhat i n p r o p o r t i o n to the decrease 

0 

-.02 

•Is-.04 
I 

^ , , - . 0 6 

18 19 20 21 22 23 24 
H-CENTER OF GRAVITY HEIGHT-INCHES 

Figure 39. Rate of change of f with respect to H . 

i n center of g r a v i t y height and t h a t the 
s t a b i l i t y of the car is increased app rox i 
m a t e l y as the inverse square o f the 
reduc t ion i n d r iver ' s eye he igh t ; t h a t is, 
as the square of the decrease i n he ight 
of the center of g r a v i t y . 

T h e significance of the s t a b i l i t y fac tor , 
T/2H, is t h a t th is f ac to r is equal t o the 
coeff icient of f r i c t i o n of the surface o n 
w h i c h the car w i l l o v e r t u r n w h e n i t is 
s l id ing sideways or "coe f f i c i en t " of 
g round reac t ion; the uni t s of s t a b i l i t y 
fac to r are the same as those of coeff icient 
of f r i c t i o n . 

T o determine the significance of the 
values of the s t a b i l i t y fac tor , or the 
t r i p p i n g deceleration rate, w h i c h mus t 
be p rov ided b y g round react ion or 
coefficient o f f r i c t i o n of the g round 
surface, a car was dragged sideways on 
several types of surface. T h e m e t h o d is 
shown i n Figure 40 and oscillograms of 
the results of tests on representat ive 
surfaces are shown i n F igure 4 1 . T h e 
recorded test results were measured 

Figure 40. Method of measuring lateral ground reaction. 
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Figure 41. CoefHcients of lateral ground reaction. 

over a range of low speeds. T h e grass 
surface, was d r y , firm, and t y p i c a l of 
the mowed grass i n a field or representa
t i v e of sodded roadside surfaces i n 
M i c h i g a n . T h e g round was firm and d r y , 
representat ive of t yp i ca l summer condi 
t ions. Tests were repeated i n late October 
when the f a l l rains had moistened the 
ground t h o r o u g h l y (F ig . 42) . T h e 
differences between d r y and firm and 
w e t sod are no t large and are generally 
less t h a n the effects of local var ia t ions 

or protuberances d u r i n g each of the 
tests. 

T h e side force g round react ion on d r y 
sod ( F i g . 41) ranges p r i m a r i l y between 
1.0 and 1.2 as expressed i n uni t s of 
coefificient of f r i c t i o n , w i t h local va r i a 
t ions w h i c h m a y be t aken as ind ica t ive 
of the effect of smal l local protuberances. 
A l t h o u g h the range of speed was low, 
there is l i t t l e v a r i a t i o n i n the value of 
"coe f f i c i en t " w i t h speed. A l t h o u g h th i s 
f ac to r is expressed as i f i t were a coef¥i-
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Figure 42. Coefficient of lateral ground reaction, wet sod. 

cient of f r i c t i o n , i t is p robab ly no t a t rue 
coeff icient and values are p robab ly 
dependent on surface i r regular i t ies . 

T h e values developed on a b i t u m i n o u s 
concrete surface ( F i g . 41) show t h a t a t 
lower speeds the coeff icient of f r i c t i o n 
also fa l ls i n the range between 1.0 and 
1.2, and at speeds of app rox ima te ly 10 
m p h the coeff icient fa l l s below 1.0; t h a t 
is, i n th is case, a decrease of coeff icient 
was observed w i t h an increase of speed. 

T h e results of tests made on a gravel 
road surface ( F i g . 41) show t h a t the 
coeff icient of f r i c t i o n varies between 
0.6 and 0.8, w i t h a t y p i c a l va lue of 
possibly 0.7. L i t t l e effect is shown over 
a speed range of approx ima te ly 11 m p h 
to near ly 0 m p h . 

T h e results of tests made o n a d i r t 
surface (F ig . 41) show t h a t the t y p i c a l 
values of speeds of the order of 4 m p h or 
less are generally speaking below 0.8, 
a l though the coefficient reaches 1.0 
local ly . T h e effect of speed over a range 
up to app rox ima te ly 5 m p h appears to 
be negligible. 

T h e coefficient of f r i c t i o n measured 
b y dragging a car sideways on a p o r t l a n d 
cement concrete road surface ( F i g . 41) 
shows t h a t f o r speeds of app rox ima te ly 
10 m p h the coefficient is somewhat below 
0.8. A t lower speeds (8 m p h and lower) 
the coeff icient rises above 0.8 and exceeds 
1.0 a t creeping speeds. 

O n paved surfaces the coeff icient 
develops higher values at lower speeds, 
b u t th is cond i t i on is apparen t ly no t 
f o u n d on sod, gravel or d i r t surfaces. 

F igure 43 is a s u m m a r y of average 
values of la teral coefficient of f r i c t i o n or 
g round react ion shown on the oscillo
grams i n Figures 41 and 42. 

A l t h o u g h i t was no t possible i n th i s 
series of tests to observe values of g round 
react ion a t p rac t ica l road speeds, the 
oscil lograms made i n the range f r o m 0 
t o 12 m p h do no t suggest t h a t there is 
an i m p o r t a n t v a r i a t i o n i n speed on 
ei ther we t or d r y sod; the values on we t 
and d r y sod are essentially the same. 

I t seems obvious t h a t the m a x i m u m 
prac t ica l values of coeff icient of f r i c t i o n 
or g round react ion on a side slope w i t h 
firm, d r y sod w i l l occur when there are 
i r regular i t ies i n the surface, p ro tuber 
ances or ru t s w h i c h the car wheel m a y 
s t r ike , so t h a t r e l a t ive ly h igh values of 
i m p a c t resistance occur w h i c h m a y t r i p 
the car, or when the g round is so f t 
enough t h a t the lower wheel can d i g i n 
and develop a re la t ive ly large shear force 
against the edge of the groove i n the 
g round . 

I n v i ew of the r e l a t ive ly smal l reserve 
of s t a b i l i t y p rov ided b y cur ren t au to
mobiles w i t h l ow center of g r a v i t y height , 
ca re fu l design and cons t ruc t ion of the 
roadside is a m a t t e r of great significance 
i n the design f o r roadside safety. T h i s 
leads t o the suggestion t h a t more 
sophist icated design and cons t ruc t ion 
practices f o r roadside surfaces should 
prov ide f o r compact smooth surfaces 
and t h a t maintenance practices should 
give m u c h more emphasis to preserving 
this smoothness. T h e impor tance of 
smooth , firm, l ow coeff icient roadside 
surfaces can ha rd ly be overemphasized 
i n the considerat ion of roadside safety. 

T h e effect of roadside slope i n reducing 
the t r i p p i n g deceleration level is of first 
order of s ignif icance; the 6 to 20 percent 

1.2 

1.0 

i 
u 

0.4 

0.2 

0 
Figure 43. Summary of average values of lateral coefiicient 

of friction. 
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reductions noted in Figure 36 when the 
car is sliding down the slopes of 6:1 and 
2:1 at a 25° angle may indeed be of great 
significance. 

The value of the slope also has second
ary effects, because the steeper the slope, 
the longer the velocity of the car wi l l be 
maintained and thus the greater wi l l be 
the possibility of striking some protuber
ance which wi l l t r ip i t . Furthermore, the 
steeper the slope, the greater is the 
weight transfer f rom the upper to the 
lower wheel and the greater the indenta
tion into the ground wi l l be and the larger 
the shear forces may be. 

I t must be concluded that for safe 
roadside design the slopes must be as 
flat as possible, not steeper than 6:1 and 
preferably flatter. They must be as 
smooth and firm as possible and provide 
the lowest possible reaction against a 
car sliding sideways down them. 

Unfortunately, there is no manner of 
specifying roadside smoothness ade
quately. Tentatively i t may be said that 
slopes should be free from stumps, firmly 
embedded stones, and erosion channels, 
and smooth enough to be mowed com
fortably. The apparent margin of stabil
i ty factor of even the current automobiles 
wi th low center of gravity height is such 
that relatively small improvements in 
the flatness and the smoothness of the 
roadside slopes would make significant 
reduction in roadside hazards. 

GUARDRAILS 

Under some circumstances, i t w i l l be 
impossible to eliminate the obstacles 
f rom beside the road; bridge piers must 
be relatively close, and in mountainous 
terrain i t wi l l be impossible to have side 
slopes constructed according to the ideal 
previously discussed. I n other cases, on 
high fill, the slope of the natural ground 
wi l l be such that i t wi l l be impossible to 
build a flat, gentle side slope, and a steep 
fill wi l l be required. In these cases, some 
use of guardrail must be made to protect 
against the more serious obstacles. 

Lundstrom and Skeels have reported 
on a series of full-scale guardrail tests 
conducted at the Proving Ground ( i ) . 
A major conclusion of their paper was 
that there was no such thing as a perfect 
guardrail, that a guardrail was a last 
resort, and that i t should be used only 
when no other solution was possible. 
Beaton (7) reported on a series of tests 
of median barrier installations compara
ble wi th guardrails. However, because 
the Lundstrom and Skeels report was 
incomplete, some additional tests were 
conducted wi th particular reference to 
the design of the end installation. Figure 
44 shows results of a full-scale impact 
of a car against the end of a standard 
guardrail. This produces a shocking 
direct collision wi th an obstacle; i t is a 
completely undesirable installation. An 

Figure 44. Collision with standard guardrail end installation. 
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Figure 45. Test of 25-ft ramp end insUllation at 50 mph. 

improvement on this was sought by 
ramping the end sections down to the 
ground to allow the car to slide upward. 
Figure 45 shows a car striking the end 
of such a ramped section at 50 mph. The 
impacts were rather moderate, and this 
approach appeared to be rather promis
ing. 

A second test was made at 60 mph on 
an installation having a somewhat longer 
ramp (Fig. 46). I n this case, i t is obvious 
that the ramp was too steep and the car 
was pitched violently up in the air. A 
third installation was made wi th a still 
longer ramp and wi th closely spaced 
posts extending 6 in. above the rail 
(Fig. 47). The results were somewhat 

more favorable, but the impact was 
severe. 

There may be other and better solu
tions to this problem: Figure 48 shows 
probably a nearly ideal condition where 
the back slope of the ditch was approxi
mately 30 in. above the pavement surface 
and the guardrail was taken across the 
ditch and started at approximately the 
top of the bank so that the end is pro
tected completely. This solution can be 
applied to equal advantage where the 
back slope extends well above the level 
of the pavement, provided there is a 
shallow ditch of good design. 

I n locations where there is no conven
ient ditch and back slope, a long low 

Figure 46. 60-Mph test of ZlVi-ft ramp end installation. 
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Figure 47. Test of guardrail end ramp witli 6-in. post exposed. 

earth mound ahead of the end of the 
guardrail (Fig. 49) would appear to have 
great advantage. As shown, provision is 
made that one or the other of the wheels 
might run up on the bank, and when the 
car reaches the guardrail i t wi l l simply 
slide along the top. I f the car strikes the 
approach ramp dead center, i t wi l l simply 
slide up the long gentle ramp wi th very 
low impact values. 

A variation of this design might be to 
build a somewhat wider ramp, falling 
away more slowly as the end of the 
guardrail is reached, so that the whole 
car would drive up the ramp and the flat 
departure slope of the ramp would allow 
the car to settle down on top of the 

guardrail gently. There has been no 
opportunity to evaluate the design 
suggested in Figure 49. One is left wi th 
the impression that i t should be a 
satisfactory solution to the problem for 
most installations. I t seems clear that 
almost anything is better than no end 
treatment at all. 

As noted also by Lundstrom and Skeels 
(7), there is still uncertainty as to the 
type of installation which wi l l produce 
the minimum hazard to the occupants 
of the car. There is some question about 
the compromise between minimum 
hazard to the occupants and to the other 
travelers on the highway. There is some 
question remaining about the optimum 

Figure 48. Guardrail end installation in ditch back slope. 
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Figure 49. Artist's concept of buried guardrail end installation. 

type of guardrail, whether i t be a beam-
type, cable-type, net-type, or some fixed 
impassable barrier. More information is 
needed on the best type of material, 
which may be steel, aluminum, fiberglass 
or wood. There is some question still 
about the optimum size of posts, their 
spacing, and the material of which they 
are made. There are sti l l questions about 
the best way of mounting the guardrail, 
whether i t should be mounted directly to 
the post, mounted wi th a spring connec
tion, or with a solid block. 

Although i t appears that there is a 
great deal not known about guardrail 
design, i t is clear that hit t ing a guardrail 
is an accident, and thatjjnstallation of 

guardrails should be avoided wherever 
possible. 

IDEAL EXAMPLE 

Figure 50 shows how these concepts of 
safe roadside design have been applied 
to the latest Proving Ground test road, 
built in 1958. There are no obstacles 
wi th in 100 f t of the pavement, all slopes 
are gradual, and all ditch bottoms are 
wide and gently rounded. The cost of 
construction was only about $9,500 per 
mile above what the cost of standard 
highway design would have been. The 
terrain was favorable, but part of the 
area was heavily wooded and drainage 
requirements were unusually expensive. 

Figure 30. "Ideal" roadside design. Proving Ground R and H Loop. 
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Figure 31. Typical scene on Proving Ground Hill Road. 1926 standard. 

Figure 51 shows a typical scene on the 
sharply curved alignment (Fig. 52) of 
Hi l l Road, part of which was completed 
in 1927. I t covers a total distance of 2.37 
mi over fairly rough country, and has 
numerous short steep grades and a total 
rise and fall of 6.10 f t per 100 f t . I t was 
constructed originally according to 1926 

standards; the typical cross-section is 
shown in Figure 53. For comparison, the 
somewhat improved cross-section desig
nated as the 1940 standard (Fig. 54) is 
possibly typical of many of the rural 
roads, particularly secondary roads, now 
being constructed. The primary differ
ences are that the shoulder width has 
been increased from 3 f t to 6 f t and the 
ditch slope has been flattened from 
1.5:1 to 3:1. 

The typical section required by the 
1960 standard is shown in Figure 55.iThe 
differences here are that the lane width 
has been increased to 12 f t , the shoulder 

2" SAND G R A V E L ^ \ O y K 
8" G R A V E L 
3" ASPHALT ^ < 

Figure 52. Hill Road layout. Figure 53. 1926 standard cross-section. 
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Figure 54. 1940 standard cross-section. 

width has been increased to 10 f t , the 
maximum slopes have been decreased to 
6:1, 6.5-ft vertical curves are incorpor
ated in the ditch bottoms, and obstacles 
are cleared from each side of the center 
line to a minimum distance of 100 f t . 

The cost details according to the three 
standards are compared in Table 2 and 
summarized in Table 3. 

The relative costs of construction 
estimated at current unit prices are: for 
the 1926 standard, $48,800 per mile; for 
the 1940 standard, $54,000 per mile; and 

3" ASPHALT 

017FT-» 
2" SAND GRAVEL 

8" GRAVEL 

6.5' V .C 

Figure 55. 1960 standard cross-section. 

T A B L E 2 

C O S T C O M P A R I S O N , 2.37 M I L E S O F H I L L R O A D 

Items of 
Work Unit 

Unit 
Price, $ 

Quantities 

1926 
Std. 

1940 
Std. 

1960 
Std. 

Cost. $ 

1926 
std. 

1940 
Std. 

1960 
Std. 

Cost Diff.. S 
1940 1960 

Minus Minus 
1926 1926 

% Increase 
Above 1926 

1 Clearing 
2 Tree 

Removal 
3 Excava

tion 
3a Over-

Iiaul 
4 Sand 

Subbase 
5 Gravel 
6 Purchase 

Gravel 
7 Drainage 
8 Asphalt 
9 Topsoil 

10 Seeding 
11 Guard

rail 

Total 

Acre 
Tree 

Cu yd 

C c y m> 

C u yd 

Cu yd 
C u yd 

Ton 
Cu yd 
Acre 
Lin ft 

500.00 
50.00 

0.35 

0.15 

0.45 

0.75 
1.50 

Varies 
12.50 
0.50 

100.00 
3.50 

2.5 
20 

3.5 
45 

10.5 
120 

45,000 62,500 123,200 

1,600 3,500 13,000 

16,250 23,200 30,000 

6,800 
8,500 

4,375 
1,600 

4 
3,200 

6,800 8,100 
8,500 10,000 

4,375 5,250 
2,600 5,900 

6.5 14.5 
3,200 2,500 

1 ,250 
1,000 

15,750 

240 

7,320 

5,100 
12,750 

5,066 
54,700 

800 
400 

11,200 

1 ,750 
2,250 

21,875 

525 

10,440 

5,100 
12,750 

5,500 
54,700 

1 ,300 
650 

11,200 

5,250 
6,000 

500 4,000 
-M,250 -1-5,000 

43,200 -f6,125 -(-27,450 

1,950 -t-285 +1,710 

13,500 -t-3,120 4-6,180 

6.075 
15,000 

7,630 
65,600 

2,950 
1 ,450 
8,750 

0 -1-975 
0 4-2,250 

434 -1-2,564 
0 -1-10,900 

500 -1-2,150 
250 -1-1 ,050 

0 -2 ,450 

-1-0.43 -1-3.46 
-1-1.08 -1-4.33 

-1-5.30 -1-23.75 

4-0.25 4-1.48 

4-2.70 4-5.35 

0.00 4-0.84 
0.00 4-1.95 

0.38 
0.00 
0.43 
0.22 
0.00 

4-2.21 
4-9.43 
4-1.86 
4-0.91 
- 2 . 1 2 

115,576 128,040 177,355 12,464 61,779 +10.78 4-53.45 

100 cu yd-mi. 
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T A B L E 3 

COST COMPARISON, P E R M I L E 

Standard Cost per Mile, $ Cost Diff., $ 

1926 48,800 
1940 54,000 — 
1960 75,000 — 

1940-26 — 5,200 
1960-40 — 21,000 
1960-26 — 26,200 

for the 1960 standard $75,000 per mile. 
Thus, the difference in cost per mile 
between the 1960 and the 1926 standards 
is only approximately $26,000 per mile. 
This means that for $26,000 per mile 
this primitive one-way rural road can be 
transformed into a highway wi th road
side design standards surpassing those 
of the New York Thruway. 

SUMMARY 

Roadside hazards are a significant 
part of the highway accident problem; 
these hazards can and should be reduced 
significantly by eliminating obstacles 
adjacent to the roadside including trees, 
light poles, and sign posts. 

Ditch sections should be shallow and 
wide. A ditch wi th a 4:1 slope and back 
slope and an 8-ft bottom wi l l produce 
verticle accelerations exceeding 1.0 g at 
40 mph. The maximum intensity of 
operation short of driver in jury is 
approximately 2.0 g, which occurs in a 
ditch of this type at an angle of attack 
of 20° at a speed of approximately 50 
mph. The vertical or normal accelera
tions produced can be estimated by the 
calculation under rather mild conditions 
up to the point where the suspension 
system bottoms at values of normal 
accelerations of possibly 0.5 g. Beyond 
these values the non-linearities of the 
suspension system make i t impossible to 
calculate normal accelerations by simple, 
direct methods. For high-type roads 
where practical speeds above 65 mph 
may be anticipated, a ditch section 
having slopes of 6:1, bottom width of at 
least 6.5 f t , wi th vertical curves 6.5 f t 
long on each side, is the most severe 
that should be used for the desirable 
standards of roadside safety. This section 
wi l l give computed values of normal 

acceleration of 0.5g at 15° angle of 
attack. 

Side slopes have a first-order influence 
on the probability of the car rolling over. 
The stability factors of even the current 
automobiles wi th low center of gravity 
height have a margin of reserve beyond 
the frictional reaction of smooth, firm, 
sodded slopes such that even small losses 
in effective stability may be significant. 
These losses may be produced by steep 
roadside slopes or roughness of the 
surface. On the other hand, even the 
rather small numerical improvement 
achieved by reducing the roadside slope 
and smoothing the irregularities of the 
roadside surface would make significant 
gains in roadside safety. The slope should 
be no steeper—and preferably flatter— 
than 6:1. The roadside should be smooth 
and clear of small obstacles and protu
berances, and should be constructed of 
firm material. 

Guardrails should be eliminated wher
ever possible. Conventional end installa
tions are serious man-made obstacles 
and improvements in design of these 
installations have been suggested. A 
straight ramp reduces the hazards mate
rial ly; where possible the end may be 
buried in the ditch back slope or a long 
low artificial mound may be built to 
cover the end. 

The cost of construction according to 
the 1960 roadside standard over the 
primitive 1926 standard is approximately 
$9,000 per mile on level terrain and 
$26,000 per mile in hil ly wooded country 
on specific portions of the Proving 
Ground road system. 
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APPENDIX 
I f a car leaves the road at some angle 

4) (Fig. 18) and travels along the side 
slope and curvilinear ditch at this angle, 
the slope and vertical curve of the path 
of travel depend on this angle 0 and the 
cross-section of the side slope and ditch. 

Uniform Side Slope 

Along the uniform side slope section, 
let the side slope equal tana where a is 
the angle of the slope. Then the car 
travels on a grade equal to tana cos^ as 
shown below. 

Let a = angle of side slope; 
</> = angle at which car leaves the 

roadway; and 
6 = angle of grade of path of travel. 

The side slope is represented in Fig. 56 
A t a distance of x feet f rom the road

way ,'Jthe ground has dropped y feet and 

tana=y/x (12) 

The grade of the path of travel is 

Roadway J L 

represented in Fig. 57, when (/and y are 
the horizontal and vertical projections of 
the car's path and 

t2ind=y/d (13) 

The y in Eqs. 12 and 13 is the same. 
Solving simultaneously. 

t an0=- tana 
a 

(14) 

Viewing x and d in the horizontal 
plane (Fig. 58), 

COS0 = - (15) 

Substituting Eq. 15 in Eq. 14, 

tane = tana COS0 (16) 

Circular Ditch Bottoms 

Figure 18'represents a road wi th a 6:1 
side slope and a ditch bottom formed 
like'lthe arc of a circle. I f a car leaves the 

/ — Roadway , 

Figure 56. 

——j— e y 

1— Path of Travel 

1 

—* d 

Figure 57. 
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Roadway 
z 

Figure 58. 

road at some angle, the slope i t travels 
is less than 6:1 based on cos<̂  and the 
curve i t goes through is something other 
than a circular arc. The path corresponds 
to the curve formed by the intersection 
of a plane wi th a cylinder. 

I n Figure 19, the plane has one line in 
common wi th the y-axis and rotates 
about the y-axis making an angle (p wi th 
the X-axis. This angle corresponds to <j> 
in Figure 18. Let t represent the second 
axis of the plane. The equation for the 
curve where the plane and cylinder 
intersect wi l l be in the y — t plane and is 
the result of treating the equations for 
the cylinder and the plane as simultan
eous equations. 

The equation for the cylinder (Fig. 
59) is 

a-2-j-/ = r2 (17) 

where r is the radius. The equation for 

/ 

Figure 60. 

the plane (Fig. 60) is 
Z — x tan0 (18) 

A point P on the plane has a distance 
f rom the y-axis of 

/ = V ^ H ^ (19a) 

f = Z'+x^ (196) 

f = x'- tein^<t>+ x^ = a:̂  ( t a n V + 1 ) = » V c o s V 

(19c) 

Transposing Eq. 17 and substituting in 
Eq. 19c gives 

r-={r'—f)/cos^<f> (20a) 

l/cos^,^ 

1 / c o s V 

-r'-f (206) 

(20c) 

II • ~ - - - ^ I 

r/cos</> \ 

I I I ^ - — - — _ - - • ^ I V 

Figure 59. Figure 61. 
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~ 

r̂ /coŝ </) r 
= 1 (20rf) 

Eq. 20d is an ellipse in the plane y — t 
(Fig. 61) wi th major axis= ±r/cos<^ and 
minor axis= zkr. 

The portion of the ellipse usable for 
this problem lies in quadrants I I I and I V , 
symmetrical about the y-axis and limited 
by slope of cos<̂  times the side slope of 
the road from Figure 56. 

For the ellipse in Eq. 20d solve for y, 
y', y", and the radius of curvature, R. 
This is the vertical radius that the car 
would travel along its path. 

^2cOs2</.-h/ = ̂ 2 

3,2 = ^2-/2 cosV 

y='\/r- — t- cosV 

Differentiating y wi th respect to t, 

(21a) 

(21b) 

(2k ) 

y = ^ = l / 2 ( r 2 - / 2 c o s V ) - K - 2 ^ cos-</.) 
at 

{22a) 

y = — = {r'^-fi cos'4>)-i{-lco&'<j,) (22b) 
at 

y'=5=c^^-''cosv]-c-cosv] 

+ [ - / c o s ^ < ; ) ] 

X [ - 1 / 2 ( r ^ — f cos^</,)-K-2t c o s V ) ] (23) 

y=(r2-/2cosV)^ (24) 

— I cos-</) 

^ (r2-;2cosV)* 

— c o s V (t cos^ij)) (l cos^4>) 
^ (r2-/2cos2<^)i (r2-/2cosV)' 

The radius of curvature is 

(25) 

(26) 

R = (27a) 

/2 COS-

3SVJ / 
( - c o s V ) (r^-C cos'<j}) -P c o s V 

/•2-/2cosVJ / (r2-^2cosV)" 

lir'—fi c o s V ) + ^ ' | C O s V j 

( - c o s V ) {r^-(^ cos20) - /2 COS*0 

Maximum J? is at / = 0: 

X—rcos'cf)/ c o s V 

Minimum i? is at t = r/cos<j>: 

„ (r^cos^.^))" ± ( r = c o s V ) 
/( = : r - = : : — = ± r cos<^ 

(28) 

- r 2 cos'4> —rcos'<j> (29) 
For the general case, where tana = slope, 
the l imiting slope of the ellipse is tana 
COS(j>. 

, — I COS^</) , , 
y = tana cos<#. = — — 30 

(r^—r cosV)" 

= tana 

(276) 

{27c) 

Find / and solve Eq. 27c for R: 

— t cos<f> 
(31) 

{r^-ecos''<t))i 

/2cosV = tan2a(r2-^cos20) (32) 

= r2 tan^a- tan2a(<2 ^^^2^-^ (33) 

t-cos''4>{l+tan^a) =rHsin^a (34) 

tan^a 
P cosV = — ^ = r'' tan^a coŝ a (35) 1+tan^a 

^ r tana cosa 
COS</) 

Substituting Eq. 36 in Eq. 27c, 

(36) 
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£{r^—r^ tan^a cos^o:) +r^ t a t f a cos^a c o s V j 
( — c o s V ) {r''~r^ tan^a cos^a) —r^ tan^a cos^a c o s V 

[r^—^2 tan^a cos^a (1 — c o s V ) ] ^ 

— cos^c^ 

[ r ^ 1 — tan^a cos^a s i n V ] * 

— r^ c o s V 

± r [ l —tan^a cos^a sin2< ]̂̂  

— coŝ <^ 
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(37a) 

(376) 

(37c) 

(37<i) 

Sample Calculation 

Calculate accelerations through the ditch 
bottom along path of travel for 

<̂  = 80' 
<i) = 75' 
.^=70" 

90-<t>=10° 
9 0 - 0 = 1 5 ° 
90-<#. = 20° 

and F = 3 0 mph and 40 mph on the 
section shown in Figure 62, where tana = 
0.25, sina = 0.24254, cosa = 0.97014, 2r 
sina=12, ?'sina = 6, and r = 24.74 f t . 
Then the radius of curvature of path of 
travel is (Eq. 37d) 

R = 
24.74[1- (0.25)2(0.97014)2 s i n V ] * 

c o s V 

24.74[l-0.05882 s i n V J 

c o s V 

(38a) 

(386) 

Calculate radius of curvature for paths 
of 10°, 15°, and 20°, giving i ? = 751.34, 
339.33, and 195.23, respectively. 

tana cos<̂  = 

tand 
cosB 
sine 

.04341 .06470 .08550 

.99906 .99792 .99637 

.04337 .06456 .08519 

Calculate acceleration, a/g, for these 
paths at 30 and 40 mph, giving at 30 
mph 0.08, 0.18, and 0.30, respectively, 
and at 40 mph 0.14, 0.32, and 0.54, 
respectively. 

Practical Design Approach 

Assume F = 6 5 mph; 
f t /sec2; , ^=75° = 90' 
0.96593; and cos<̂ ) = 0.25882. 

Then 

A=0.5g-
- 1 5 ° ; 

= 16.08 
sin<^ = 

- = 1 6 . 0 8 

and 

R = 
(65)2(2.1511) 

16.08 
= 565.2 f t . 

Using J? = 565.2 and Eq. 37d, 

r [ l - tan^a cos^a(0.93302) J 
565.2-

0.06699 
(39) 

Figure 62. 

By assuming a value of tana which is 
the side slope, the radius of curvature, 
r, of the ditch bottom and the length of 
the vertical curve needed can be calcu
lated. Two examples are shown: 
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Side 
Slope 

V . c 

Ditch Bottom 
Figure 63. 

6:1 Slope 

Let tana = 0.16667, since = 0.16440, and 
cosa = 0.98639. 

Then (Eq. 39) 

565 = 

and 

_r[l-(0.16667)^(0.98639)^0.93302) J 
0.06699 

565(0.06699) . 
r = = 39.33 f t , 

0.96241 

from which 

tania=0.08247 = V ; 
and 

a;=0.08247(39.33) =3.24 f t 

(Fig. 63). 

4:1 Slope 
Let tana = 0.25, sina = 0.24254, and 

cosa = 0.97014. 
Then (Eq. 39) 

r [ l - (0.25) 2(0.97014) 2(0.93302) ] ' 
565 

and 

from which 

0.06699 

565(0.06699) 
0.91882 

= 41.19 f t , 

tanja = 0.12310 = - ; 

and 
.T=0.12310(41.19) =5.07 f t 

(Fig. 63). 




