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A v i b r a t o r y - t y p e machine was developed by the R o y a l Du tch 
Shel l Company, A m s t e r d a m , H o l l a n d , f o r non-des t ruc t ive 
t e s t i n g of pavements . Th i s machine was made ava i l ab le to 
the Corps of Engineers f o r about s i x months , d u r i n g w h i c h 
tes ts w e r e made on pavements and unsu r f aced s o i l a r eas . 
F o r the g rea t e r p a r t of the t i m e the tes ts w e r e under the 
d i r e c t s u p e r v i s i o n of engineers f r o m the R o y a l Du tch She l l 
Company. Evaluat ions of the pavements can be made based 
on t w o d i s t i n c t p r i n c i p l e s . The machine can be made to 
s e rve as a source of v i b r a t i o n s f r o m 10 to 2 ,000 cycles pe r 
second, and the wave v e l o c i t y can be de t e rmined . The e las t ic 
modulus of the pavement can then be es tabl i shed based on 
accepted r e l a t i onsh ips between the v e l o c i t y of the wave 
propagat ions and e l a s t i c constants . A second approach i s 
a d e t e r m i n a t i o n of the s o - c a l l e d s t i f f n e s s f a c t o r , w h i c h i s 
the r e l a t i o n s h i p between a dynamic load and the r e s u l t i n g 
d e f l e c t i o n of the pavement s u r f a c e under a c i r c u l a r loaded 
a r e a . T h i s paper p resen ts t y p i c a l r e s u l t s obtained w i t h 
the mach ine . 

• T H E S H E L L R O A D v i b r a t i o n machine was developed a t the Shel l L a b o r a t o r i e s i n 
A m s t e r d a m , H o l l a n d . The U . S. A i r F o r c e made a r rangements w i t h Shel l f o r the use 
of the machine , and i t was brought to t h i s coun t ry i n A p r i l 1958. The machine has 
been used a t the Corps of Eng inee r s ' R i g i d Pavement L a b o r a t o r y i n C i n c i n n a t i , Ohio, 
the F l e x i b l e Pavement L a b o r a t o r y i n V i c k s b u r g , M i s s . , and the Columbus A i r F o r c e 
Base, M i s s . W i l l i a m Heuke lom and Theodorus W . N ie sman accompanied the m a c h i n 
N i e s m a n r e t u r n e d to A m s t e r d a m as soon as an ope ra to r had been t r a i n e d , but Heuke l 
r e m a i n e d throughout m o s t of the t es t p r o g r a m . Thus , a l m o s t a l l the tes ts w e r e made 
under the s u p e r v i s i o n of H e u k e l o m . Tes ts w e r e made on t h r ee occasions a t Columbu: 
A F B by Corps pe r sonne l a f t e r Heuke lom ' s depa r tu re f o r H o l l a n d . A f t e r comple t ion o 
the tes ts at Columbus A F B , the machine was t r a n s f e r r e d to the custody of the T r a n s ­
p o r t a t i o n Corps f o r use on the AASHO T e s t Road. 

S H E L L R O A D V I B R A T I O N M A C H I N E 

Th i s paper presents the r e s u l t s of tes ts made w i t h the Shel l r o a d v i b r a t i o n m a c h i n 
w h i c h f u r n i s h some measure of the accuracy of the method and some ind ica t ions of it£ 
po t en t i a l use fu lness and l i m i t a t i o n s . The mach ine and the method of ope ra t ion have 
been desc r ibed f u l l y i n the papers i n the l i s t of r e f e r e n c e s , and only the basic e lemen 
w i l l be d iscussed i n t h i s paper . 

T w o quant i t i es a r e measu red w i t h t h i s machine , the " s t i f f n e s s m o d u l u s " and the 
v e l o c i t y of waves over a w i d e range of f r e q u e n c i e s . The s t i f f n e s s modulus i s de f ined 
as the r a t i o of a dynamic l oad and the r e s u l t i n g d e f l e c t i o n . I t i s expressed i n k i l o g r a i j 
pe r cen t ime te r o r tons pe r i n c h and i s t h e r e f o r e s i m i l a r to a s p r i n g constant . 

The machine can be opera ted so as to induce v i b r a t i o n over a range of f r equenc ie s 
of about 5 t o 2 ,000 cyc les pe r second. V i b r a t i o n s w i t h f r equenc ie s of 5 to 60 cyc les 
pe r second a r e p roduced by counter r o t a t i n g eccen t r i c weights powered by a gasol ine 
engine. Th i s v i b r a t i n g mass i s a t tached to a 3 0 - c m - d i a m e t e r c i r c u l a r p la te and rest^ 
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f the pavement s u r f a c e . Forces up t o about 4 tons can be app l i ed w i t h t h i s low f r e -
pency u n i t . Th i s u n i t i s used to de t e rmine the s t i f f n e s s modulus as w e l l as a source 

low f r equency waves w h i c h a r e r e q u i r e d f o r o ther pu rposes . 
V i b r a t i o n s a t f r equenc ie s of 40 to 2 ,000 cycles p e r second a r e Induced by a h i g h 

equency e lec t romagne t ic v i b r a t o r . T h i s u n i t i s used so l e ly as a wave source , as the 
r ce s developed a r e too s m a l l to d e t e r m i n e the s t i f f n e s s modulus . 

V E L O C I T Y M E A S U R E M E N T S 

I n opera t ion , a p robe o r p i ckup i s p laced on the g round o r pavement s u r f a c e a t a 
lown dis tance f r o m the source of v i b r a t i o n s . Th i s p i ckup i s w i r e d th rough an o s c i l l o -
:ope on w h i c h the wave f o r m can be v i ewed . F u r t h e r , a phase m a r k i s supe r imposed 
1 the wave so that the p o s i t i o n of the p i ckup w i t h r espec t to the c r e s t and t roughs of 
le wave at the po in t of genera t ion i s i m m e d i a t e l y apparent . The distance between the 
ckup and the s o u r c e of v i b r a t i o n i s changed a l i t t l e a t a t i m e u n t i l the phase m a r k 
ipears exac t ly a t the c r e s t o r t r o u g h of a w a v e . The dis tance i s r e c o r d e d and i s then 
ic reased u n t i l the phase m a r k appears a t the next t r o u g h (one-half the wave length) o r 
:est (one wave leng th) . I l i u s , the wave l eng th i s d e t e r m i n e d d i r e c t l y . K n o w i n g the 
equency of v i b r a t i o n and the wave length , the ve loc i t y i s g iven by the r e l a t i o n 

V = L n 

h w h i c h 

V = 
L = 

v e l o c i t y i n m e t e r s per second, 
length i n m e t e r s , and 
f r e q u e n c y . 

sua l l y , the p robe i s opera ted over a dis tance of s e v e r a l wave lengths , and distance 
[•om the source i s p lo t t ed against number of wave lengths . The slope of the l i n e de-
j i e d by these poin ts i s the wave leng th . Th i s method gives g rea te r accu racy than the 
leasurement of a s ing le wave l eng th . 

Questions have been r a i s e d by s e v e r a l inves t iga to r s as to the type of waves generated, 
phey a r e genera l ly thought t o be shear waves , a l though the occu r r ence of Ray le igh o r 
the r type waves i s pos s ib l e . The d i f f e r e n c e i n v e l o c i t y of shear and Ray le igh waves 
3 only a f ew percen t and i s not cons idered s i g n i f i c a n t i n t h i s type of w o r k . The v e l o c -
ty of p ropaga t ion of shear waves i n a m e d i u m i s r e l a t e d to the modulus of e l a s t i c i t y 
n d Poisson 's r a t i o of the m e d i u m i n accordance w i t h the f o l l o w i n g c l a s s i c equation: 

in w h i c h 

V = v e l o c i t y , 
E = Young's modulus , 
g = acce l e r a t i on of g r a v i t y , 
V = u n i t we igh t , and 
\L = Po isson ' s r a t i o . 

| raking | j . as 0 . 5 , squa r ing , and t r anspos ing gives 

S 

\rhe shear modulus G can be computed f r o m the r e l a t i o n 

E = 2 ( l + | i ) G 

F r o m the f o r e g o i n g , i t i s apparent that the wave v e l o c i t y V , the u n i t we igh t of the 
i o i l 7 , and Poisson 's r a t i o mus t be known i n o r d e r to compute the modulus of e l a s t i c i t y 
S. The wave v e l o c i t y i s m e a s u r e d . The un i t we igh t can be measured or i n m o s t cases 
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es t ima ted as a s m a l l v a r i a t i o n has l i t t l e 
e f f e c t on E . Poisson ' s r a t i o |L i s p roba­
b l y m o r e n e a r l y 0 .40 to 0 .45 , but , as w i 
u n i t w e i g h t , s m a l l d i f f e r e n c e s do not gre: 
a f f e c t the r e s u l t s . 

I n p r a c t i c e , the e las t i c m o d u l i deter­
m i n e d as ou t l i ned he re a r e p l o t t e d agalns 
depth. I t i s known that waves induced by 
low f r equency v ib ra t i ons ( long wave lengi 
t r a v e l a t r e l a t i v e l y g r ea t depths, w h i l e 
waves induced by h igher f r equency v i b r a ­
t ions ( sho r t e r wave length) t r a v e l a t r e ­
l a t i v e l y sha l low depths . Resul t s of t e s t s 
by the R o y a l Dutch She l l Company engine 

WAVE VELOCITY (M/SEC) 

Figure 1. 
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w i t h the r o a d v i b r a t i o n machine have shown 
that i f the depth of t r a v e l i s taken as one-
hal f the wave length , the r e s u l t s agree 
r e m a r k a b l y w e l l w i t h known depths t o the 
v a r i o u s l a y e r s i n a pavement s t r u c t u r e . 

F i g u r e 1 i l l u s t r a t e s t y p i c a l tes t r e s u l t s . 
I t i s a p l o t of E ve r sus depth w h e r e the 
depth i s taken as one-ha l f the wave leng th . 
Each tes t poin t shown i s based on a wave 
v e l o c i t y measurement a t a d i f f e r e n t f r e ­
quency of v i b r a t i o n . The tes t po in t a t the 
grea tes t depth was de t e rmined a t a f r e ­
quency of 60 cyc le s pe r second. The f r e ­
quency was inc reased by steps up to 2 ,000 
cyc les pe r second. 

The evaluat ion of a pavement s t r u c t u r e 
i s g r ea t l y f a c i l i t a t e d i f the subsur face 
m a t e r i a l s can be separa ted i n t o l a y e r s 
and s p e c i f i c p r o p e r t i e s ass igned to these 
l a y e r s . I t can be noted that l ines have 
been d r a w n t h r o u g h the tes t po in t s on F i g ­
u r e 1 w i t h t h i s end i n v i e w . I t i s neces­
s a r y to d e t e r m i n e the E-va lue of b i t u m i ­
nous s u r f a c e l a y e r s by l a b o r a t o r y methods . T h i s d e t e r m i n a t i o n was no t made and no 
values a r e shown. A value of 1,900 i s shown f o r the l a y e r beneath the pavement t o a 
depth of about 0 .25 m . A t t h i s depth, the E-va lue increases to 2 ,700 and then shows 
w i t h i n c r e a s i n g depth a g radua l decrease t o about 1,300. 

The data shown i n F i g u r e 1 a r e the r e s u l t s of measurements taken at a s m a l l m t m l c 
p a l a i r p o r t by She l l O i l Company pe r sonne l w h o had no knowledge of the subsur face c o i 
d i t ions at the t i m e the tes t was conducted. F i g u r e 1 a l so shows a sec t ion showing the 
ac tua l cons t ruc t ion at t h i s s i t e . The b i tuminous pavement su r f ace consis ts at iVtin. 
of sand asphal t w i t h about a 74 - i n . s u r f a c e t r e a t m e n t . Below th i s i s a 9 i n . base of 
p l a s t i c c lay g r a v e l . The s u r f a c e of the n a t u r a l g round , a sandy s i l t , was compacted 
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p r i o r t o p lacement o f the base c o u r s e . The 
subsur face so i l s w e r e not tes ted by conven­
t i o n a l methods at the t i m e of the v i b r a t i o n 
t e s t s ; however , i t i s known f r o m pavement 
p e r f o r m a n c e and f r o m s e v e r a l s e r i e s of 
e a r l i e r tes ts that the p l a s t i c c l ay g r a v e l 
now has a h igh w a t e r content and a r e l a t i v ­
e ly low s t r e n g t h . I t i s cons idered tha t i n 
t h i s p a r t i c u l a r case, the r e s u l t s o f the v i ­
b r a t i o n tes ts agree s a t i s f a c t o r i l y w i t h known 
r e l a t i v e s t rengths and depths to the sub­
s u r f a c e l a y e r s . 

Some idea of the capab i l i ty of t h i s method 
of e x p l o r a t i o n to r e s o l v e the subsur face 
p r o p e r t i e s adequately can be gained by an 
examina t ion of F i g u r e 2 . Wave ve loc i t i e s 
a r e p l o t t e d agains t depth . C u r v e 1 was 
obtained f r o m a tes t made M a y 8, 1958, a t 
w h i c h t i m e the su r f ace was a t poin t No . 1 
on the l o g . The other curves w e r e obta ined 
f r o m tes ts made a f t e r the add i t ion of 11 i n . 
o f base course m a t e r i a l and a f t e r cons t ruc ­
t i o n of a 2 % - i n . b i tuminous b inder cour se . 
Obvious ly the curves a r e not co inc ident , 
but i t shou ld be r e m e m b e r e d that the data 
w e r e taken over a p e r i o d f r o m M a y 8 to 
Augus t 27 as noted i n F i g u r e 2 . I t i s sus ­
pected, and some suppor t i ng evidence i s 
ava i l ab l e , that a w e t t i n g and d r y i n g took 
p lace between M a y and Augus t w h i c h m a y 
account f o r the d i f f e r e n c e s o c c u r r i n g a t 
the 40 - to 6 0 - i n . depth i n t e r v a l . E v e n w i t h 

lo a t t empt t o c o r r e c t f o r such a p o s s i b i l i t y , the v e l o c i t y values i n the deeper l a y e r s 
e f o r e and a f t e r the add i t i on of other l a y e r s a t the s u r f a c e a r e i n good ag reement . 

F i g u r e 3 shows that i t i s some t imes poss ib l e to detect changes i n p r o p e r t i e s of the 
lubsoi l by means of v e l o c i t y measu remen t s . I n t h i s case, a p o r t i o n of s i l t y c l ay sub-
3:ade cons t ruc t ed under c o n t r o l l e d condi t ions was su lqected t o t r a f f i c and other p o r t i o n s 
r e r e no t . These data show the i nc rease i n E - v a l u e caused by the e f f e c t s of t r a f f i c 
3ata w e r e a l so obta ined f r o m convent ional s o i l tes ts made at depths of 2 , 8, and 14 i n . 
n t r a f f i c k e d and x m t r a f f i c k e d a reas and a r e g iven i n Table 1 together w i t h the E -va lue 
l e t e r m i n e d f r o m v i b r a t i o n measu remen t s . 

X^NOT COMPACTED 
r BY TRAFFIC 

Figure 3. 

T A B L E 1 

B e f o r e T r a f f i c A f t e r T r a f f i c 

Depth 
( i n . ) 

W a t e r 
Content (%) C B R E 

W a t e r 
V Content (%) C B R E 

2 
8 

14 

108.7 
107.6 
105.5 

13 .8 
13.2 
1 2 . 1 

41 
44 
36 

2 , 600 
2 ,600 

110.2 10 .6 
108.5 11 .8 
106.3 12.3 

70 
68 
38 

4 ,100 
2 ,500 

A t a depth of 8 i n . , t r a f f i c caused the CBR value to inc rease f r o m 44 to 68, an inc rease 
55 pe rcen t . R e f e r r i n g to F i g u r e 3, i t can be seen tha t the E -va lue a t the 8 - i n . depth, 

l e t e r m i n e d f r o m v i b r a t i o n measu remen t s , i nc r ea sed f r o m about 2 ,600 to about 4 , 100 , 
m inc rease o f 58 pe rcen t . I t shou ld a l so be noted tha t at a depth of 14 i n . , both C B R 
i n d E-va lues ind ica te that l i t t l e o r no change o c c u r r e d . 
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s cos 6 STIFFNESS M O D U L U S 

Data p resen ted thus f a r have shown t y 
c a l r e s u l t s tha t have been obtained f r o m 
v e l o c i t y measurements only and have i n d 
cated that such measurements can provic 
i n f o r m a t i o n on condi t ions throughout the 
depth of the cons t ruc t ion except f o r the t( 
s e v e r a l inches . A s s ta ted p r e v i o u s l y , a 
s t i f f n e s s modulus f o r the who le s y s t e m c 
be de t e rmined d i r e c t l y . Th i s s t i f f n e s s 
modulus was de f ined as the r a t i o of a dyn 
ic load to the r e s u l t i n g d e f l e c t i o n . The 1 
f r e q u e n c y v i b r a t o r i s used i n t h i s tes t be 
cause the f o r c e s developed a r e g rea t eno 
to r e s u l t i n measurab le d e f l e c t i o n s . 

The f o r c e on the pavement i s dependei 
on the f r equency and the machine constan 
Mach ine constants take i n t o account the 
mass of the machine , e c c e n t r i c i t y and m i 
of the r o t a t i n g w e i g h t s , and phase ang le . 
The de f l ec t i on i s measured by e l ec t ron i c 
means . F u r t h e r deta i ls a r e beyond the 
scope of t h i s paper but a r e ava i l ab le i n tti 
r e f e r ences l i s t e d . 

I t i s obvious that the h ighe r the f r e q u e 
a t w h i c h the machine i s opera ted the grea 
w i l l be the f o r c e genera ted . Thus , a s t i f f 
ness modulus as p r e v i o u s l y de f ined can b 
d e t e r m i n e d f o r each f r e q u e n c y used . 0 t h 
inves t iga to r s have f o u n d the s t i f f n e s s mo( 
lus to v a r y w i t h the f r equency and tha t the 

v a r i a t i o n i s gene ra l ly not l i n e a r . Heuke lom showed that the value of the s t i f f n e s s mo< 
lus depended on the mass of the s o i l i n m o t i o n . I n a s y s t e m cons i s t ing of mass M , a 
s p r i n g R, and a dashpot, i t can be shown tha t 

S cos «|> = R - W ' M 

' —1 i 
/? //6 T/CM 

> — 

— 

— 

FREQUENCY (CYCLES/SEC) 

Figure l ^ . 

i n w h i c h 

S = dynamic s t i f f n e s s ( s t i f f n e s s modulus as p r e v i o u s l y def ined) 
<|> = phase l a g of the d e f l e c t i o n w i t h r espec t to the app l i ed f o r c e 
W = angular f r equency (2 i r n w h e r e n = f r e q u e n c y i n cyc les pe r 

second) 

When S cos <|> i s p l o t t e d against a f u n c t i o n of the square of the f r e q u e n c y , a s t r a i g h t 
l i n e th rough the e x p e r i m e n t a l po in t s i n t e r sec t s the S cos ^ ax i s a t a value R w h i c h i s 
c a l l e d the e las t i c s t i f f n e s s . F i g u r e 4 shows such a p l o t . The data shown i n th i s f i gu re 
w e r e obtained f r o m tes ts made at the same loca t ion as the ve loc i t y measurements show 
i n F i g u r e 1 . 

R e t u r n i n g now to F i g u r e 1, i t w i l l be r e c a l l e d tha t E - m o d u l i of 1,900, 2 ,700 , and 
1,300 k g / c m ' w e r e f o u n d f o r the 9 - i n . base course , the compacted subgrade, and the 
deep s o i l , r e s p e c t i v e l y , but that the E -modu lus of the b i tuminous pavement was not 
d e t e r m i n e d . I f t h i s value was known , the e las t i c s t i f f n e s s R of the e n t i r e s y s t e m could 
be computed and t h i s w o u l d p e r m i t a check on the R value de t e rmined as shown i n 
F i g u r e 4 . Tbe E-modu lus of a b i tuminous pavement depends on the b i t umen content , 
pene t ra t ion value of the b i t u m e n , t e m p e r a t u r e at the t i m e of tes t , and r a t e of load ing . 
N i j b o e r and o thers have developed t h e o r e t i c a l methods whereby the E-modu lus can be 
es t ima ted , but a d i r e c t d e t e r m i n a t i o n i n the l a b o r a t o r y i s much to be p r e f e r r e d . F o l - | 
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owing Nijboer's method, the E-moduhis was estimated to be 7,000 kg/cm'. Using this 
alue, and values for the underlying layers determined e^erimentally, R was computed 
a be 113 t/cm as compared with 116 t/cm determined from direct measurements. Too 
luch significance cannot be given to the close check obtained in this particular case as 
t was necessary to estimate one of the one of the values used. The example was pre-
ented to illustrate that when all data are available, the determination of R by two dif-

f rent methods is possible which provides a check on the work. Jt is also evident that 
the E-modulus of the surface layer is not known and cannot be accurately estimated, 
can be treated as the "unknown" and determined, knowing the E-modulus of theunder-

|ying layers and the elastic stiffness of the whole system. 
Several values of elastic stiffness in tons per centimeter, together with a brief de-

cription of the materials (to illustrate the range of values encountered) are given, as 
lollows: 

115-130 —unsurfaced, well-compacted, silty clay; CBR 40-60 percent. 
160-170—5- to 10-in. crushed gravel over 24-In. clay gravel. 
170-180— 10- to 12-ln. crushed gravel and slag over 10-in. sand gravel 

over clay-gravel subgrade. 
200-210— - in . bituminous surface over 10- to 12-in. crushed gravel and 

slag over 10-ln. sand gravel over clay-gravel subgrade. 
250-400 - Heavy-duty airfield flexible pavement. 

POTENTIAL USES 
The material in this paper has been restricted to essentially a presentation of ex-

mples of the type of data obtained directly with the Shell road vibration machine and 
file initial treatment of these data. A stuc^ of the references w i l l show that many uses 
:an be made of these data. For example, actual deflections measured under given 
oads can be related to deflections to be expected under vehicles or aircraft of similar 
oadings. Also, with measured deflections, strains can be computed which can in turn 
e compared with strength available. Such uses involve assumptions and theories be-
ond the scope of this paper. 

It appears h i ^ l y probable that useful relations can be developed between the values 
letermined from vibratory measurements and the conventional values used in design 
nd evaluations, such as unconfined compressive strength, subgrade modulus (K, from 
ilate bearing tests), density, CBR, and others. To establish such relationships, i t is 
lecessary to make the vibration measurements at locations where complete information 
m. the subsurface conditions at the time of test is available. 

The Shell road vibration machine has been used for sometime in Europe with consid-
irable success. The Waterways Experiment Station had the use cf the machine for 
ibout six months and based on the observations during that period, it is believed the 
nachine has immediate application in the evaluation of airfield pavements. The machine 
s usually operated by a crew of three men; however, a fourth man is desirable when 
he test data are to be reduced in the field for immediate use. In a normal working day, 
L four-man crew can determine the stiffness moduli of the pavement at four locations, 
rhese determinations wi l l show relative over-all strength and w i l l permit definition of 
'weak" and "strong" areas. After stiffness moduli have been determined, velocity 
neasurements can be made at selected locations dependent on the particular problem 
ind information on the strengths of individual subsvirface layers obtained to supplement 
he stiffness measurements. While proven methods are not presently available to relate 
•esults obtained with this machine directly to bearing capacity or performance, data 
>btained from satisfactory and imsatisfactory areas would permit an estimate of perform-
mce. It also appears h i ^ l y probable that periodic measurements would provide use­
ful information on the seasonal changes taking place in a pavement structure such as 
getting and drying or feezing or thawing. 
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