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ABSTRACT 
 
This paper discusses the effects that deep vibratory compaction can have, when used close to 
retaining structures.  The paper includes a brief review and discussion of previous research on this 
subject and discusses results obtained during site compaction trials, which were completed during the 
Port Botany Expansion Project at Port Botany, Sydney.  The project was constructed by a 
Baulderstone-Jan de Nul Joint Venture for Sydney Ports Corporation.  Deep vibratory compaction of 
sand fill was required behind 20m tall reinforced concrete counterfort structures and this was 
successfully completed using vibrocompaction.  Compaction was completed behind 218 structures 
which form the 1.85km long quay wall of the expanded container terminal.  This paper discusses how 
the compaction methodology and site trials were developed to achieve design requirements and verify 
design assumptions.  The compaction trials also allowed the compaction process to be tailored to 
maximise efficiency of the process, while also managing potential risks associated with high energy 
compaction close to structures.  This paper aims to provide lessons learned during the PBE project 
and draw on these lessons to provide guidance to others seeking to use such compaction techniques 
close to retaining structures on future projects. 
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1 INTRODUCTION 
 
Vibrocompaction (VC) is commonly used on reclamation projects to achieve adequate densification 
within granular fills.  Details of the technique and suitable applications are described in detail in 
Slocombe et al (2000a).  Where this form of ground improvement is used close to retaining structures 
such as large-scale gravity quay-walls, great care is needed to achieve the required level of 
compaction without adversely affecting the wall structures.  The minimum compaction requirements 
for granular backfills near wall structures are most commonly driven by the need to provide frictional 
shear strength for stability, stiffness to limit serviceability movements and densification to reduce the 
risk of liquefaction during seismic events.  However, the compaction energy transferred to the soil, and 
the water and air mix which is injected by the VC process can induce large horizontal pressure peaks.  
These pressure peaks, induced by the compaction process, often exceed at least temporarily the 
active (Ka) and „at-rest‟ (K0) earth pressure coefficients, which are commonly used in the design of 
gravity walls. 
 
This paper presents a review of deep vibratory compaction induced pressures and brings together 
previously published data with research and trial outcomes from the Port Botany Expansion (PBE) 
Project in Sydney, Australia.  This project comprises a new container terminal on the north-eastern 
shore of Botany Bay, located approximately 12km south of the Sydney CBD.  Reclamation works at 
the site cover an area of approximately 63 hectares retained by 1.85km of new berth structures and 
revetments in addition to breakwaters, bridges, access corridors and foreshore upgrades.  More 
detailed information on the site conditions and geotechnical site issues are presented in earlier papers 
by the authors (Davies and McIlquham, 2011). 
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2 BACKGROUND AND LITERATURE REVIEW OF VC METHODS 
 
The densification of in-situ sandy soils using deep VC uses electrically or hydraulically powered 
vibrators (or probes) deployed using cranes.  Advances in the technique have resulted in treatment 
depths of up to 70m and improvements in probe efficiency have lead to the use of wider compaction 
centres of typically 3 to 4.5m triangular grid (PBE utilised 4.1m).  Modern VC probes generate 
centrifugal forces of over 300kN at typical frequencies of between 30 and 60Hz.  The VC probe used 
at PBE site was a Vibroflotation AG Germany 175kW probe, which has an eccentric force in the range 
230 to 470kN at a frequency of 60Hz. 
 
In the process of rearranging the soils into a denser state, VC achieves densification mainly by means 
of horizontal vibration.  VC increases the ratio of horizontal to vertical effective stress significantly, 
reduces permeability, increases peak friction angle typically by up to 8°, causes settlements of 2% to 
15% (but typically 5%), and increases the stiffness modulus 2 to 4 fold.  In retaining wall backfills, 
benefits include improved stability, seismic resistance and reduced operational wall movements.  
Compaction achieved using VC is greatest near the probe, and decreases away from the probe 
according to the exponential decay in compaction energy. 
 
Detailed information on the VC technique and the complex probe/soil interactions during compaction is 
described by other authors, including Greenwood (1984).  Attempts have been made to analyse the 
installation and compaction process such as the work of Arnold et al (2009).  These studies underline 
the difficulty of completely modelling the complex interactions associated with the jetting in of the 
probe using air with water and staged removal of probes during compaction.  Massarch and Fellenius 
(2005) propose an approach to assess the dimensionless lateral earth pressure coefficient after 
vibratory compaction (K01).  An example included in their paper assumes that compaction increases 
the effective peak friction angle of a sand fill from on average 30 to 36º.  Taking into account the effect 
of overconsolidation, the increase in pre to post VC earth pressure coefficient (K01/K00), ranges 
between 1.2 and 1.8 (i.e. an increase in K from a typical initial value of 0.50 to a compacted value of 
between 0.76 and 0.90).  However, the paper also notes that the increase in earth pressure can vary 
significantly within the compacted soil body, the highest stresses being close to compaction points. 
 
Lateral earth pressure measurements undertaken in a VC treated backfilled quarry in Swanscombe, 
Kent were described by Slocombe et al (2000a).  Dilatometer (DMT) measurements at the quarry 
indicated a K01 coefficient in the order of 3 (inferred to be K01/K00 of approximately 6).  Interestingly, at 
PBE, DMT measurements carried out after VC away from structures within the main reclamation area 
also indicated relatively high apparent post-VC earth pressures.  These K01 coefficient values from 
DMT ranged between 1.5 and 2.5, with lower values being recorded at greater depths in the range 1.0 
to 2.0 (inferred to be K01/K00 ranging from 2 to 4).  Other recent work by Heibrock et al (2006) indicates 
that dilatometer (DMT) and Lateral Stress Cone Penetration Test (LSCPTU) measurements indicated 
K01/K00 values in the order of 2 for vibrocompacted sand fill in the free-field. 
 
The issue of VC causing elevated lateral stress near structures has been documented by Tsinker 
(2004), who cites the case of compaction adjacent to a steel sheet piled bulkhead.  In that case, no 
apparent increase in lateral stresses occurred when VC was used with a minimum 4m probe to wall 
offset.  Slocombe et al (2000b) documented a similar case monitored using strain gauges attached to 
cellular sheet piled cofferdams to check the lateral earth pressures acting on the inner face of the 
cells.  Hoop tension generated using a 90kW probe on a 3m grid corresponded to K01 coefficient 
values of up to 0.56 during compaction and reduced over time to 0.40 after completion of the 
compaction (i.e. K01/K00 reducing from 1.4 to 1.0 for a sandy gravel having an initial published peak 
friction angle of 37.5°).  The main cause of stress reduction over time is inferred to be caused by 
dissipation of high transient pore pressure, as evidenced by data recorded during PBE trials (below). 
 
The published information supports the position of Massarch and Fellenius (2005) that VC does have 
the potential to increase horizontal stress in the ground.  How this increased stress impacts on 
adjacent structures will depend on the probe to structure offset, probe spacing, the power of the poker 
being used for compaction, the operation of the VC rig (i.e. the amount of water and air used in the 
jetting process), soil type, soil permeability and the rigidity of the structure.  Important factors to be 
considered are fluid pressures generated during jetting and the vibratory compaction induced 
pressures within the soil skeleton, which can occur simultaneously. 
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3 COMPACTION DESIGN REQUIREMENTS 
 
When compaction design targets are being specified near wall structures, the required performance of 
the overall soil-structure system needs to be considered.  Information required for this assessment 
includes tolerable structural movements, tolerable fill movements, internal and external stability of the 
backfilled structure, liquefaction resistance of the fill and structural capacity of the retaining wall.   
 
Graphic examples of cases where inadequate backfill material and/or insufficient backfill compaction 
have led to failure include El Prat in Spain (Del Campo et al, 2011) and Kobe in Japan (Soga,1998).  
Conversely, undertaking excessive compaction close to retaining walls can also cause problems.  
AS4678 (2002) Section J9 includes discussion of this, noting that compaction induced pressures can 
exceed active earth pressures (Ka).  A method by which compaction induced stresses can be 
assessed is also presented, although this assumes compaction by vibratory or non-vibratory surface 
rollers.  The standard also recommends that compaction controls should apply close to the structure.   
 
For the PBE project, further investigation of VC-induced pressures was a crucial aspect of the design 
so as to achieve sufficient compaction close to the wall without over compacting and thereby over-
stressing the structure.  It was important to tailor the PBE structural wall design to site specific earth 
pressure envelopes.  Optimising the soil-structure design also provided a significant opportunity to 
achieve savings on wall thickness and materials over many units.  In addition to design using limit 
equilibrium methods and simplified earth pressure envelopes with active (Ka) and at-rest (K0) 
coefficients, soil structure interaction analyses were undertaken using PLAXIS finite element software.  
This identified that earth pressures were complex and dependent on global wall movements and 
rotation, local flexure, applied loading and time dependent behaviour of foundation soils (Davies and 
McIlquham, 2011).  In these models, the improved VC backfill (more dense, more frictional, lower K0) 
was simply “wished into place” without applying transient jetting or peak compaction forces, or the 
overconsolidation effect of VC.  A series of compaction trials were completed on site to validate this 
design approach as discussed further below.   
 
The compaction achieved using VC was assessed using Cone Penetration Tests (CPTs).  When 
looking to develop CPT compaction criteria, the authors recommend establishing overburden adjusted 
target envelopes which take into account the effects of increasing stress with depth.  At PBE, this was 
done by developing target compaction curves which allowed for the increase in CPT tip resistance (qc) 
according to Baldi et al (1986).  These curves provide a fixed soil density target (varying qc), as 
opposed to using fixed qc target value, which can result in the upper layers of the deposit becoming 
over-compacted while the deeper layers remain loose.  In turn, this can cause excessive compaction 
costs, undesirable loss of ground, and a soil deposit that is not uniformly compacted.  Fixed qc targets 
could also potentially lead to over compaction adjacent to structures.  Example Pre and Post VC CPT 
plots and compaction target curves are shown in Davies and McIlquham (2011). 
 
Designer specified target compaction curves were therefore developed for PBE for retaining wall 
backfill to satisfy stability (strength) and movement (stiffness) requirements.  The resulting PBE target 
compaction curve required for retaining wall backfill was equivalent to a density index target of 75%.  
A corresponding set of limiting earth pressure envelopes were also established using PLAXIS for this 
material type and were verified during site trials and construction phase monitoring.   
 
For any such project, it is necessary to consider both short term transient pressures arising during 
construction stage VC and longer term post-VC earth pressures associated with the operational 
container terminal surface loading, crane loads and lateral berth pull loads.  The limiting short term 
transient pressure profile may be controlled by the structural wall capacity, the design of which should 
include consideration of variations in wall properties, transient construction loading and tidal 
conditions.  The sequence of compaction near structures is also very important in order to reduce 
adverse stress effects.  Based on observed effects during VC at PBE, the authors support the widely 
held view that VC should be undertaken progressively away from structures. 
 

4 SITE COMPACTION TRIALS 
 
During the PBE project, a series of construction stage trials were undertaken to quantify VC effects at 
five different locations (Stage 1 to 5 trials).  The trials for Stages 1 and 2 were completed in free field 
reclamations, through compacted marine trench backfill.  The Stage 3 trial was undertaken behind a 
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temporary sheet pile wall.  These early trials allowed an assessment of the overburden and VC 
spacing required to achieve target density gain and some information on potential VC induced earth 
and wall pressures.  
 
Stage 4 and 5 trials were completed at production caisson blockwork and counterfort units, after their 
installation.  At each location, five earth pressure cells were embedded into the landward concrete 
structure face at various depths to measure pressure response before, during and after VC.  These 
‟production‟ trials enabled fine tuning of the compaction methodology (probe-structure offset, probe 
spacing, probe compaction energy and duration), to achieve the required densification without 
adversely affecting the wall structures.  Figure 1 shows the VC probe layout for the Stage 4 trial. 
 

  
 

Figure 1. Layout of PBE Stage 4 VC Trial at Caisson Blockwork Structure 
 
During the Stage 4 and 5 trials, the VC probe position was monitored over time during and after VC.  
Figure 2a shows how the probe position varied at one of the Stage 5 trial counterfort units.  The 
corresponding embedded pressure cell readings for that unit are shown at each time interval in Figure 
2b.  Also shown on Figure 2b is post-compaction Stage 4 trial data, showing DMT measured earth 
pressures from a different VC intervention.  Post-VC data is shown at the inland face of a moveable 
blockwork unit and at the compacted face of a rigid existing wall unit which was buried on both sides. 
 

 
Figures 2a and 2b. Compaction Time and Measured Increase in Horizontal Pressure During VC 
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As indicated in Figure 2, the corresponding ratio of post-VC to pre-VC (K01/K00) coefficient values are 
typically in the range 2.0 to 2.8 during the VC process, reducing to below 1.5 as the VC probe is 
withdrawn and becoming close to unity within about 10 minutes after completion of the VC point.  The 
critical measured transient K values during VC at the counterfort were observed to peak at between 
1.1 at shallow depth (<10m) to 0.8 at depth (>10m depth) but then reduce within minutes to the 
modelled design values between Ka (0.24) at shallow depth and K0 (0.42) at depth.   
 
The main factors affecting the earth pressures acting on the PBE structures include VC probe to wall 
offset, the rigidity of structures adjacent to compaction and time effects during the VC cycle.  The trial 
data and later site observations show that compaction within about 2m from walls had the potential to 
cause earth pressures in excess of design values.  The reduction in measured wall stress with VC 
probe offset did not always fit with the expected decay (Massarch and Fellenius, 2005), which is 
inferred to have been due to the effect of compacting a „slot‟ of material between wall buttresses.  A 
minimum 2.5m VC probe to wall face offset was adopted for production works. 
 
Comparing the wall pressure response between ‘yielding‟ and „unyielding‟ walls in Figure 2b shows 
that the post-VC (K01/K00) values are high near the rigid, fully embedded existing berth wall, compared 
to a moveable blockwork wall.  This is attributed to the relative rigidity of the adjacent structure, which 
did not move during VC, compared to new counterforts which moved seaward between 20mm and 
50mm during VC.  This seaward crest movement during VC is inferred to have relieved some of the 
transient VC pressures, which were otherwise locked in at the „unyielding‟ wall.  Importantly, these 
observed post-VC pressures were consistent with the „wished into place‟ VC material assumed in 
PLAXIS models and associated stability analyses. 
 
Pressures also vary with time.  During compaction, VC probe water and air jets are used to aid 
penetration of the compaction probe.  The jets are also partly on during compaction, although the 
overall volume of water and air being pumped into the ground is reduced.  Figure 2b shows that peak 
wall stresses occur during probe penetration rather than compaction when lifting in stages, and 
pressures dissipate minutes after the probe tip has passed a given elevation.  The overall mechanism 
of VC is complex because pore pressure and compaction mechanisms cannot be easily separated, 
although it is apparent that following the peak installation pressure, intermediate pressures on the wall 
occur during the 10 minute compaction phase, due to a combination of the water/air mixture being 
pumped into the ground and due to the mechanical action of the probe. 
 

5 PRACTICAL CONSIDERATIONS 
 
Some practical considerations when using VC methods adjacent to wall structures are discussed here: 

 Compaction trials with real time should be undertaken during early works to allow 
tuning of probe spacing, compaction energy, and lift rate.  Due to the high economic 
and safety risks involved, only experienced specialist sub-contractors should be used. 

 Achieving required overburden confinement near berth edge can be difficult due to 
overburden space constraints, although can be helped by using edge retaining walls. 

 Cumulative build up of lateral pressures may occur whereby compaction and water/air 
pressures cannot fully dissipate in time between rapidly installed VC points, noting 
also that the permeability of fill reduces during compaction. 

 Compaction within highly confined or rigid situations such as blockwork cells 
(restrained on four sides) requires careful consideration of VC power and spacing and 
of pore pressure response within each cell as pressures can exceed free-field cases. 

 An example of a confined situation where some increased lateral wall movements 
occurred at PBE involved VC within a 2m wall offset and a probing sequence towards 
a corner.  Analysis showed that relatively high transient earth pressures of up to 
K01/K00=6 may have occurred during VC, with adverse differential pore pressures.  
This underlies the importance to maintain strict control over probe offset/power/lift 
rate/dissipation time and to compact in a direction moving away from structures. 

 Pore pressures may be managed during VC in critical areas (such as within cellular 
cofferdams or blockwork wall cells) by dewatering during VC or allowing dissipation 
time between points to help to control water pressures.  Tidal conditions should also 
be considered to help reduce the differential water levels during the VC process. 

 Alternative compaction methodologies in confined situations include vertically 
oscillating vibratory probes, as documented in Massarch and Fellinius (2005).  At 
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PBE, the use of perforated sheetpile sections with a top-mounted vibratory tool were 
trialled and successfully used in localised, confined areas, although post-compaction 
density gain was limited, and damping did occur with depth.  The increase in lateral 
earth pressures from this method was found to be negligible even when used within a 
1m offset from the inland face of instrumented wall structures. 

 
6 CONCLUSIONS 

 
This paper provides a review and observations relating to deep VC effects near retaining structures.  
Key outcomes of this study are presented herein and summarised below:   

 Designers should anticipate elevated VC induced earth pressures in wall design and 
make allowance for high transient values (typically K01/K00=3 for yielding walls), 
reducing after VC towards K01/K00=1.  Higher values may apply to non-yielding walls. 

 Significant factors affecting the magnitude of compaction induced horizontal stresses 
experienced by the wall include the rigidity of the wall, probe offset, pore pressures 
and the direction of VC probing (always compacting away from structures). 

 Peak transient pressures are produced during a 2 to 3 minute window as the VC 
probe is jetted in.  As the probe is lifted after compacting granular soils, pressures 
reduce following VC as excess pore pressures dissipate. 

 VC variables of lift-rate and power consumption are most easily adjusted; based on 
trials at PBE, reduced power VC was being used within 2.5m of counterfort walls. 

 Care should be taken in critical/confined areas (such as within cellular cofferdams or 
blockwork walls).  Potential solutions include dewatering, delaying probes to allow 
pore pressure dissipation, working at appropriate tide conditions, or by investigating 
alternative compaction methods such as vertically oscillating vibratory probes. 

 Overall, VC has been proven as a highly cost effective compaction technique and 
should be optimised using trials with real time monitoring during VC installation. 

 
7 ACKNOWLEDGMENTS 

 
The authors acknowledge the permission and support of Sydney Ports Corporation (Principal), 
Baulderstone, Jan de Nul, Hyder Consulting, Golder Associates and URS-Scott Wilson (D&C 
consortium).  The authors also acknowledge the major role that Daniel Berthier (Menard Bachy) and 
Frank Huppert (Bilfinger Berger, now Soletanche Bachy) had during site compaction trials and who 
provided valuable comments and feedback on this paper.  Finally, the authors would also like to 
acknowledge the major contribution of Kolja Wolski who is unfortunately no longer with us. 
 
REFERENCES 
 
Arnold, M. Herle, I. and Wehr, J. (2009). “Comparison of Vibrocompaction methods by Numerical Simulations”, Geotechnics of 

Soft Soils – Focus on Ground Improvement, Karstunen and Leoni (Eds), Taylor & Francis Group, London. 
Baldi, G. Belotti, R. Ghionna, V. Jamiolkowski, M. and Pasqualini, E. (1986). “Interpretation of CPT‟s and CPTU‟s, 2nd part: 

Drained Penetration of Sands“, Fourth Int. Geotechnical Seminar, Field Instrumentation and In-Situ Measurements, 
Nanyang Technological Institute, Singapore, 143-156. 

Davies, P.R.E. and McIlquham, J.D. (2011). “Geotechnical design for the Port Botany Expansion project, Sydney”.  Proceedings 
of the ICE - Geotechnical Engineering, 164, GE3, 149-167. Doi: 10.1680/geng.10.00052. 

Del Campo, J.M. and Negro, V. (2011). “Failures of Harbour Walls at Malaga and Barcelona”, Bulletin of Engineering Geology 
and the Environment, 70, 1-6. 

Greenwood, D.A. and Kirsch, K. (1984). “Specialist ground treatment by vibratory and dynamic methods“. Piling and Ground 
Treatment. Thomas Telford Ltd. London. 17-45. 

Heibrock, G. Kebler, S. and Tiantafyllidis, T. (2006). “On Modelling vibrocompaction of dry sands”, Numerical Modelling of 
Construction Processes in Geotechnical Engineering for Urban Environment – Triantafyllidis (Ed), Taylor & Francis Group. 

Massarsch, K.R. and Fellenius, B.H. (2005). “Deep vibratory compaction of granular soils“ Chapter 19 in Ground Improvement-
Case Histories, Elsevier publishers, B. Indranatna, and C. Jian, Editors, 633-658. 

Slocombe, B. C. Bell, A. L. & Baez, J. I., (2000). “The densification of granular soils using vibro methods“, Geotechnique 50, No. 
6, 715- 725. 

Slocombe, B.C. Bell, A.L. and May, R.E., (2000). “The in-situ densification of granular Fill within Two Cofferdams for Seismic 
Resistance“, Compaction of Soils, Granulates and Powders, D Kolymabas and W Fellin (Ed), Advanceds in geotechnical 
Engineering and tunnelling 3, Balkema, 33-43. 

Soga, K. (1998). “Soil liquefaction effects observed in the Kobe earthquake of 1995“, Geotechnical Eng, Vol. 131, Jan, 34-51. 
Standards Australia (2002), AS4678: Earth Retaining Structures, Standards Australia, Sydney. 
Tsinker, G.P. (2004). “Port engineering: planning, construction, maintenance, and security“, John Wiley and Sons, 372-374. 

ANZ 2012 Conference Proceedings 751


