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ABSTRACT 
 
Numerical analysis using the finite element method was implemented with the aim of modelling the 
effects of cyclic loading on a caisson foundation on a submerged rockfill slope. The influence of the 
cyclic loading on the rockfill slope and the consolidation of the soil underlying the rockwall are 
discussed in this study. PLAXIS 2D Version 2010 with Hardening Soil model was used to take into 
account the cyclic loading of the rockfill slope, while Rocscience Settle3D Version 2.0 was used to 
model the global consolidation settlements of the underlying rockwall foundation. The caissons 
analysed support a Spoil Barge Unloader (SBU) which is a temporary berthing facility constructed on 
the offshore face of a marine rockwall. The SBU structure comprises a pre-fabricated steel and 
concrete working platform supported at its front end by three steel, sand-infilled caissons, founded on 
a submerged level bench area excavated into the front face of the rockwall, which in turn is founded 
on stiff to very stiff overconsolidated Pleistocene deposits. The SBU supports an excavator and dump 
truck which is filled with spoil unloaded from a barge. Survey monitoring results of vertical movement 
of the SBU during the first 40 uses were compared with the combined numerical analysis results. The 
predicted settlements obtained from the finite element analysis are found to be in general agreement 
with the results of the survey monitoring. This case study indicates that the Hardening Soil model can 
satisfactorily predict the deformation characteristics of rockfill slopes undergoing loading and 
unloading cycles with some confidence. 
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1 INTRODUCTION 
 
Many marine and shoreline structures incorporate rockfill material, often for its relatively large particle 
size and durability for coastal protection. In port and wharf environments, rockfill structures may also 
be used to support loads for other structures. Existing published literature on the compressibility of 
rockfill indicates that it exhibits highly stress dependent, inelastic and non-linear stress-strain 
behaviour (Marsal, 1967; Marachi et al, 1972; Duncan et al, 1980), which is consistent with the 
“Hardening Soil model” implemented in PLAXIS 2D.  
 
The Hardening Soil model is more advanced than the traditional Mohr-Coulomb material model in that 
soil stiffness is stress dependent (i.e. decreasing stiffness with deviatoric loading) as well as offering a 
distinction between primary loading and unloading / reloading. The Hardening Soil model can 
therefore model irrecoverable plastic deformations (PLAXIS, 2010). The Hardening Soil model has 
been used in a number of research papers to successfully predict the deformation behaviour of high 
rockfill dams (Ozkuzukiran et al, 2006; Soroush and Aghaei Araei, 2006). In this present study, it is 
used to model cyclic loading of a caisson foundation on a submerged rockfill slope.  
 
 
 
 
2 SPOIL BARGE UNLOADER AND MARINE ROCKWALL 
 
2.1 Spoil Barge Unloader 
 



The Spoil Barge Unloader (SBU) is required to receive spoil barges from maintenance dredging 
activities within the Port of Brisbane channels and berths. Where spoil material testing deems the spoil 
unsuitable for ocean disposal, barges are loaded by a clam shell dredge and transported to the SBU. 
The barges are unloaded by an excavator positioned on the SBU structure into an adjacent dump 
truck for land disposal within the Port designated area. The SBU structure consists of three steel 
tubular open ended caissons measuring 3 m in diameter, positioned on a level bench created in the 
existing rockwall. The caissons are each capped by concrete ‘biscuit’ slabs that support structural 
steel beams. The beams are also supported at the shore side by a concrete abutment that retains the 
rock and gravel access ramp. The working platform of the structure consists of precast concrete slabs 
that allow the 30 tonne excavator and 50 tonne dump truck sufficient space for the unloading activity. 
To accommodate berthing of the barges four fenders are provided. One fender on each of the outer 
caissons, with the other two fenders mounted on braced piles that double as mooring piles for the 
barge. The structure is located downstream of the commercial wharves and would need to be 
relocated should further wharf expansion be required. As such the structure is intended to be 
temporary and removable. In fact the current position of the structure is some 700 m downstream from 
its original position.   
 
The general arrangement of the SBU is shown in Figure 1. The position of the SBU on the front face of 
the marine rockwall is illustrated in Figure 2 and a photo of the SBU is shown in Figure 3. 
 

 
Figure 1. SBU general arrangement 
 
 

 
Figure 2. SBU location on front face of marine rockwall 
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Figure 3. Photo showing SBU constructed on front face of marine rockwall 
 
The foundation working loads for the SBU structure are shown in Table 1 and include buoyancy 
effects for the submerged parts of the structure. 
 

Table 1: SBU working loads 

 
Caisson Support Load (kN) Rear Abutment Strip 

Footing Load (kN/m) Central Side 

Dead load 1332 931 51 

Imposed plant load a 814 408 127 

Total live load 2146 1339 178 
a
 Imposed plant load incorporates a dynamic load factor of 2 for dynamic load effects 

 

It should be noted that the live load is cyclic in nature, involving the mobilisation and demobilsation of 
the dump truck and excavator with each use. The imposed plant loads include dynamic effects due to 
the dumping of spoil material into the dump truck tray as well as the berthing / mooring load of the 
spoil barge. Construction of the SBU facility was completed on 22 October 2010. Beginning on 
10 November 2010 it was typically used around five to ten times per week. 
 
2.2 Rockwall 
 
The marine rockwall is located adjacent to a large waterway and its main purpose is as a retention 
structure for dredged reclamation materials. The section of rockwall which supports the SBU is 
trapezoidal in shape and was constructed between November 2008 and January 2009 by end-
dumping of rockfill on to an underwater dredged bench (below a 1V:3H dredged slope) at around 
13.5 m below low water datum. The rockwall founding bench is cut into alluvial Pleistocene deposits 
comprising 7 m of stiff to very stiff silty clay overlying medium dense to dense sand. The rockwall has 
a crest level 4.1 m above low water datum and a crest width of 5 m. The rockwall front face slope and 
rear face slope are 1V:1.5H and 1V:1.25H, respectively. The rockfill material had been produced by 
quarry blasting, and then crushing to various smaller sizes in a crushing plant. Individual rock particles 
were sub-angular and sound. The rock material itself was a diorite containing accessory quartz. The 
particle size distribution curve for the rockfill material is shown in Figure 4. 



 
Figure 4. Particle size distribution for rockfill material used for the marine rockwall construction 
 
3 SBU SETTLEMENT MONITORING 
 

Considering that the SBU is a temporary facility and the support caissons are positioned near the front 
face of the rockwall which had been constructed underwater with associated difficult visual 
construction controls, it was proposed that settlement monitoring of the SBU be undertaken during the 
initial load cycles. Prior to loading of the structure, eight survey points were established on the SBU 
structure for monitoring the vertical movements of the platform. The survey monitoring point locations 
are shown in Figure 1 and are designated P1 to P8. The survey monitoring points P1 to P3 coincide 
with the SBU rear strip footing, whilst the survey monitoring points P4 to P8 coincide with the SBU 
front caissons. Survey monitoring was initially done on a weekly basis, however the frequency 
increased to twice-weekly after three weeks due to concerns about the ongoing settlement of the front 
caissons. 
 
The results of the survey monitoring are shown in Figure 5 which plots the measured settlement vs. 
time and Figure 6 which plots measured settlement vs. cumulative load cycles. The SBU front 
caissons settled around 75-80 mm due to the first live load cycle and continued to settle at a rate of 1-
2 mm per load cycle and without any sign of deceleration. After 40 load cycles the total settlement of 
the front caissons was 115-140 mm. The SBU rear footing settled initially around 40-60 mm, however 
did not appear to experience the excessive ongoing settlements associated with the front caissons. 
The rate of settlement of the rear footing was 4 mm per month. Due to the magnitude of settlements 
occurring during the first 40 usages of the SBU, operation of the structure was suspended on 
21 December 2010. Settlement monitoring continued over the subsequent month, with recorded 
settlements for the front caissons and the rear footing being 1-2 mm. 
 
4 SBU CAISSON SETTLEMENT ANALYSES 
 

The vertical deformation of the caissons measured by the in situ survey monitoring points is 
considered to be the sum of two different components of movement, namely: 

1. Localised deformation of the rockwall due to cyclic nature of the SBU live load applications; 
2. Ongoing global consolidation settlements of the underlying Pleistocene deposits on which the 

rockwall is founded. 
Two separate analyses were therefore carried out in order to evaluate the respective contribution of 
each settlement component to the deformations, namely: 

1. Finite element analyses to quantify rockwall deformation due to cyclic loading 
2. Consolidation settlement analyses to quantify residual global consolidation settlements. 

The methods and parameters adopted in the analyses are described in the following sections. 
 
4.1 Cyclic Deformation Modeling for the SBU Caissons 
 

Numerical analysis using the Hardening Soil model (PLAXIS 2D version 2010) was carried out in order 
to model the deformation behavior of the SBU caisson foundation and the rear footing. The material 
parameters adopted in the analysis are shown in Table 2. Material parameters for the rockfill were 
selected based on a process of trial and error in matching observed and modelled displacements of 



the caissons and abutment footing. It should be noted however that the calibrated values are of similar 
magnitude to published references (Marachi et al, 1972 and Ozkuzukiran et al, 2006). For the 
modelling of the rockfill it was found appropriate that Eur

ref
 = 6E50

ref
, which implies a relatively larger 

unload/reload stiffness than the default setting in PLAXIS 2D version 2010 of Eur
ref

 = 3E50
ref

. An 
important parameter for the Hardening Soil model is the reference stress for stiffness (p

ref
), which is 

the minor principal stress (σ’3). Within the marine rockwall the minor principal stress will increase with 
depth and therefore it was necessary to divide the rockwall into several horizontal sublayers and 
assign each a different p

ref
 equivalent to K0 x σ’1, where the initial coefficient of horizontal earth 

pressure at rest (K0) has a value of 0.5 and σ’1 represents the major principal stress. The cyclic nature 
of the live load was simulated by repeating alternating dead load and then live load calculation 
phases. A total of 80 calculation phases were carried out (i.e. 40 cycles of loading / unloading).  
 
Table 2:  Finite element analysis (PLAXIS) material models and parameters 

Parameter Symbol Rockfill 
Pleistocene 
Silty Clay 

Pleistocene 
Sand 

Unit 

Material Model Model 
Hardening 
Soil Model 

Mohr-
Coulomb 

Mohr-
Coulomb 

- 

Type of Behaviour Type Drained Drained Drained - 

Unit Weight γ 20 20 19 kN/m
3
 

Young’s Modulus E - 15,000 60,000 kN/m
2
 

Secant Stiffness in Standard 
Drained Triaxial Test 

E50
ref

 30,000 - - kN/m
2
 

Secant Stiffness for Primary 
Oedometer Loading 

Eoed
ref

 39,000 - - kN/m
2
 

Unloading / Reloading 
Stiffness 

Eur
ref

 180,000 - - kN/m
2
 

Power for Stress-Level 
Dependency of Stiffness 

m 0.5 - - - 

Poisson’s Ratio ν 0.3 0.25 0.3 - 

Cohesion cref' 0.1 15 0.1 kN/m
2
 

Friction Angle φ 40 30 36 degrees 

Dilatancy Angle ψ 10 0 0 degrees 

 
4.2 Global Consolidation Settlement Analyses for the Marine Rockwall 
 
Three-dimensional consolidation settlement analysis was undertaken (using Settle3D by Rocscience) 
in order to evaluate the residual ongoing consolidation settlement induced in the Pleistocene deposits 
underlying the rockwall due to the weight of the rockwall and the dead load of the SBU. Settle3D 
adopts a Boussinesq distribution to calculate the change in vertical stress due to external loads and 
vertical consolidation settlements are based on Terzaghi’s one-dimensional consolidation equation 
(Rocscience, 2009). The material parameters adopted for the Settle3D analysis are shown in Table 3 
and, where relevant, correspond to the finite element analysis material parameters. 
 
Table 3:  Consolidation settlement analysis (Settle 3D) material parameters 

Parameter Symbol Rockfill 
Pleistocene 
Silty Clay 

Pleistocene 
Sand 

Unit 

Initial Overconsolidation Ratio OCR - 3 3 - 

Normalised Compression Index 
Cc / 

(1+e0) 
- 0.1 - - 

Young’s Modulus E - - 60, 000 kN/m
2
 

Poisson’s Ratio ν - 0.25 0.3 - 

Coefficient of Consolidation CV - 10 - m
2
/yr 

 
The settlement analyses take into account the stress history of the Pleistocene deposits by modeling 
the various construction activities (and associated time intervals) that occurred prior to the first usage 
of the SBU, including: dredging of the rockwall founding bench (November 2008); construction of the 
marine rockwall (November 2008 to January 2009); backfilling behind the rockwall (January 2009 to 
May 2009); excavation of the localised SBU caisson founding bench (September 2010); and 
construction of the SBU (22 October 2010). 



5 RESULTS AND DISCUSSION 
 
Predicted settlements using the combined results of PLAXIS and Settle3D analyses, and comparisons 
to the survey monitoring data are shown in Figure 5 and Figure 6. The results indicate that the 
predicted settlements are close to the measured data and fall within the upper and lower bounds of 
the survey monitoring data. It should be noted that the analysis results also incorporate the predicted 
immediate settlement of the 6 m high column of sand and crushed rock inside the tubular caissons, 
which was calculated separately (from elastic theory) to be 20 mm. A plot of the total displacement 
vectors for the front caissons and rear footing after 40 load / unload cycles are shown in Figure 7. 
 

 
Figure 5. Predicted and monitored settlements vs. time 

 

 
Figure 6. Predicted and monitored settlement of caissons vs. cumulative load cycles 
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Figure 7. PLAXIS output plot showing total displacement vectors after 40 load / unload cycles 
 
The results of the predicted settlements show that each load cycle of the SBU produces irrecoverable 
plastic deformation in the underlying rockwall, and that this deformation is more pronounced beneath 
the caissons than beneath the rear abutment footing. The results also show that when usage of the 
SBU was suspended on 21 December 2010 following the 40th load cycle, the measured ongoing 
settlements of the SBU (under dead load alone) correspond reasonably closely to the predicted 
consolidation settlements of the Pleistocene strata beneath the rockwall. 
 
Thus, the results of the analysis highlight a key distinction between the settlement behaviour of the 
front caissons compared to the rear abutment footing during use of the SBU. The settlement 
behaviour of the caissons tends to be localised and related to the cyclic nature of the SBU live load. 
Settlements are cumulative for each load application. In contrast, the ongoing settlement behaviour of 
the rear abutment footing is significantly less and is more reflective of the time-dependent global 
consolidation settlements of the rockwall foundation. 
 
The reason for the accumulation of irrecoverable plastic strains in the rockfill underlying the caissons 
with each progressive load cycle is largely due to the caisson foundation’s proximity to the face of the 
rockwall slope, which is approximately 2 m distance. The displacement vectors in Figure 7 show that 
in the rockfill beneath the caisson and near the face of the rockwall front slope, a large proportion 
(ranging from about 50% to 90%) of the total displacement is horizontal (i.e. towards the slope face). 
This horizontal displacement results in a reduction of confining pressure (which is analogous to σ’3) 
and therefore a reduction in reloading stiffness as shown in Equation (1) which governs the calculation 
of reloading stiffness in the Hardening Soil model. (Note that σ’3 is negative for compression). The 
decrease in stiffness results in an increase in vertical and horizontal displacement which accumulates 
with each load cycle.  
 
            (1) 
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The results of the analysis indicate that simulating the complex settlement behaviour of the caissons 
requires an advanced constitutive model, such as the Hardening Soil model, which most importantly, 
incorporates stress dependent stiffness and also distinguishes between primary loading and 
reloading/unloading, combined with cyclic loading calculation phases.  
 
In reality, the displacement under the caissons and reduction in stiffness of the rockfill is postulated to 
be represented by the reorientation of individual rockfill particles under the caisson loading. During 
unloading the individual rockfill particles are considered to not return to their original position, however 
rather, remain in their new position. An alternative model or software which may have been technically 
appropriate for modelling of the problem is therefore the Particle Flow Code (PFC) using the Distinct 
Element Method (DEM) which predicts the physical movement of a mechanical system represented by 
an assembly of particles. However this type of model is inherently more complex and generally not 
used for routine geotechnical problems.  
 
The settlement of the caissons would not be able to be accurately modeled using the traditional Mohr-
Coulomb model or with monotonic loading. The Mohr-Coulomb model is an elastic perfectly plastic 
model that uses a single basic stiffness (Young’s modulus) for both loading and reloading. Thus, it 
would not be possible to replicate the accumulation of irrecoverable strains measured for the SBU 
caissons due to multiple load cycles.  
 
The settlement analysis undertaken together with re-evaluated operational and development 
considerations resulted in the requirement for the SBU to remain in its current position for longer than 
previously envisaged. The decision was made to provide the structure with a more permanent 
foundation via the inclusion of piled supports for the working platform. These were installed in 2011 
with the caissons continuing to provide berthing support. A sacrificial cathodic protection system has 
also been installed to further protect the structural elements. 
 
6 CONCLUSIONS 
 
In this study, the settlement behaviour of a caisson foundation undergoing cyclic loading on a 
submerged rockfill slope was analysed using finite element analysis and the Hardening Soil model and 
compared with vertical movements measured from in situ survey monitoring points. The settlements 
obtained from the finite element analysis are found to be in general agreement with the results of the 
survey monitoring. The comparisons emphasise that is important to calibrate the model so as to select 
an appropriate stiffness for loading as well as unloading/reloading. This case study indicates that the 
Hardening Soil model can satisfactorily predict the deformation characteristics of rockfill slopes 
undergoing loading and unloading cycles with some confidence. 
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