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Sophisticated continuous compaction control of soils and granular materials 

Controle du compactage continuel ameliore des sols et des materiaux granulaires

H. Brandi & D.Adam -  Technical University o f Vienna, Austria

ABSTRACT: The paper presents continuous compaction control (CCC) performed with vibratory rollers. The results are compared with 

those obtained from in-situ testing on construction sites. The behaviour o f vibratory rollers was investigated by computer simulations. 

Physical models are described seperately for non-cohesive and cohesive soils. Large-scale field tests were carried out in order to verify the 

validity o f the models. Moreover, comprehensive measurements on different soil layers and at the roller gave a physical insight into the 

processes occurring during application o f CCC-techniques. Results o f conventional test methods are compared with the dynamic 

compaction values gained with the Compactometer and the Terrameter. The influences of different modes o f drum operating are taken into 

account; it could be found that they influence the results significantly.

1 INTRODUCTION

In road and railway construction and for earthworks compaction 

of unbound and bound material generally is carried out by means 

of 5 to 25 tons vibratory rollers running several passes per layer. 

Because o f the usual heterogeneity o f subsoil and compacted 

material it is obvious that the compacting procedure achieves 

locally a more or less non-uniform degree of compaction. The 

degree o f non-uniformity depends on the combination of roller 

parameters and on the soil properties. Independent o f the number 

of roller passes the compacted layer will contain zones which are 

undercompacted or overcompacted. This non-uniformity causes 

differential settlements in the final construction and therefore 

should be avoided as much as possible.

Hitherto, compaction control has been carried out mainly by 

means o f punctual test methods with the purpose to check the 

density or stiffness o f the compacted layer. Common testing 

methods, like the sand equivalent, the water balloon method or the 

Troxler nuclear gauge test to determine the density and the load 

plate test for determining the soil stiffiiess, are punctual methods. 

The uniformity cannot be approved, and faults can hardly be 

detected by such spot tests. Moreover, the measuring depth range 

is about 20 to 40 cm only. Last but not least all spot test methods 

are relatively expensive. This testing also delays construction 

work due to the fact that construction activities must not be 

carried out in the vicinity o f a spot test because ground vibrations 

could affect the test results.

Therefore, these conventional methods o f compaction control 

are not sufficient any more for high quality projects. The 

continuous compaction control (CCC) represents an improvement 

and is based on the measurement o f the dynamic interaction 

between roller and soil. Vibratory roller compaction takes place by 

means o f a vibrating drum which is excited by a rotating mass 

(Fig. 1). The oscillation o f the roller drum changes in dependence 

of the soil response. This fact is used to determine the stiffness o f 

the ground. Accordingly, control data are already available during 

the compaction process and all over the compacted area.

2 CCC-TECHNIQUES

2.1 General

The field o f CCC was originally limited to non-cohesive soils, but 

has been widened for cohesive soils, mineral layers and stabilized 

soils. Even the compaction o f granular recycling material and of 

some waste products can be controlled by this method. The 

sophistication achieved recently focuses on the way of vibratory

roller operating during compaction. Comprehensive computer 

simulations and field tests have disclosed that the correlations 

between dynamic compaction values and soil compaction 

properties depend strongly on the contact between vibratory roller 

drum and surface o f the layer being compacted. Dynamic 

compaction values always have to be considered in respect to the 

operating condition of the drum. Five significant operating 

conditions were determined, they are specified in Tab. 1.

Table 1. Operating conditions o f a vibratory roller drum

Behaviour 

o f motion

Interaction

drum-soil

Cycle* Operating

condition

Soil

stiffness

periodic contact 1 CONTINUOUS

CONTACT

low

partial loss 1 PARTIAL UPLIFT

of contact
2 (4) DOUBLE JUMP

[2(4)] ROCKING MOTION

chaotic - CHAOTIC MOTION high

* Specified as a multiple o f excitation cycle T=27t/<Db.

Continuous contact only occurs when the soil stiffness is very low,

i.e. in case o f uncompacted or soft clayey layers. Partial uplift and 

double jump are the most frequent operation conditions. The 

difference between these two operation conditions consists o f the 

number o f excitation cycles; consequently the motion behaviour of 

the drum repeats itself. When the soil stiffiiess increases further 

the motion o f the drum axis is no more vertical, the drum starts 

rocking. The roller is not manoeuvrable any more, dynamic 

compaction values provide no sufficient results. Very high soil 

stiffness in combination with disadventageous roller parameters 

can cause chaotic motion of the drum. Neither compaction nor 

continuous compaction control is possible then.

2.2 Dynamic compaction values

Two mainly used systems o f CCC have been involved in a 

comprehensive research programme:

• Compactometer o f the Swedish Company Geodynamik

• Terrameter o f the American-German Company Bomag

Both systems consist o f a sensor involving one or two 

accelerometers attached to the bearing o f the vibratory roller 

drum, a processor unit and a display to visualize the measured
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Fig. 1. Excitation of the drum of a vibratory roller.

values. The sensor records continuously the acceleration of the 

drum. The time history of the acceleration signal is analysed in the 

processor unit in order to determine dynamic compaction values 

with regard to specified roller parameters.

The Compactometer Value (CMV) is calculated dividing the 

amplitude o f the first harmonic of the acceleration signal by the 

amplitude o f the exciting frequency:

CMV
o(2toj) 

o{co0)
( 1)

Former empirical investigations have revealed that the amount of 

the first harmonic increases with increasing soil stiffness. 

Moreover, an auxiliary value was created in order to take into 

consideration the operation conditions o f the drum. The Resonant 

Meter Value (RMV) is calculated dividing the amplitude of the 

half frequency of the acceleration signal by the amplitude o f the 

exciting frequency:

RM V
Q(0,5a>o)

a(<a0)
(2)

If RMV is different from zero the operation mode o f the drum is 

that o f double jump.

The CCC-technique based on the Terrameter calculates the 

energy absorbed by the soil. The acceleration of the drum f, is 

measured in two orthogonal directions, the drum velocity z, is 

determined by integrating the acceleration components. Taking 

into consideration the mass o f drum mD, the rotating mass 

excenter mE, the static force Fs 

energy Wtg is calculated as follows

and the excenter force FE the

OMEGA ~ W €ff = | [ - ( m D + mE) z l + Fim + F £ ]z, dt (3)

The integration is performed by two cycles o f excitation to take 

the operating condition o f double jump into account.

The specified dynamic compaction values are relative values 

and cannot be assigned directly to common compaction values. 

Moreover, many effects and phenomena were unsolved at the 

beginning o f the research project.

3 COMPUTER SIMULATIONS

The behaviour o f vibrating rollers is investigated by computer 

simulations in order to determine the motion behaviour o f the 

roller-soil-interaction and to give a physical insight into the 

process o f CCC.

The substructure method is used. In a first step, soil and roller 

are treated seperately, in a second step these two systems are 

combined by means o f compatibility requirements. The elastic part 

o f the soil is described by a physical cone representing the 

homogeneous elastic halfspace. In contrast to cohesive soils non- 

cohesive soils indicate a completely different behaviour under 

dynamic loading. Consequently, the contact zone is described

seperately for non-cohesive and cohesive soils. An elastic layer 

resting on rigid rock or an elastic halfspace can be considered by a 

refined idealization o f the cone model.

3 .1 Interaction vibratory roller - non-cohesive soil

The model is described in detail taking into account the elastic 

behaviour o f soil in the far field, elastic-plastic properties o f the 

contact zone and the most important roller parameters influencing 

the system.

As a first approximation, unlayered soil may be idealized as a 

homogeneous, linearly elastic halfspace with a mass density p. 

Neglecting material damping, the stress-strain relationship is 

described by two independent elastic constants. In soil dynamics it 

is useful to specify the shear modulus G and the Poisson’s ratio v. 

The conventional solution of the elastic halfspace is sophisticated 

and specified by the propagation velocities cs o f shear waves, cp of 

dilatational waves and cR o f Rayleigh waves representing surface 

waves. The three-dimensional elastic half space can be physically 

idealized by a truncated semi-infinite elastic cone with its own 

apex height £o (Fig. 2). The part o f the halfspace located outside 

the cone was found to be o f no relevance and therefore is 

disregarded. Already W olf (1994) has shown that the one

dimensional translational cone represents the vertically loaded 

halfspace with sufficient accuracy.

The dynamic equilibrium o f an infinitesimal element taking into 

account the axial force N  and the inertial loads:

-N +  N+ N,( d £ - p  A(d £  z = 0

yields the one-dimensional wave equation in £z:

(4)

(5)

The interaction force F0 is determined for a given z0 in order to 

calculate the dynamic stiffness coefficient. Considering the 

boundary conditions provides the following solution:

(6)

The force-displacement relationship can be written in unified form: 

F0 = K  z0 + C z0 (7)

with the spring coefficient K  and the dashpot term C:

J!r_ P CpA0 

Co

C — p  c pA0

(8)

(9)
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Equation (7) has the same general form as the equilibrium 

equation for the damped single-degree-of-freedom system. Since 

there is no material damping assumed, the damping term C 

represents the geometrical damping which is a distinctive 

characteristic o f the undamped elastic halfspace.

The apex height £o depends on the shape of the loaded area and 

on the Poisson’s ratio v. The circular base of the cone can be 

replaced by a rectangular area A=4a0bo The numerical static 

solution provides the apex height of:

<r .= 8 a ,
( l - v ) 2

\ - 2 v
3,1(— ) +1,6 (10)

Taking equation (10) into account, the spring coefficient K  and 

the damping term C can be rewritten as:

K  = Gb0
l - v

3,1(— )0,75 +1,6 
b„

C = 4 j 2 p G j - ^ -  a0b0

( 11)

( 12)

From equations (11) and (12), K  and C depend on the elastic 

parameters o f the soil and on the dimensions o f the rectangular 

area. Consequently, they are not constant because the width 2b0 of 

the contact area changes with penetration o f the smooth 

cylindrical drum.

Non-cohesive soils which are not saturated exhibit a Poisson’s 

ratio o f about 0,25 to 0,35. This coincides with the limit o f validity 

of the predescribed formulation which is limited to compressible 

soil (v<l/3). The effective dynamic shear modulus G influences 

the elastic properties o f non-cohesive soil mostly. The 

determination of G is difficult because its quantity depends 

strongly on the amplitude o f the shear strains.

Large shear strains occur in the contact zone between drum and 

soil. This fact causes plastic deformations and even effects o f soil 

liquefaction. These distinctive elastic-plastic effects are responsible 

for soil compaction. In the contact zone the elastic theory is no 

more sufficient to describe the behaviour o f the soil correctly.

A plastic zone is embedded within the contact area o f the elastic 

soil. In accordance to St. Venant’s principle, the dimensions of the 

elastic contact area correspond to the dimensions of the surface 

load area (a=a0, b=ba, A=A0) and consequently, equilibrium 

provides equal contact and elastic forces (F=Fo). The total elastic 

plastic deformation z\ consists o f the Active elastic displacement z0 

and the plastic deformation z'’ (Fig. 3).

Plastic deformations are small in relation to the radius o f the 

drum. Due to this fact the cylindrically curved drum can be 

approximated sufficiently by a parabolic cylinder. Thus, plastic 

deformation is related to the square of the contact width of the 

drum:

(13)

Moreover, a constitutive relation between contact force and 

plastic deformation has to be determined. The soil drum 

interaction is considered to be a modified form of bearing capacity 

problem. The bearing capacity Nb is calculated multiplying the 

bearing pressure as by the contact area A :

N B = A a B = 4ab a B

a B =c N cv c +y„t  N qv q + y  2b N r vr

(14)

(15)

Accordingly, soil is non-cohesive and the drum is located on the 

surface. Both, first and second term o f equation (15) are omitted. 

Taking equations (13) and (15) into consideration, the bearing 

capacity can be rewritten for narrow rectangles with vr=\ as 

follows:

Fig. 3. Elastic-plastic deformations o f non-cohesive soil caused by 

the drum of a vibratory roller.

N B = 8  y  N ra d  z p = 8  y N / ad (z l -  z0) (16)

whereby all constants are summarized to a new plastic parameter: 

k p = % y N ra d  (17)

During loading plastic deformation are caused at each time, thus 

bearing capacity is equal to the applied contact force (F=Nb):

F  = k pz ” = k p(z, - z 0) (18)

The plastic constitutive equilibrium is built up paradoxically like a 

linear elastic constitutive relation. This fact is justified considering 

the geometry o f the cylindrically curved drum. The plastic 

constitutive relation is only valid for loading. During unloading, 

only elastic effects occur in the soil (Fig. 4).

Model tests were performed to verify the elastic-plastic 

behaviour o f unbound soil loaded by a cylindrically curved drum. 

The elastic and plastic portion o f soil deformation was determined 

punctually (Fig.5). This procedure represents an approximation 

but it yields excellent results. The plastic deformations are linear 

according to the theory of shear failure, whereas the elastic 

deformations are non-linear. This behaviour corresponds to the 

spring coefficient K  representing the elastic soil stiffiiess obtained 

theoretically in equation (11).

In a next step the modelling of the vibratory roller is specified. 

The consideration o f the vertical component provides sufficiently 

accurate results relating to the effects o f CCC. This assumption 

was confirmed by numerous large-scale field tests.

A vibratory roller can be described by a two-degrees-of- 

freedom system (Fig. 6). The motion of the roller is assumed to be 

defined by displacements o f the drum and the part o f the roller 

frame influencing the drum. The equations of motion of this 

system can be expressed in the following way, taking into account 

the dynamic equilibrium:

(.mD + mE )z, + c(i, -  i 2) + *(z, -  z2)

= {mD +mE)g + mEea>l sin«y0/ - F  (19)

mFz2 - c(z, - z 2) - k ( z x - z 1) = m Fg (20)

The roller drum is connected to the frame with low-damped spring 

elements. They are designed in such a way that the amplitude of 

the frame displacement is small compared with the displacement 

amplitude o f the drum. Moreover, the eigenfrequencies o f the 

frame are adjusted so that they do not correspond to a multiple of 

an integer number of the excitation frequency. Consequently, the 

motion of the frame can be neglected; static forces o f the frame 

are transmitted only to the drum and furthermore into the soil. 

Thus equations (19) and (20) are simplified to a one-degree-of- 

freedom system described as follows:

(mD + mE)z, = (mF +mD +mE)g + mEecol sincoat - F (21)
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Fig. 4. Force-deformation behaviour o f a cylindrically curved load 

area; (a) ideal plasticity, (b) elasticity.

The interaction between the drum and the soil is determined by 

combining the components o f soil (equations (7) and (18)) and 

roller (equation (21)) and by means o f the compatibility 

requirements. Taking into account that tensions cannot be 

transferred between drum and soil, loss o f contact must be 

possible in the model. Moreover, the soil-drum system passes 

varying phases during operation. Three different states are 

possible:

• Loading causes elastic-plastic deformations of soil. This state is 

defined by contact (F>0) and by an increasing soil contact force 

(AF>0). Combining the equations (7), (18) and (21) provides:

C
(,mD + mE) e — z\ +(mD + mE)z, + e C z, + e K  z,

C
= P  + p e — - e K z ‘ (22)

where

p  = (mF +mD +mE)g  + mEe a ) l s m a 0t (23)

denotes the static and excitation force and p  represents the first 

derivation o f p.  For computational reasons a constant impressed 

displacement z '  is introduced. A factor o f importance is the so 

called plasticity parameter e specified as:

(24)
K  + k*

The plasticity parameter may assume values between 0 and 1. 

Ideal elastic behaviour is obtained by the upper limit e  = 1 since 

k p -> o o . No soil resistance may be expected if the lower limit 

e = 0 takes place because k p = 0. Virtually, it may be assumed 

that the drum is in air.

Fig. 6.

Two-degree-of-freedom 

system describes a 

vibratory roller.

Empirical investigations have revealed that an increasing soil 

stiffness during compaction results in an increase o f e. Thus, soil 

becomes more elastic when the compaction process continues 

(Fig. 7).

•  Unloading causes only elastic deformations. This state is 

defined by contact (F>0) and by a decreasing soil contact force 

( AF < 0). As mentioned before, perfectly elastic behaviour is 

described by equation (22) with e  = 1. Equation (22) is simplified 

and reformulated as:

(mD +mE)zt + C z t + K  z, = p (25)

•  The so called air phase is characterized by loss o f contact 

(F=0) between drum and soil. This state may occur if the 

excitation o f the drum is high or the soil is too soft. Drum and soil 

move independently o f each other. Motion behaviour o f the drum 

is also described by equation (22) with e = 0 , unloaded soil 

follows equation (7):

(mD + mE)z] = p  

C z0 + K  z0 = 0

(26)

(27)

Equation (22) is valid universally, nevertheless initial conditions 

must be set at the beginning o f each phase because e  changes. The 

initial conditions are defined by final data o f displacements and 

their derivations of the preceding phase.

3 .2 Interaction vibratory roller - cohesive soil

Generally, cohesive soil achieves lower stiffness than non-cohesive 

soil. Furthermore, dynamic compaction may cause excesive pore 

water pressures which prevent additional compaction. In some 

cases static compaction can be more efficient then. Nevertheless, 

compaction control with CCC-technique is possible. Fundamental 

differences between the behaviour o f dynamically loaded non- 

cohesive and cohesive soils are considered in the following.

In the far field the behaviour o f cohesive soil is similar to non- 

cohesive soil. The shear modulus G is low, Poisson’s ratio 

increases with increasing water content ranging from v = 0,33 to

0,50. Soil responds nearly incompressible. Due to this fact, a 

portion o f  soil mass is trapped directly below the loading area. A 

trapped mass:

AM  = 2,4n  (v  -  \ ) p  p ^ ° -  8a0b0
3 V n

(28)

which increases linearly with Poisson’s ratio is introduced, and 

equation (7) is rewritten as follows:

F„ = AM  z„+ C z „ + K  zn (29)

Fig. 5. Punctual investigation o f elastic and plastic portion of soil 

deformation.
W olf (1994) has shown that the appropriate wave velocity 

dominating the geometrical damping is selected as twice the shear
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N U M BE R  OF R O LLE R  P AS S ES

Fig. 7. Measured plasticity parameter as function of roller passes.

wave velocity (c=2cs) and not as the dilatational wave velocity cp. 

Spring coefficient K  remains but the dashpot term C changes:

C = 8 J p  G a 0b0 (30)

Fig. 9. Excellent correlation between CMV and OMEGA.

presented cone model can be modified. Taking into consideration 

the solution of the homogeneous cone, a wave pattern is 

postulated which incorporates both reflection and refraction at the 

interface between layer and halfspace and the reflection on the free 

surface. The solution o f the homogeneous cone is used as a 

generating function and is further denoted with an overbar (z0). 

The influence o f the reflection can be described as the sum of all 

subsequent upwaves and downwaves (Wolf 1994). The 

introduction o f echo constants e, allows the surface displacement 

z0 o f the layered cone to be written concisely as follows:

The main difference exists in the contact zone. The soil 

deformations are significantly larger but the soil is only thrusted 

aside due to its nearly incompressible behaviour. The locomotion 

of the roller undoes the deformations in the preceding area. Thus, 

cohesive soil corresponds paradoxically to a quasi-elastic medium. 

(Cyclic plasticity does not occur because of the incompressibility 

of soil.) A sophisticatedly described elastic cone model (equation 

(29)) and vibratory roller (equation (21)) specifies the interaction 

system. Because o f the same behaviour during loading and 

unloading two phases are sufficient:

•  Contact causes elastic deformations (z0=zi). The formulation 

corresponds with equation (25), only the trapped mass AM  is 

added to drum mass and rotating mass excenter.

•  Air phase is characterized by loss o f contact. Equations (26) 

and (27) are still valid taking into consideration that the term 

A M z0 is added to the left side.

3.3 Layer resting on flexible halfspace or rigid rock

The consideration o f (multi-)layered soil is important in order to 

investigate the influence o f variable soil properties on dynamic 

compaction values in different depths.

To calculate the dynamic response of the vibratory roller to a 

soil layer resting on the flexible halfspace or rigid rock, the

D Y N AM IC  S H E AR  M O D U LU S  G [M N /m !]

Fig. 8. OM EGA CMV and RMV as function o f the dynamic 

shear modulus.

*o(0 = I V o ( ' -
/=0

j T)

1, e ,=
2 ( - a ) 1 

1 + j<
r = ^ ,

c

2h

"to

(31)

(32)

where h is the thickness o f the layer and c the respective wave 

velocity. The reflection coefficient (-a) represents the ratio o f the 

reflected wave g  to the incident wave f  in respect to the elastic 

properties o f the layer (I) and the halfspace (II). It is described by 

a coupled differential equation of first order. An exact solution is 

available for high-frequency limit (cu-> <x>) and static case 

(<b = 0 ) which generally leads to more accurate results:

P ,c ,

- a (  0) :
jr

7

C'o+A Co

Pu clp , c, ____

a

(33)

The special case -a  = -1 corresponds to a soil layer on rigid rock.

O M E G A ( ]

Fig. 10. Correlation of CMV and OMEGA is linear within a 

similar operating condition of the drum.
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Fig. 11. Influence functions o f vertical deformation o f soil during compaction procedure.

3.4. Results

Calculations with data o f commonly used rollers and of a wide 

range o f soils were performed. Analyses, both in time domain and 

in frequency domain were conducted. The results o f a 13 tons 

roller (Bomag BW 213 D) are presented in this report.

Generally, the displacement o f the drum, its derivations and the 

soil contact force were computed. Energy absorbed by soil, which 

corresponds to OMEGA was determined. The acceleration of the 

drum was analysed in frequency domain in order to calculate 

CMV and RMV.

The operating conditions continuous contact, partial uplift and 

double jump were proofed with the one-degree-of-freedom 

interaction system as already described. The operating conditions 

as rocking motion and chaotic motion require a complicated multi- 

degree-of-freedom system. Dynamic compaction values are 

presented as a function o f the dynamic shear modulus in Fig. 8. 

The increase o f the shear modulus causes a change of the way of 

drum operating. The operating condition influences the dynamic 

compaction values significantly. For practical use the particular 

operating condition has to be recorded in order to interpret the 

dynamic compaction values correctly.

4 FIELD TESTS

Comprehensive large-scale field tests were performed in order to 

investigate the motion behaviour o f drum and layered soil. 

Specifically, the accelerations o f drum and roller frame were 

measured. Influence functions o f three-axial accelerations, soil 

pressure and both dynamical deformations and static settlements 

within three different depths o f soil were determined. 

Furthermore, the vibratory roller (Bomag BW 213 D) was 

equipped with the systems o f Compactometer and Terrameter. 

Results o f analysed data were to be compared with data of 

computer simulations.

Fig. 9 shows the dynamic compaction values CMV and 

OMEGA over a lane o f 20 m. CMV and OMEGA correspond 

very well when taking into consideration a linear transformation 

between the dynamic compaction values. However, this 

conformity is valid only for values within the particular mode of 

drum operating. Consequently, the correlation between CMV and 

OMEGA is approximately linear within the operating conditions 

continuous contact and partial uplift (Fig. 10).

Further measurements provided an influence function of 

deformation specifying the soil properties in a depth of 30 cm. The 

data show that the shape of oscillation behaviour o f drum is 

transmitted to the soil. „Bow wave" of drum and both elastic- 

plastic deformations and settlements by means of the excited drum 

are distinctive features. Loosening occurs when overcompacted 

non-cohesive soil is treated by additional passes (Fig. 11).

Numerous conventional tests were carried out in order to find 

out correlations between dynamic compaction values and results 

o f conventional methods. Special attention was given to the static 

load plate test and the Troxler nuclear gauge test. Moreover, 

comparisons were made with the dynamic load plate test, ground- 

penetrating radar and a different roller.

Best correlations were achieved with the static load plate test. 

However particular soil and operating conditions must be taken 

into account in order to obtain reliable regressions (Fig. 12).

Fig. 12. Correlation between CMV and initial loading modulus 

dependent on the particular operating condition of the drum.

5 CONCLUSIONS

By means o f continuous compaction control (CCC) with vibratory 

rollers the quality control can be increased considerably. Two 

systems o f CCC, Compactometer and Terrameter, were involved 

in a comprehensive research project. The behaviour o f vibratory 

rollers was investigated by computer simulations. Different elastic 

plastic models for non-cohesive and cohesive soil were developed 

in order to calculate the roller-soil-interaction. Furthermore, large- 

scale field tests and in-situ testing on construction sites were 

performed. Correlations between dynamic compaction values 

(CMV, OMEGA) and conventional test methods were established. 

Comprehensive investigations have disclosed that the type of 

dynamically excited drum operating influences the progress of 

dynamic compaction values significantly. Accordingly, the 

particular operating condition has to be considered for a proper 

interpretation o f the dynamic compaction values. Generally, the 

CMV and OMEGA values increase with increasing soil stiffness 

within similar operating conditions, and they exhibit excellent 

correlations between each other.
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