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ABSTRACT: The optimum vibration frequency for vibratory surface compaction has been found to be 
close to the resonant frequency in small-scale and full-scale tests. To verify the results for various 
dynamic-to-static force ratios, frequency-dependent compaction using a vertically oscillating plate was 
studied in 151 small-scale tests using rotating mass oscillators and a sand-filled test box. The results 
suggest that the compaction behaviour is similar for different force ratios and that the optimum 
compaction frequency is generally around resonance. Measured dynamic properties were compared to an 
equivalent-linear calculation method. The method could capture the behaviour of the compactor with a 
reasonable accuracy but could not be verified for a high force ratio. 

1. INTRODUCTION 

In surface compaction using rollers and plates, 
granular soil is densified by applying a dynamic 
load, normally generated by one or several rotating 
eccentric masses. The amount of densification 
depends on the type and magnitude of loading, the 
foundation and soil properties and the initial degree 
of soil compaction. One crucial parameter in all 
dynamic systems is the vibration frequency in 
relation to the resonant frequency. Resonance 
implies amplified dynamic movements, which may 
increase the compaction efficiency. The concept of 
resonance compaction has been applied 
successfully in deep compaction of granular fills 
and natural deposits (Massarsch 1991; Massarsch 
and Fellenius 2002). For surface compaction, 
however, the vibration frequency is generally far 
above the resonant frequency and taking advantage 
of resonant amplification has never before been 
applied in practice. The influence of frequency on 
the compaction of soil was investigated by several 
authors in the 1950s and 1960s (Bernhard 1952; 
Converse 1954; Johnson and Sallberg 1960; 

Forssblad 1965). These early studies were 
conducted partly through field and laboratory tests. 
However, the test equipment and measurement 
instruments were primitive and would not meet the 
demands of today. Thus, the conclusions regarding 
frequency-dependent compaction differed between 
authors. No experimental studies have been 
conducted, to the best of the authors’ knowledge, 
since the 1960s on the influence of vibration 
frequency on the compaction behaviour. 

Whether resonance can be utilized to improve 
the efficiency of surface compaction was studied in 
a combination of small-scale tests and full-scale 
tests. Wersäll and Larsson (2013) conducted small-
scale tests in laboratory environment using a 
vertically vibrating electro-dynamic oscillator 
mounted on a plate and found that the degree of 
compaction increased significantly close to the 
coupled foundation-soil resonant frequency. This 
type of oscillator produces a dynamic force that is 
very small compared to the static weight of the 
equipment. Wersäll et al. (2015) conducted further 
tests using two counter-rotating eccentric mass 
oscillators. These tests, in which the dynamic force 
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was larger than the static weight, also showed an 
increase in compaction efficiency close to the 
resonant frequency. However the effect was 
considerably smaller than for the electro-dynamic 
oscillator, highlighting the influence of force and 
loading properties. The findings in the small-scale 
tests were used as a basis for full-scale tests using a 
vibratory roller with variable frequency, in which 
compaction of gravel was conducted at several 
different frequencies (Wersäll, Nordfelt and 
Larsson 2016), Fig. 1. The results showed good 
agreement with the small-scale tests and concluded 
that compaction using vibratory rollers can be 
conducted more efficiently with a significant 
reduction in energy consumption if operating under 
a lower vibration frequency. A lower frequency 
implies a reduction in fuel consumption, 
environmental impact and machine wear. 

 
Figure 1. Full-scale tests 

Considering the major differences in the results 
from electro-dynamic and rotating mass oscillators, 
the force ratio, i.e. the ratio of dynamic force to 
static weight, was assumed to influence the 
frequency-dependent compaction behaviour. 
Rollers of varying size, amplitude setting and other 
properties produce slightly different force ratios 
but the full-scale tests were conducted with a single 
roller. It is thus unknown whether other rollers will 
behave differently. Therefore, further small-scale 
tests were conducted to study the influence of force 
ratio on the frequency-dependent compaction 
behaviour. Out of previously conducted small-scale 
tests with rotating mass oscillators, 96 are 
presented in this paper and 55 further tests were 
conducted, varying the force ratio. To obtain a 
higher force ratio, the mass of the vibrating system 
was reduced. 

2. SMALL-SCALE TESTS 

Two counter-rotating eccentric mass oscillators 
were mounted on a steel rod that could move freely 

in the vertical direction. A cylindrical steel plate 
was mounted at the bottom of the rod and was 
placed on a sand bed, 120 mm in depth. The test 
material was well-graded sand with an un-
compacted density of 1655 kg/m3, corresponding 
to a relative density of 43 %, and was placed in a 
box with inner measurements 1100 mm by 700 
mm. The test setup is shown in Fig. 2. Vertical 
settlement was measured using a linear variable 
differential transformer (LVDT), vertical 
acceleration on the plate using an accelerometer 
and reaction force by a force transducer between 
the plate and the rod. Wersäll et al. (2015) found 
that the settlement of the plate is closely related to 
compaction of the underlying soil. The settlement 
is thus considered a measurement of the resulting 
degree of compaction. 

 

Figure 2. Experimental setup 

Wersäll et al. (2015) conducted tests with the 
setup described above and a system weight of 
28.8 kg and investigated the settlement versus 
frequency behaviour. At each discrete frequency, 
the sand was replaced and preloaded by vibrating 
a 195 mm by 195 mm wooden plate at 100 Hz 
for 20 seconds. The soil was then compacted by 
vibrating the cylindrical steel plate for 30 
seconds while settlement, acceleration and 
reaction force was measured. The dynamic-to-
static force ratio in those tests was 1.54. For this 
study, further tests were conducted with 
increased force ratios, obtained by reducing the 
system mass to 22.1 kg and 13.0 kg, while 
keeping the same oscillators. This resulted in 
force ratios of 1.75 and 2.39, respectively. 
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3. EQUIVALENT-LINEAR METHOD 

To accurately predict the dynamic behaviour of 
oscillating foundations, dynamic finite element 
(FE) or distinct element (DE) methods are 
generally required. However, these methods are 
time consuming and require skilled operators to 
produce reliable results. Thus, there is a need for 
fast and simple methods that can predict the 
dynamic response with sufficient accuracy. One 
method to calculate the response of a vertically 
oscillating foundation is through the stiffness 
formulation by Lysmer and Richart (1966), 
presented in Eq. (1). 




1

4 0Gr
k  (1) 

where, k = spring stiffness; G = soil shear modulus; 
r0 = footing radius; and  = Poisson’s ratio. Eq. (1) 
facilitates calculation of the frequency-dependent 
response of acceleration, force and other parameters 
to a given dynamic load by converting the soil 
modulus to spring stiffness. However, this 
methodology assumes that the soil is linearly elastic 
and that it has a shear modulus that is independent 
of strain. This produces large errors since soil 
generally presents significant nonlinearity. 

One way to deal with nonlinear soil properties 
without using FE or DE methods is by equivalent-
linear methods where strain softening is considered 
by an iterative procedure while still using elastic 
expressions. This methodology is popular in, for 
example, earthquake site response computer 
programs, such as SHAKE (Schnabel, Lysmer and 
Seed 1972). The authors developed a method that 
calculates the dynamic frequency response, i.e. the 
frequency-dependent acceleration and force 
amplitudes as a function of loading frequency, 
using the equivalent-linear approach (Wersäll, 
Larsson and Bodare 2014; Wersäll et al. 2015). 
Due to local spikes in the measured acceleration 
and force data in the small-scale tests and because 
of varying soil properties during each test, the 
maximum RMS-value (root mean square) is 
considered more representative than the maximum 
measured amplitude. The maximum RMS-value is 
thus compared to the calculated response, as has 
been discussed by Wersäll et al (2015). 

4. RESULTS AND DISCUSSION 

4.1 Compaction 

The applied dynamic force, using rotating eccentric 
mass oscillators, increase with the square of 
frequency. The amount of settlement (compaction) is 

thus expected to increase with higher frequency. 
Furthermore, resonance in the foundation-soil system 
is expected to give rise to a resonant peak at a certain 
coupled compactor-soil resonant frequency. Fig. 3 
shows the settlement versus frequency for dry and 
wet sand for a system weight of 28.8 kg with a force 
ratio of 1.54.  At approximately 35 Hz, resonance of 
the sand-filled test box causes a peak in settlement 
that should be disregarded. Around the resonant 
frequency, at approximately 42 Hz, there is a slight 
peak causing a larger settlement. Above resonance, 
the settlement decreases slightly before increasing 
again at higher frequencies. The optimum 
compaction frequency from an energy perspective is 
around the resonant frequency. Furthermore, the full-
scale tests showed that the increase in settlement at 
high frequency is not obtained for a vibratory roller 
due to chaotic movement of the drum. 

 
Figure 3. Settlement versus frequency for force ratio 
1.54. Modified after Wersäll et al. (2015) 

After removing mass so that the system weight 
was 22.1 kg, the force ratio became 1.75. The 
frequency-dependent settlement behaviour is 
shown in Fig. 4. Again, resonance of the test box 
can be observed at roughly 35 Hz. The resonant 
frequency can be seen as a slightly higher amount 
of settlement around 47 Hz. The behaviour is 
similar to that of the tests with lower force ratio. 

 
Figure 4. Settlement versus frequency for force ratio 1.75 
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Fig. 5 shows results from tests with system 
weight 13.0 kg and a force ratio of 2.39. Also 
here, a modest effect of the test box resonance can 
be observed around 35 Hz. The shape of the 
settlement versus frequency curve implies a 
resonant frequency close to 60 Hz, causing a 
slight increase in settlement. Although there are 
no data points above 80 Hz, the results suggest 
that the behaviour is similar as for the tests with 
lower mass. However, the frequency range in 
which the settlement decreases above resonance is 
quite narrow. 
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Figure 5. Settlement versus frequency for force ratio 2.39 

4.2 Frequency response 

Measurement of acceleration and force are compared 
to the calculated frequency response using the 
equivalent-linear method described above. The 
figures below present the maximum RMS values 
from each test compared to the calculated amplitude. 
The response is calculated with a shear wave speed 
of the sand of 200 m/s. Fig. 6 and Fig. 7 show the 
acceleration and force amplitudes, respectively, for a 
system weight of 28.8 kg and a force ratio of 1.54. 
Soil nonlinearity causes the shape of the response 
curves to alter significantly compared to the elastic 
response. The frequency where maximum calculated 
dynamic displacement amplitude occurs is 
considered the calculated resonant frequency 
(Ramesh and Kumar 2013), here 44 Hz. The 
calculated resonant frequency is close to the observed 
resonant compaction frequency in the settlement 
measurements, around 42 Hz (Fig. 3). The measured 
acceleration and force follow the same trend as the 
calculated amplitudes, with some scatter. 

The acceleration and force response for a 
compactor weight of 22.1 kg and a force ratio of 
1.75 is shown in Fig. 8 and Fig. 9, respectively. 
The data are scarce but there seems to be a 

reasonable agreement between the measured and 
calculated response. The calculated resonant 
frequency is 46 Hz as compared to the measured 
resonant compaction frequency around 47 Hz. 
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Figure 6. Measured and calculated acceleration 
amplitude for force ratio 1.54. Modified after Wersäll 
et al. (2015) 
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Figure 7. Measured and calculated force amplitude for 
force ratio 1.54. Modified after Wersäll et al. (2015) 

 
Figure 8. Measured and calculated acceleration 
amplitude for force ratio 1.75 
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Figure 9. Measured and calculated force amplitude for 
force ratio 1.75 

The response for a system weight of 13.0 kg and 
force ratio of 2.39 is shown in Fig. 10 and Fig. 11, 
respectively. Here, there is a large discrepancy 
between measured and calculated results. It is 
interesting to note that the apparent resonant 
frequency in the measured acceleration and force 
data seems to be around 35 Hz (corresponding to 
the resonant frequency of the sand-filled test box) 
while the resonant compaction frequency observed 
in the measured settlement is approximately 60 Hz 
(Fig. 5). Although a slight increase in the response 
can be seen around 60 Hz, the shape is consistent 
neither with the measured settlement nor with the 
calculated response. Furthermore, it is unrealistic 
that the resonant frequency is lower than for the 
tests with a higher system weight. It is thus 
assumed that the measured acceleration and force 
are not representative of the compaction behaviour. 
The most likely reason for this discrepancy is 
higher vibration modes in the steel rod, affecting 
the measurements. Due to the horizontal vibration 
components generated by the rotating masses, 
translational and bending modes are activated in 
the rod. When the static weight is large, these 
modes become insignificant but as the weight is 
decreased, they influence the vibrations of the rod 
sufficiently to affect the dynamic measurements. 
By using more powerful or mechanically coupled 
oscillators, the problem would most likely be 
eliminated. The calculated resonant frequency 
using the equivalent-linear method is 51 Hz, while 
the observed resonant compaction frequency was 
around 60 Hz. The predicted resonant frequency is 
close to what is observed in the settlement 
measurements but cannot be verified by the 
acceleration and force measurements. 
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Figure 10. Measured and calculated acceleration 
amplitude for force ratio 2.39 
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Figure 11. Measured and calculated force amplitude for 
force ratio 2.39 

5. CONCLUSIONS 

Results from 151 small-scale tests have been 
presented. Out if these, 96 were conducted in a 
previous study and 55 were conducted in this 
study. The additional tests were performed to 
investigate the influence of force ratio, i.e. ratio 
between dynamic force and static weight, on the 
frequency-dependent compaction behaviour of 
vertically oscillating surface compactors. Full-scale 
tests have previously shown that the optimum 
compaction frequency is around the resonant 
frequency for a particular roller (and thus force 
ratio). The following conclusions can be drawn 
from the study: 
 With increasing force ratio, the effect of 

resonance becomes less significant although 
there is still an increase in compaction around 
the resonant frequency. 

 The resonant frequency increases with a 
higher force ratio but the frequency-dependent 
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compaction behaviour is similar for various 
force ratios, suggesting that the findings of the 
full-scale tests are applicable to various types 
of rollers. 

 The resonant frequency predicted by the 
equivalent-linear method agrees reasonably well 
with the resonant compaction frequency. 

 The calculated frequency response of 
acceleration and force amplitudes matches 
measured quantities reasonably well for the 
lower force ratios. 

 The calculated frequency response for the 
highest force ratio cannot be verified since the 
measurements show an unrealistic response, 
most likely due to higher vibration modes in the 
test equipment. 
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