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ABSTRACT: Deep vibro compaction was investigated in large-scale experimental field tests. Within these in-situ tests, 

the seismic cone penetration test was successfully applied to evaluate the shear wave velocity profile in the non-compacted 

and the compacted sandy gravel. On this test site complementary DPH tests were performed. Additionally, the influence 

of different process parameters on the compaction effect in the ground was investigated by conventional cone penetration 

tests performed in non-saturated uniform sand. The paper presents the concept of the research project briefly, wherein the 

importance of the in-situ tests is highlighted. Furthermore, test results are shown and discussed. 
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1. Introduction 

1.1. Deep vibro compaction 

Deep vibro compaction was developed and patented 

by Johann Keller GmbH in the 1930s, and since then it 

has been worldwide successful used for deep compaction 

of a wide range of granular soils. The principle of the pro-

cess is based on particles being rearranged into a denser 

state through the horizontal vibration of the compaction 

device. 

Appropriate execution of this ground improvement 

technique increases soil density and stiffness, which in 

turn give rise to homogenized subsoil, reduced settle-

ments and lower liquefaction potential of the improved 

soil layer. 

 

 

Figure 1. Deep vibrator. 

The cylindrical depth vibrator (see Figure 1) is typi-

cally between about 3 m and 5 m long with external di-

ameters between 240 and 500 mm and weighs between 

approximately 1.5 and 4.5 tons. Detailed information on 

machine and performance parameters are discussed in [1] 

and [2]. 

Deep vibro compaction is a soil improvement method 

with a long tradition; nevertheless, there is currently no 

standardized method for continuous compaction control 

for this ground improvement technique available. 

1.2. Quality control during deep vibro 

compaction 

There are nowadays two principal ways to estimate 

compaction success. On the one hand, site investigation 

methods such as cone penetration testing (CPTu), dy-

namic probing (primarily DPH) or standard penetration 

test (SPT) are worldwide widely used for this purpose. 

Other ground investigation methods like the flat dilatom-

eter test (DMT) or the Ménard-pressuremeter (PMT) are 

seldom applied for compaction control. In the more re-

cent years, the CPTu has worldwide become popular for 

quality control for deep compaction since it is relatively 

fast and cost-effective, renders a continuous profile, 

gives reliable and repeatable measurement and more than 

one measurement value [3]. Massarsch [4] estimated the 

changing in situ stress state due to deep vibro compaction 

based on CPTu results. However, in situ testing methods 

are often time-consuming, and can just be applied after 

finishing the compaction works or during an interruption 

of them. But the main disadvantage of these testing meth-

ods is the spot-like testing. 

On the other hand, the compaction works can be con-

trolled by monitoring process parameters recorded con-

tinuously all over the site. The most often used value is 

the power consumption of the vibrator engine expressed 

in terms of electrical current or hydraulic pressure. 



 

However, deriving compaction performance from pro-

cess parameters is often contested concerning its reliabil-

ity [5]. 

1.3. Compaction control based on the 

vibrator movement 

In contrast to conventional testing methods, a work- 

and vibrator-integrated testing tool would improve the 

quality of the compaction works. That means the deep 

vibrator should serve not just as a compaction device but 

at the same time as a measurement tool. Deep vibro com-

paction is commonly executed in compaction patterns, 

which makes a systematic control of the entire compacted 

soil body possible. 

The interaction between soil and vibrator determines 

the three-dimensional motion behavior of the depth vi-

brator. Thus, an increase in the soil stiffness during the 

compaction process causes changes in the vibrator move-

ment. Therefore, the vibrator motion, evaluated together 

with specific process parameters, is proper for a work-

integrated indication of the current compaction state. 

Such a system can provide the machine operator with val-

uable information on the site. Furthermore, it could be an 

appropriate tool for quality assurance. 

The idea of a vibrator-integrated compaction control 

based on the motion behaviour of the compaction device 

has been followed for decades by academics and 

construction companies. Systems for work-integrated 

quality control based on the continuous measurement and 

evaluation of the movement behavior of a compaction 

device are well known in the construction industry. 

Continuous Compaction Control (CCC) is broadly used 

in dynamic compaction, both on vibratory and oscillatory 

rollers [6]. 

2. Experimental investigation of deep vibro 

compaction 

2.1. Research aim 

A pioneering basic research intended the development 

of the scientific basis for a system for work-integrated 

compaction control based on the motion behavior of the 

vibrator body. For this purpose, fundamental experi-

mental investigations were executed on a test field with 

an extensive test program. This research project is a col-

laborative effort between the Institute of Geotechnics at 

the TU Wien, the Keller Grundbau GmbH, the VCE Vi-

enna Consulting Engineers ZT GmbH, and the Unit of 

Applied Mechanics at the University of Innsbruck. 

The outcomes of the large-scale tests and the 

complementary theoretical investigations on continuous 

monitoring and evaluation of the movement behavior, a 

possibility for a vibrator- and work-integrated control 

and quality assurance of deep vibro compaction are 

presented in [1] and [7] in detail. 

2.2. Cone penetration test to investigate the 

effect of deep vibro compaction 

However, the investigations on the test field were not 

limited to the documentation of the vibrator motion. In 

the scope of the experimental field tests, the cone pene-

tration test (CPTu) and the seismic cone penetration test 

(SCPTu) were used on two different test sites in Austria 

to control the compaction effect and the influence of var-

ious process parameters on the compaction success. Ad-

ditionally, the dynamic probing heavy (DPH) was ap-

plied for this purpose in sandy gravel, which is 

considered as a standard soil investigation tool in Austria. 

Cone penetration test or dynamic probing proved – in 

spite of the spot-like testing – utterly valuable for control 

and verification of compaction effect derived from the vi-

brator movement. Therefore, these testing methods were 

used extensively during both experimental field tests. All 

CPTu and the SCPTu tests were performed and evaluated 

by the Fugro Consult Kft. Subsequently, test results from 

the two test sites are shown and discussed in this paper. 

On the first test site, the seismic cone penetration test 

was successfully implemented to evaluate shear wave ve-

locity profiles in the non-compacted and compacted 

sandy gravel. These investigations are shown in chap-

ter 3. 

In the second case, the effect of differences in process 

parameters on the distribution of compaction effect in the 

ground was evaluated by the cone penetration test. These 

tests were performed in non-saturated loose uniform 

sand. Chapter 4 focuses on these test results. 

3. Determination of shear wave velocity 

profiles in sandy gravel 

3.1. Assessment of soil improvement quality 

with the cross- and downhole technique 

Geophysical ground investigation techniques for de-

termination of dynamic soil parameters generally com-

prise the great advantage of allowing measurements on 

undisturbed ground. The ground can be investigated 

without changing its stress state significantly. Field tests 

for the determination of dynamic soil parameters are 

based on the principle of elastic wave propagation and 

therefore provide parameters that are limited in the range 

of very small strains. 

During a seismic cone penetration test, the shear wave 

velocity profile of the ground is determined, based on the 

principle of the seismic downhole test. Hammer impact 

on the ground surface generates seismic waves and accel-

erometer installed behind the cone register the seismic 

body waves propagating in the underground. 

According to the elasticity theory, the relationship of 

the shear modulus G0, the soil density ρ, and the shear 

wave velocity vs is as follows: 

 

𝐺0 = 𝜌 𝑣𝑠
2 (1) 

 

Hence, the shear modulus can be determined using in-

situ seismic methods. Since in such tests the shear wave 



velocity is determined. The shear strain amplitude in such 

a test is usually in the range of very small strains, of the 

order of 10-6. 

This testing method is much simpler and faster and 

less expensive than a conventional downhole test. Since 

the sensors are installed above the cone, they can be pen-

etrated easily in the ground, no borehole is necessary. 

During the penetration process, the standard CPTu pa-

rameters are being recorded, which provide further valu-

able information about the ground, in addition to the 

shear wave velocity profile [8]. 

In general, one can consider soil stiffness as a standard 

measure of soil improvement performance. Therefore, 

cross- and downhole technique can be seen as ideal tools 

for evaluating soil improvement performance since the 

measured shear wave velocity corresponds to the small 

strain stiffness of the soil.The strain dependency of the 

soil stiffness is extensively discussed in the literature [9]. 

Due to the relatively high costs, the cross- and down-

hole technique are generally rarely used for site investi-

gations. However, in the literature, some examples of us-

ing the downhole or the crosshole technique can be found 

for assessment of soil improvement works. Massarsch 

and Broms [10] performed seismic crosshole tests in vi-

brocompacted sand fill to determinate the shear modulus, 

which was calculated from the measured shear wave ve-

locity. In that case, the shear modulus increased signifi-

cantly due to vibrocompaction. Massarsch and Eriksson 

[11] determined the deformation properties of dry mixed-

in-place columns in the field, with seismic downhole 

tests, by measuring the shear wave velocity, which was 

related to the small-strain shear modulus of the soil. Wehr 

and Berg [12] performed crosshole measurements in dif-

ferent directions, before and after installation of “powder 

columns” using the vibro replacement technique. A sig-

nificant increase in the shear wave velocities could be ob-

served in all measurements. The increasing shear wave 

velocity corresponds to a rising soil stiffness as a result 

of vibro replacement. 

3.2. Evaluation of shear wave velocity using 

the seismic cone penetration test 

The large-scale compaction tests, including investiga-

tions using the seismic cone penetration test (SCPTu) 

technique, were carried out on a test site in a gravel pit, 

in Styria, Austria. 

 

 
Figure 2. Grain size distribution curves of the subsoil on the test area 

in Styria, Austria [4]. 

An extensive pre-compaction ground exploration pro-

gram was carried out on the test area mainly by core drill-

ing and dynamic probing heavy (DPH). Down to the ex-

ploration depth, the subsoil was classified as well-graded 

sandy gravel with low relative density, therefore ideally 

suited for deep vibro compaction. Figure 2 shows grain 

size distribution curves of samples taken on the test site. 

The ground water level lay 2.0 meters below the ground 

surface. 

In the scope of the experiments, the soil compaction 

was carried out up to a depth of 9.0 m using a deep vibra-

tor of the company Keller. The compaction process was 

executed in back-step procedure, with compaction steps 

of between 0.4 and 0.6 meters. The experiments are dis-

cussed extensively in [4]. 

3.3. Execution of the SCPTu tests 

In the scope of the testing program, individual vibro 

compaction slots were investigated, which made a 

straight comparison of the shear wave velocities in the 

non-compacted and compacted subsoil possible. 

 

 
Figure 3. Seismic cone penetration test to compare shear wave veloc-

ity in non-compacted and compacted subsoil. 



 

Tests were executed after finishing the compaction 

works. The standard investigation process was slightly 

adapted to enable the comparison of the wave propaga-

tion velocities in the natural and the treated soil. Figure 3 

illustrates the testing concept schematically. 

At a certain measurement depth, seismic waves were 

triggered on two different positions on the ground sur-

face. The vibration sources were arranged to allow the 

determination of the shear wave velocity both in the non-

compacted and compacted soil. 

The seismic cone was penetrated in a distance of 1.5 m 

from the center of the respective vibro compaction slot. 

This distance represented the approximate radial com-

paction effect of the vibrator. The underground was loos-

ened in the upper 1.5 to 2.0 meters before the SCPTu tests 

to minimize the danger of cone damage. During the test, 

the cone tip was positioned at depth intervals of 1.0 m. 

Vibrations were triggered on the ground surface through 

a horizontal hammer impact on a steel beam. Two triaxial 

accelerometers in the cone registered the signals of the 

propagating body waves. In the scope of the test program, 

eleven selected compaction slots were investigated in to-

tal. 

3.4. Test results 

Since a seismic cone with two accelerometers was 

used in the current field test, the shear wave velocities 

could be evaluated using the interval velocity method 

[13]. The vertical distance between the two sensors was 

50 cm. The first arrival of the shear wave was determined 

using the cross-correlation technique. 

 

 
Figure 4. Shear wave velocity profiles and dynamic probing results measured in non-compacted and compacted soil, at two deep vibro compaction 

slots, small strain stiffness of the non-compacted and compacted soil calculated from the shear wave velocities [3]. The improvement factor is 

defined as the ratio of the values in the non-compacted and compacted soil. 



Figure 4 shows the shear wave velocity profiles and 

complementary dynamic probing results (DPH) in non-

compacted and compacted soil, respectively, at two 

selected deep vibro compaction slots. Additionally to 

that, the corresponding pre- and post-compaction 

dynamic probing results are displayed. These tests were 

carried out at a distance of 0.5 m from the center of the 

respective vibro compaction slot. 

The test results showed significantly higher shear 

wave velocities in the vibrocompacted soil compared to 

the non-compacted ground, in all measurement levels. 

Since the shear wave velocity relates to the soil stiffness, 

the raise of this parameter is caused by the increased 

stiffness due to deep vibro compaction. This tendency 

reappeared at all investigated vibro compaction slots. The 

shear wave velocity raised in the most measurement 

levels by a factor of 1.30 to 1.80. In some instances, even 

an increase by a factor of 2.30 could be observed. 

Based on the measured shear wave velocities, the 

small strain stiffness of the non-compacted and 

compacted soil was calculated using Eq. 1 under 

consideration of the increasing soil density due to 

compaction. Figure 4 shows the results based on the 

measurement data. The growth in the shear wave velocity 

results in an increase in the small strain stiffness of the 

soil, in most cases by a factor between 1.70 and 3.20. 

4. Evaluation of compaction effect in sand 

using the cone penetration test 

The compaction effect decays with increasing radius 

from the vibrator, in such a way that the area treatment is 

attained by suitable grids to achieve overlapping 

compaction from adjacent vibrator positions [2]. The 

distribution of compaction effect depends on machine 

parameters, soil properties and specific process 

parameters. Essential process parameters, such as the 

flow rate of flushing water or the time spent at each 

compaction depth or the maximal allowable current, are 

often chosen by the site manager. Therefore, the proper 

execution of deep vibro compaction highly relies on the 

experience of the site manager. 

The current investigation program focused on the 

effect of process parameters on compaction success. 

Subsequently, the outcomes from a field test are 

discussed, where the cone penetration test was applied to 

evaluate the distribution of the compaction effect in the 

ground. 

 

 
Figure 5. Grain size distribution curves of the samples taken from the 

embankment fill material on the test site in Lower Austria. 

4.1. Ground conditions on the test site 

An approximately 5.5 m high embankment was filled 

for the compaction tests (see Figure 6), therefore the 

compaction tests were executed in non-saturated soil. 

The relative density of the sand fill was kept as small as 

possible. The test site was located in Lower Austria. 

During the embankment construction, the grain size 

distribution curves of samples taken from the fill material 

were determined (see Figure 5). The fill material was 

classified as uniform sand with a fine content lower than 

5%. 

4.2. Compaction tests 

A deep vibrator of Keller was used during the com-

paction tests, which is the most powerful device available 

in the product range of the company. 

 

 

 

 
Figure 6. Embankment filling (top), deep vibro compaction (middle) 

and cone penetration testing in sand fill to determinate the distri-

bution of compaction effect in the ground (bottom). 

© Keller Grundbau 



 

Thus, the test embankment height was only 5.5 m, the 

vibrator was penetrated during the experiments up to a 

maximum depth of 7.0 m into the natural ground, beneath 

the embankment base. 

This sediment layer consisted of sandy gravel. The 

cone penetration tests were performed directly in the cen-

ter of the vibro compaction slot and in distances of 1.0 m 

2.0 m and 4.0 m from the center respectively. This inves-

tigation aimed at the evaluation of the influence of differ-

ent process parameters on the distribution of compaction 

effect in the ground. All cone penetration tests were per-

formed a few days after finishing the vibro compaction 

works. 

4.3. Test results 

Figure 7 shows a comparison of the cone resistance qc 

measured in the center and in different distances from the 

center, at three different compaction slots. Additionally 

to that, two pre-treatment cone penetration results are dis-

played in each chart, which were executed after finishing 

the embankment fill. In each of these compaction tests, 

deep vibro compaction was performed by choosing dif-

ferent process parameters. 

There are two principal ways of executing deep vibro 

compaction. The compaction process is carried out in 

both cases bottom-up either by sequentially withdrawing 

the compaction device and vibrating at constant depth or 

by withdrawing the vibrator, then lowering again into the 

subsoil by about the half the withdrawing depth (back-

step or pilgrim-step method). 

There is a definite increase in the cone resistance rec-

ognisable compared to the pre-treatment results in all 

three experiments. However, the first two experiments 

(see Figure 7a and Figure 7b) show generally signifi-

cantly higher values than the third one. In the upper 2.5 

to 3.0 m, the cone resistance is increasing with increasing 

depth. However, in the near-surface area – especially in 

the upper 1.0 m below the ground surface – almost no 

compaction effect could be gained, which corresponded 

to the overall on-site experiences. 

In the center of the compacted area, there is almost no 

difference in the cone resistance between sequentially vi-

brating at a constant depth (see Figure 7a) and back-step 

method (see Figure 7b) visible. In the latter case, the 

compaction steps of 0.50 m are recognisable as local 

peaks in the cone resistance. However, in a 1.0 m dis-

tance from the center, at the depth between about 1.0 and 

3.0 m, the application of the back-step procedure led to a 

slightly higher compaction effect. In 2.0 m distance, in 

both cases, there is a marginal compaction effect visible. 

In 4.0 m distance, there is no difference between the pre- 

and post-treatment diagrams noticeable. It can be con-

cluded, that sequentially vibrating at constant depth or 

back-step method did not result in significantly different 

compaction result in this type of soil using the deep vi-

brator. 

 
Figure 7. Pre-treatment test results (grey) in the test embankment and post-compaction cone resistance in the center and in different distances from 

the center of three vibro compaction slots processed with different process parameters (green, red and blue). 

As Figure 7b shows, the cone resistance is not neces-

sarily the highest immediately at the deep vibrator. This 

outcome correlates with the numerical results of Henke 

et al. [14]. Similar behavior can be observed in Figure 7c. 

The cone resistance measured in 1.0 m distance is higher 

than in the center. Consequently, the extensively higher 

flow rate of jetted water resulted in poor compaction ef-

fect directly at the centre of the vibro compaction slot. 

Especially in the upper 3.5 m, the cone resistance is even 

lower than measured in the pre-treatment tests. Similar to 

the first and second experiment, in the 2.0 m distance, 

there is a slight increase in comparison to the pre-treat-

ment diagrams recognisable. It should be noted that due 

to experimental purposes, the flow rate at the bottom jet 

was set extensively higher than during standard site op-

erations. 



5. Conclusions 

This paper presents the results of cone penetration 

tests and seismic cone penetration tests in combination 

with DPH tests for evaluation of the compaction effect 

from deep vibro compaction. 

The seismic cone penetration test showed a definite 

increase in the shear wave velocity after application of 

deep vibro compaction in sandy gravel, which is an 

evidence for a significantly higher soil stiffness of the 

vibrocompacted soil. The measurement results using the 

cone penetration test indicated a marginal difference 

between vibrating at a constant depth and back-step 

method regarding the soil improvement quality in 

uniform non-saturated sand. Especially the flow rate at 

the bottom jet proved as a sensitive process parameter. 

The seismic cone penetration is a proper method to 

prove the success of deep vibro compaction, in terms of 

the shear wave velocity and the small strain stiffness of 

the soil. In the case of the cone penetration test, the 

experimental results confirm the overall on-site 

experiences. This ground investigation technique is 

excellently suitable to measure compaction effect from 

deep vibro compaction. Even the effect of different 

process parameters on the distribution of the compaction 

effect can be detected using this technique. 
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Answer to reviewers´ comments 

 

The authors of this paper would like to thank the reviewer for the valuable remarks. These contributed to 

a significant improvement of this contribution. Unfortunately, not all remarks could be considered mainly 

due to contractual constraints. This document includes the authors´ answer to each comment. 

 

Review 1 

 

A1 Considered. 

A2 Considered. 

A3 Considered. 

A4 Due to contractual constraints, it’s not possible to publish detailed technical information about 

the vibrator. All the data can be found in [1] and [2]. 

A5 Due to contractual constraints, it’s not possible to publish detailed technical information about 

the vibrator. All the data can be found in [1] and [2]. 

A6 The lineage between compaction effect and amplitude, electric current or power, etc. is an 

extensive subject and therefore no discussion is possible in scope of this paper. 

A7 Considered. 

A8 Considered. 

A9 The aim and the concept of the two field tests discussed in this paper is completely different. 

Therefore, there is no useful comparison of the results possible. 

A10 The aim and the concept of the two field tests discussed in this paper is completely different. 

Therefore, there is no useful comparison of the results possible. 

A11 Considered. 

A12 Considered. 

A13 Considered. 

A14 Soil stiffness (not necessarily in the form of the shear modulus) is in general an indicator for soil 

improvement performance (e. g. using diverse CCC-values or dynamic load plate tests). As 
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discussed in the following section, there are some examples even in deep compaction or deep 

soil mixing. 

The small strain modulus can be directly used as a design parameter, e. g. in numerical 

deformation analysis or in a seismic site response analysis. The difference between small and 

large strain stiffness is irrelevant for the current investigations. These topics are extensively 

discussed in the literature. Reference added. 

A15 Considered. 

A16 Considered. 

The numbers indicated sample numbers and were removed from the chart. Since the 

underground was sufficiently homogenous, there was no need to distinguish between samples 

in different depth intervals. 

A17 Considered. 

A18 Considered. 

A19 Due to contractual constraints, it’s not possible to publish detailed technical information about 

the vibrator. All the data can be found in [1] and [2]. 

A20 Considered. 

A21 The purpose of this remark is not clear. 

A22 Considered. 

A23 Considered. 

A24 Considered. 

Both the P- and the S-waves are necessarily recorded during an SCPTu test. Only the S waves 

were evaluated. 

A25 Considered. 

A26 There were no measurements performed below the depth shown in the charts. 

A27 Considered 

The soil density is increasing due to compaction. Comment added. 

A28 Considered. 

A29 Due to contractual constraints, it’s not possible to publish detailed technical information about 

the vibrator. All the data can be found in [1] and [2]. 

A30 There is nowadays no method available to measure the volume of added material properly. 

A31 Considered. 

A32 The measured sleeve friction and the friction ratio are not discussed in this paper since these 

parameters have no further benefit for the current investigations. 

A33 Considered. 
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A34 Considered. 

A35 Considered. Comment added. 

A36  Considered. Comment added. 

A37 Considered. Comment added. 

A38 Considered. 

A39 Yes, refers to uniform sand. 

A40 Considered. 

A41 Unclear, what this comment refers to. 

A42 There is no mention of skin friction in the introduction of the paper. 

A43 There was no test executed in 4.0 m distance for the experiment displayed in Fig. 7c. 


