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E . T . S E L I G  P r o f e s s o r ,

T . - S . Y O O  R e s e a r c h  A s s o c i a t e ,  D e p t ,  o f  C i v i l  E n g . ,  S t a t e  U n i v .  o f  N e w  Y o r k  a t  B u f f a l o ,  U . S . A .

SYNOPSI S The mec hani s ms  by  whi c h v i br at or y  s moot h- dr um r ol l er s  ac hi ev e c ompac t i on ar e ex ami ned and t he f ac t or s  

whi c h i nf l uenc e t he r esul t s  ar e pr esent ed.  The c onc l us i ons  ar e based on a mat hemat i c al  model  r epr es ent i ng t he 

dynami c  r es pons e of  t he s oi l - mac hi ne sys t em,  l abor at or y  model  r ol l er  t es t s  i nv es t i gat i ng t he r el at i ons hi p b e ­

t ween t he amount  of  c ompac t i on and t he par amet er s  of  t he r ol l er  and t he soi l ,  and f ul l - scal e f i el d t es t s  f or  

c onf i r mat i on of  t he t heor i es .  The r es ear c h showed t hat  t he amount  of  c ompac t i on wi t h  a v i br at or y  r ol l er  coul d 

be subdi v i ded i nt o t wo component s ,  one r el at ed t o t he s t at i c  gr ound c ont ac t  f or ce per  uni t  wi dt h of  r ol l er ,  and 

t he ot her  t o t he ampl i t ude of  dr um v i br at or y  di s pl ac ement  and t he r at i o of  v i br at i on f r equenc y  t o t r avel  speed.  

The dynami c  mec hani s m c aus i ng c ompac t i on i s bes t  des c r i bed as  t he ac c umul at i on of  r es i dual  s t r ai n pr oduc ed by  

cyc l i c  soi l  s t r ai ni ng as  a r es ul t  of  dr um osc i l l at i on.  The r es ear c h r es ul t s  have ex pl ai ned many  of  t he past  

c ont r adi c t or y  obs er v at i ons  c onc er ni ng t he ef f ec t i v enes s  of  v i br at or y  r ol l er s .

I NTRODUCTI ON

Vi br at i on has been i nc r eas i ngl y  empl oy ed as  a means  

of  c ompac t i ng l ayer s  of  soi l  over  t he pas t  25 year s .  

At  one t i me v i br at i on was  t hought  t o be ef f ec t i v e 

onl y  f or  c ompac t i ng gr anul ar  mat er i al s  l i ke sands 

and gr av el s  hav i ng l i t t l e bi nder .  However ,  mor e r e ­

c ent  ex per i enc e has c l ear l y  demons t r at ed t hat  v i br a ­

t or y  r ol l er s  ar e al s o pr oduc t i v e on many  f i ne- gr ai ned 

soi l s  c ont ai ni ng c l ay  and on mat er i al s  l i ke asphal t i c  

c onc r e t e .

Compac t i on wi t h  v i br at or y  r ol l er s  i s pr obabl y  t he 

l eas t  under s t ood of  al l  met hods .  Unc er t ai nt y  and 

c ont r adi c t or y  opi ni ons  ex i s t  c onc er ni ng what  f r e ­

quenc y  shoul d be used f or  a gi v en mat er i al ,  whet her  

l i ght  or  heav y  dr ums  ar e bet t er ,  t he i mpor t anc e of  

r ol l er  t r avel  speed,  t he s i gni f i c anc e of  r esonance,  

t he r el at i v e c ont r i but i ons  of  t he s t at i c  mac hi ne 

wei ght  and dynami c  f or ce,  and i n f act ,  ev en why  

v i br at i on wor ks .  One of  t he r easons  f or  t he i nade ­

quat e s t at e of  under s t andi ng i s t hat  f i el d and l abor ­

a t or y  r es ear c h i n t he pas t  have t ended t o f ocus  on 

ei t her  t he mac hi ne or  t he soi l ,  but  not  bot h,  i n 

spi t e of  t he f ac t  t hat  i t  i s t he combi ned c har ac t er ­

i s t i cs  of  t he mac hi ne and t he soi l  wh i c h det er mi ne 

t he amount  of  c ompac t i on.

The r es ear c h des c r i bed i n t hi s paper  was  conduc t ed 

( Ref .  1)  t o hel p c l ar i f y  t he s i t uat i on and t o p r o ­

v i de a uni f i ed t heor y  f or  mul t i pl e- l i f t  c ompac t i on 

of  bot h c ohes i v e and c ohes i onl es s  mat er i a l s  wi t h 

s moot h- dr um v i br at or y  r ol l er s .  The r es ear c h i nc l u ­

ded f i el d ex per i ment s  wi t h  ac t ual  r ol l er s  as  wel l  as 

l abor at or y  model  r ol l er  t es t s  and mat hemat i c al  ana l y ­

s i s .

The conc ept s  pr es ent ed appl y  t o sands ,  gr avel s ,  c l ays  

and s i l t y  soi l s ,  t o base cour se mat er i al s  and t o 

as phal t  conc r et e.  However ,  t he t heor i es  ar e not  

i nt ended t o appl y  t o dr y,  sat ur at ed or  submer ged,

c l ean sands  and gr avel s ,  or  t o s at ur at ed s i l t s  b e ­

c ause t hese soi l  c ondi t i ons  i nvol ve s i gni f i c ant l y  

di f f er ent  mec hani s ms  of  v i br at or y  compac t i on.  Pl at e 

v i br at or s  ar e not  c ons i der ed ei t her ,  al t hough s i mi ­

l ar i t i es  do ex i s t  bet ween t he ac t i on of  v i br at or y  

r ol l er s  and pl at e v i br at or s .

VI BRATORY COMPACTI ON MECHANI SMS

Four  pos s i bl e mec hani s ms  f or  ex pl ai ni ng t he ef f ec t  

of  v i br at i on f or  c ompac t i ng soi l s  wer e deduc ed f r om 

a r ev i ew of  pr ev i ous  publ i c at i ons .  Thes e c an be 

des i gnat ed:  par t i c l e v i br at i on ( Ref .  2) ,  i mpact  

( Ref .  3) ,  s t r engt h r educ t i on ( Ref .  4) ,  and cyc l i c  

s t r ai ni ng ( Ref .  5) .

The appl i c at i on of  v i br at i on t o t he gr ound wi l l  cause 

i ndi v i dual  soi l  par t i c l es  t o v i br at e.  As  t hey  v i ­

br at e,  t he par t i c l es  c an r ear r ange i nt o ei t her  a mor e 

c ompac t  s t at e or  a l ooser  st at e,  dependi ng on c ondi ­

t i ons .  However ,  a v er y  smal l  amount  of  c ohes i on b e ­

t ween par t i c l es ,  ev en as  l i t t l e as  pr ov i ded by  c ap i l ­

l ar y  moi s t ur e f i l ms i n c l ean sands ,  can r es t r i c t  or  

pr ev ent  t hi s  r ear r angement .  Thus ,  par t i c l e v i br at i on 

i s not  bel i ev ed t o be i mpor t ant  ex c ept  f or  dr y  or  

s ubmer ged gr anul ar  mat er i al s .

I mpac t  r equi r es  t hat  t he c ompac t or  br eak  cont ac t  wi t h 

t he gr ound sur f ace dur i ng each c y c l e of  v i br at i on.  

Fi el d t es t s  showed t hat  t hi s usual l y  onl y  happens  

wi t h  v i br at or y  s moot h- dr um r ol l er s  on al r eady  c ompac ­

t ed mat er i al ,  or  i n t he case of  asphal t ,  when i t  has 

cool ed.  I mpac t  appear s  t o be muc h mor e c ommon f or  

pl at e v i br at or s  t han f or  v i br at or y  r ol l er s .

The pos s i bi l i t y  ex i s t s  t hat  t he appl i c at i on of  v i ­

br at i on c an r educe t he s t r engt h of  t he soi l  under  

some c i r c ums t anc es  and hence make t he soi l  eas i er  t o 

compac t .  However ,  r es ear c h on t he dy nami c  p r oper ­

t i es  of  soi l s  has s hown t hat  t hose wi t h c ohes i on wi l l  

gener al l y  bec ome s t r onger  dur i ng t he appl i c at i on of

3 7 5



4 / 3 7

dynamic forces. Thus, strength reduction is not an 

adequate explanation for the effect of vibration.

The fourth mechanism, particle rearrangement from 

cyclic deformation of the soil produced by oscilla­

tion of the roll, provides the best explanation of 

why roller vibration causes compaction. This mech­

anism has been demonstrated to be effective in com­

paction of soil samples (Ref. 5); furthermore, it is 

always present, and it even works in materials with 

significant cohesion.

LABORATORY MODEL TESTS

To demonstrate this cyclic phenomenon, model tests 

were conducted in the laboratory on clayey sand to 

simulate a vibratory roller in the field. In these 

tests vibration frequency was reduced to less than 

2 cycles per second to eliminate the dynamic effects 

related to particle vibration and strength reduction 

mechanisms. The vertical roll displacement was also 

controlled so that the roll was always in contact 

with the soil to eliminate impact. The soil was a 

moist clayey sand. The roller model was approximate­

ly 1/5 scale, and the compaction forces were scaled 

down appropriately.

The effect of the roll oscillation on compaction is 

illustrated by a typical strip chart recording shown 

in Fig, 1. The roll was initially suspended so that 

it just touched the uncompacted soil surface. In 

this position, the vertical force applied to the soil 

by the roll was zero and the compaction was zero(po­

sition A). The roll was then loaded to apply the de­

sired static contact force to the soil and pulled at 

a constant speed without oscillation. The compac­

tion achieved by the moving roll under the static 

vertical force is shown in position B. Finally, an 

oscillatory force was added to the static force to 

simulate the effect of a full scale roller when vi­

bration is turned on. Additional compaction was
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achieved by this oscillatory force (position C) even 

though the average vertical contact force applied to 

the soil was still equal to the static force.

The test results clearly showed that the superposi­

tion of oscillation significantly increased the 

amount of compaction, compared with that obtained 

without oscillation under identical conditions. It 

was also seen that the total compaction achieved un­

der a vibratory roller could be represented by two 

components: one is the static component which would 

be produced by the roller when operated with no vi­

bration, and the other is the dynamic component which 

corresponds to the additional compaction achieved 

when the vibration is turned on. Field density mea­

surements showing these two components are given in 

Fig. 2.
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2 Compaction Results on 12 in. Layers 

of Silty Sand with and without Vibra­

tion Using a 17000 lb Towed Vibratory 

Roller (From Ref. 6)

Such model tests were conducted for a range of oscil­

lation frequency, travel speed, static vertical force 

and oscillating vertical displacement. The trends 

of the observed relationships for the static and dy­

namic components of compaction are summarized in

Fig. 3.
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Fig. 3 Factors Affecting Static and Dynamic 

Components of Compaction

The amount of compaction accomplished by an actual 

vibratory roller in the field depends on many factors 

including roll weight, frame weight, roll suspension 

system, and generated dynamic force. However, the 

above test results suggest that the combined influ­

ence of these factors can be represented by the sta­

tic ground contact force, oscillation per unit dis­

tance, and roll vertical displacement. Based on data 

from Ref. 7, Fig. 4 shows the expected correlation 

between compacted density and the factors controlling
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the dynamic component of compaction.
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4 Relationship of Compaction Results to 

Dynamic Compaction Parameter 

Computed from Data in Ref. 7

MATHEMATICAL MODEL

The static contact force and oscillations per unit 

of travel distance are easily determined and con­

trolled. On the other hand, the roll vertical dis­

placement is based on the dynamic response of the 

mechanical system consisting of the compactor and 

soil together. The simplest suitable representation 

is the linear, two-degree-of-freedom system shown in 

Fig. 5. The behavior of the mechanical system in 

Fig. 5b, derived mathematically from well-established 

vibration theory, is shown in Fig. 6. The effects of 

the model parameters on the roll vertical displace­

ment determined from the solutions, are illustrated 

in Fig. 7.
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Fig. 6 Relationships Between Dynamic Forces, 

Displacement and Frequency for a 

Vibratory Roller

CD

E
CD

O
O

O

o
o

<D

>

o
cn

Gener at ed

For ce

Nomi nal

Di spl acement  / ^  Soi l

/  /
St i f f ness

Suspensi on

St i f f ness

Fr ame Wei ght

_______ Suspensi on

Dampi ng

— ______ Soi  1

Dampi ng

- - - Dr um Wei ght

Fig.

P a r a m e t e r

7 Representative Effect of Compactor 

and Soil Parameters on Roll Vertical 

Displacement at Constant Operating 

Frequency above Resonance

Fig.7 trends represent a constant frequency, higher 

than resonance. In each example the values of all 

other parameters are held constant except the one 

being shown. An increase in the mass of the roll, 

the suspension system damping and the soil damping 

decreases the roll displacement. In contrast, an 

increase in suspension system stiffness, soil stiff­

ness and generated dynamic force increases the roll 

displacement. Change in the frame mass has no ef­

fect as long as the suspension system stiffness is 

constant.

The full-scale experiments with actual vibratory 

rollers compacting soil under various conditions in 

the field verified the predicted trends. An example 

of field measurements is given in Fig. 8 for compari-
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s on wi t h  t he mat hemat i c al ,  r es u l t s  i n Fi g.  6.

Fig. 8 Variation of Displacement with Frequency 

for a 20,000 lb Roller on 12 in. of 

Gravel and Sand Material

The discovery that a linear soil model works well 

for compaction, which obviously involves significant 

non-linear, inelastic soil behavior, was an impor­

tant finding that led to an understanding of the 

mechanisms of vibratory compaction. The reason is 

explained by the roll vertical force-displacement 

relationships from the model tests in Fig. 9. When 

the roll is lowered onto the soil surface with a 

contact force F it compresses the soil by an amount 

Xg . During rolling without oscillation the soil

cm

Fig. 9 Typical Vertical Dynamic Force-Displacement 

Relationship for Model Roller on Soil

compression under Fg is Xr (position 0 in Fig. 1); 

with oscillation the net compression is X^ (Position 

C in Fig. 1). The closed loop represents the soil 

stiffness and damping felt by the roller, corres­

ponding to the soil elements shown in Fig. 5b. The 

actual force-deformation behavior of the stationary 

soil undergoing compaction is obviously nonlinear

and highly inelastic. However, because the roller 

is moving over the soil during oscillation the soil 

’’appears" to the roller to have no inelastic charac- 

terics.

The peaks on the curves in Fig. 6 are known as 

resonance peaks. The resonant frequency is the fre­

quency at which the amplitude of motion is maximum. 

The present research shows that the values of reso­

nant frequency are affected by the properties of 

both the soil and the machine. This conclusion is 

supported by the past experience shown in Fig. 10.

Rol l er Wt. Ref. Symbol Rol l er Wt. Ref.

7500 lb 9 5- - y 8600 lb 10

7500 8 0 — 0 5800 7

( 7000 6 X-- X 3600 11

1000 2000 3000

Vi br at i on Fr equency ,  c p m

Fig. 10 Variation with Frequency of Compaction 

by Smooth-Drum Vibratory Rollers

Because roll motion will occur at any frequency, a 

dynamic contribution to compaction will occur at any 

frequency. The advantage of operating at the reso­

nant frequency is increased efficiency of energy 

utilization and possibly increased productivity.

The generated dynamic force increases with the 

square of the frequency when a rotating eccentric 

mass is used as the vibration source. Even so, ex­

perience shows that increasing the operating fre­

quency may result in either an increase, a decrease, 

or no change in the amount of compaction (Fig. 10). 

The mathematical relationship between generated dy­

namic force and roll vertical displacement shows that 

this is indeed possible depending on the frequency, 

soil conditions, and the design details of the com­

pactor.

APPLICATION EXAMPLES

The following examples of actual compaction situa­

tions illustrate how the preceding concepts will 

explain some results observed in the field:

3 7 8
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1. An increase in frequency above resonance may pro­

duce a decrease in compaction.

An increase in frequency above the resonant frequency 

will increase the generated dynamic force, but not 

the transmitted force. As shown in Fig. 11, the roll

vertical displacement decreases from A„ to A
2'

T h i s

Fr equency 

Fig. 11 Illustration of How Increasing Frequency 

Can Decrease Compaction

will cause a decrease in compaction produced by roll 

oscillation which is partially compensated by an 

increase in oscillations per unit of travel distance. 

Since static force remains unchanged, compaction 

produced by the static force will not change. The 

net effect of frequency increase in this example is 

to decrease the amount of compaction. Hence, if the 

operator is not getting enough compaction in this 

situation, he should decrease frequency to get bet­

ter results.

If, however, the frequency is far enough above reso­

nance so that the roll vertical displacement does 

not change much with frequency, then the increase in 

the number of oscillations per distance from in­

creasing frequency could more than compensate for 

the reduction in roll vertical displacement. The 

net effect would then be increased compaction with 

increasing frequency. When the operating frequency 

is below resonance, an increase in frequency will 

also increase compaction because both the roll ver­

tical displacement and the oscillations per unit of 

travel will have been increased. The curves in 

Fig. 11 can also be used to show that effect of 

frequency can increase, decrease, or not change the 

density achieved.

2. As the number of roller coverages increases the 

compaction effort per coverage can increase.

Soil stiffness will be higher for each successive 

roller coverage because of the continuing increase 

in the amount of compaction that has already taken 

place. As is shown in Fig. 12, above the resonant

Fr equency

Fig. 12 Illustration of How Compaction Effort Can 

Increase with Increasing Roller Coverages

frequency this will result in increasing roll verti­

cal displacement for the same frequency, and hence, 

a greater dynamic component of compaction will be 

produced while the static component of compaction 

will be unchanged. In the case of asphaltic concrete 

compaction, stiffness can increase even more rapidly 

with each coverage because of the combined effect 

of compaction and cooling. This could result in 

system resonant frequency increasing to equal the 

operating frequency (Point c, Fig. 12). In such a 

situation, the roll may no longer remain in contact 

with the surface throughout each vibration cycle. In­

stead, the roll could impact the surface, a condition 

which could cause undesirable rippling in some situa­

tions .

3. If roller speed is increased, compaction per pass 

will be decreased.

An increase in roller speed will not cause much change 

in soil stiffness. Therefore, roll vertical displace­

ment will not be changed (Fig. 13). However, as the

Fr equency

Fig. 13 Illustration of How Roller Speed Increase 

Can Decrease Amount of Compaction

oscillations per unit distance decrease, the dyna­

mic component of compaction from the oscillations 

will decrease. Because the static component of 

compaction will remain unchanged the total compaction 

achieved will decrease. Examples of this trend are 

shown in Fig. 14. In general, any increase in roller 

speed, when using vibratory compactors, will cause a 

decrease in the amount of compaction. To offset this 

decrease in compaction additional coverages will be 

required. The best productivity will be obtained at 

the slowest practical speed which normally ranges 

between 1 and 4 mph.

SUMMARY

The basic principles governing compaction with vi­

bratory rollers have been presented. The purpose is 

to provide a rational basis for selecting rollers 

and for determining the best operating conditions.

The concepts can help explain many conflicting opini­

ons resulting from an incomplete determination of the 

controlling factors in the past. Although many fac­

tors influence the amount of compaction which can be 

achieved with a vibratory roller, the research re­

sults indicate that their net effect can be simply 

represented by: 1.) the ratio of vibration frequency 

to travel speed (oscillations per unit of travel dis­

tance), 2.) the roll vertical displacement during os­

cillation, and 3.) the static contact force on the 

ground under the roll per unit of roll width. These 

factors should be recorded in each field operation 

to establish a proper correlation with compaction 

results.

3 7 9



4 / 3 7

R o l l e r  C o v e r a g e s

Fig. 14 Effect of Roller Travel Speed on
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