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ABSTRACT 
 
Selection of upgraded stacker-reclaimers at a coal export terminal introduced concerns about the 
stability and serviceability limit states of the existing rail beams and embankment fill.  No performance 
issues had been experienced after 40 years since original construction, but only as-constructed 
drawings remained as evidence of the original design for the foundation system.  With limited physical 
access possible because of continuous facility operations, test pits and drillholes had to be carefully 
located and selection of appropriate and representative strength and stiffness parameters was largely 
based on correlations and assumptions.  Initial assessment concluded that the footing beams and 
supporting earthfill would have to be replaced with a stronger and stiffer foundation.  Further testing 
that included MASW profiling and deflection surveys under machine loading, together with 
re-consideration of some assumptions based on additional strength tests, confirmed that the existing 
foundation would be adequate.  This case history describes the upgrade dilemma, investigations 
undertaken, the range of outcomes obtained, and the uncertainties resulting from reliance on 
correlations and assumptions.  Reviews of in-service designs may lead to inadvertent chaining-
together of individually reasonable but cautious judgements and result in unrealistically conservative 
assumptions.  The outcome of the assessment demonstrated that visual-tactile observations and 
performance history can be as informative for engineering judgement as high quality testing and 
rigorous application of foundation theory. 
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1 INTRODUCTION 
 
Coal export terminals have been developed on the Queensland coast progressively since the late-
1960’s.  The most recent expansion of exports occurred from the early 2000’s onwards.  At one of the 
largest terminals, expansion planning coincided with consideration of upgrading or replacement of 
existing stackers and reclaimers.  Over the 40-year service life of the terminal, significant revisions 
had been made of wind, wave, and storm-surge design actions.  The original machines and stockpile 
pads had performed well over this period, which included multiple impacts from cyclonic weather 
events. However, structural reviews had identified extreme load cases which exceeded the design 
standards that had been recorded on the as-constructed drawings, particularly for the preferred 
machine upgrade configuration. 
 
The terminal was located adjacent to the coastline immediately behind a rocky foreshore that included 
a highly variable depth of weathering of complex volcanic bedrock as well as patches of Holocene 
estuarine sediments and coastal sand dunes.  Original construction was designed and managed by a 
large multi-national contractor.  The fill platforms for the coal stockpile pads, and the embankments for 
the stacker and reclaimer tracks, were reputedly constructed using carefully specified fill materials and 
to a high standard with intensive supervision and oversight. 
 
The scope of upgrade works was critically dependent on the existing foundation system.  
Replacement or significant upgrading of the footings and foundations would incur very large additional 
costs and become a critical path item for the timely delivery of greater export throughput.  Under these 
circumstances the geotechnical performance of the existing foundation system required detailed 
evaluation. 
 
The existing stackers and reclaimers operate on heavy duty rails, and efficient operation is dependent 
on minimal deformations under operating serviceability conditions plus adequate resistance to 
extreme serviceability conditions including somewhat predictable storm events plus unpredictable 
machine impacts that were treated as extremely unlikely but potentially catastrophic.  The rail footings 
consisted of independent concrete footing beams for each rail, together with tie beams that provided 



lateral force connection with minimal bending resistance. The foundation system comprised low 
compacted fill embankments to support both footing beams, together with a variable thickness of 
compacted fill over rock or pockets of natural soils.  Figure 1 shows the typical arrangement of the 
footing beams on the rail embankment, while Figure 2 shows the details of the existing rail position as 
well as the preferred position of the rail for the upgraded machine. 
 

 
Figure 1. Typical cross-section of footing beam embankment 

 

 
Figure 2. Cross-section detail showing existing and proposed rail positions on footing beam 

 
Over the operating life of the facility, minimal maintenance interventions had been required for the 
original footing and foundation system. In an adjacent area the stockpile pad and footing beam 
embankment fill had been extended during a previous expansion phase.  Thus the upgraded stacker 
reclaimer embankments comprised fill materials of different sources, different construction activities, 
and different loading ages.  Efficient operation of the facility requires unimpeded movement of the 
machines.  On one hand, the minimal maintenance intervention history had proven the success of the 
original and upgrade designs and construction standards.  On the other hand, access was very limited 
for the purposes of gathering key evidence for assessing the ultimate and serviceability limit states. 
 
 
2 SITE DESCRIPTION 
 
Permission to write this paper was provided on the condition that the owner and project location were 
not disclosed and the following description is provided in a manner consistent with that request.  Prior 
to original development the site comprised a rocky intertidal zone and a foreshore consisting of low 
sandhills and supratidal sand and mangrove flats.  Patchily exposed bedrock comprised a bedded and 
faulted sequence of intermediate and acid volcanics striking approximately north-south and dipping 
slightly towards the east. The distribution of surface and near-surface materials comprised a variable 
depth of penetration of extreme weathering along joints and faults, residual and old soil development 
associated with past ice-age sea level lowering, and modern intertidal and stranded estuarine infill 
sediments associated with Holocene sea level rise and a subsequent minor lowering. 
 
Fill materials for original site development were sourced from colluvium, residual soils, and extremely 
weathered rocks in quarries on nearby hillsides.  The coal stockpile pads were formed as low fills 
founded directly on natural materials after clearing and topsoil stripping.  The stacker reclaimer 
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embankments were slightly higher, with the height differential ranging from 0.9m to about 1.5m 
depending on location with respect to the longitudinal and lateral crossfalls of the stockpile pads.  
Other than as-constructed drawings, no documentation of the original construction is now available.  
The drawings included details of the fill construction methods and compaction requirements, which 
were based on modified levels.  According to verbal accounts from informed eyewitnesses, original 
construction was closely supervised.  The finished works have performed to a high standard for over 
four decades. 
 
 
3 GEOTECHNICAL INVESTIGATIONS 
 
3.1 Original Field Investigations and Capacity Assessment 
 
Investigations were initially carried out by visual inspection and coring through the rail beams at a few 
locations.  Concrete cores including embedded reinforcement steel were subjected to a range of 
chemical tests to check for deterioration of the concrete through carbonation or sulphate attack and 
deterioration of the steel through chloride penetration.  The cores penetrated for some distance into 
the embankment (Fill A as marked on Figure 1) and recovered firmly adhered compacted gravelly clay 
fill of hard consistency that, according to verbal accounts, had to be “struck firmly” to detach from the 
concrete.  No testing was undertaken on these cores, but some shallow test pits were excavated at 
the embankment edge where bulk samples were recovered for grading, plasticity, compacted density, 
reconstituted shear strength, and 300mm diameter plate load tests.  Plate loading tests were carried 
out in shallow pits excavated in the embankment to the depth of the footing beam base.  About a 
decade previously, geotechnical investigations had been undertaken for the embankment extension 
area that included several boreholes and test pits with grading, plasticity, compacted density testing, 
and direct shear tests on recompacted, saturated embankment fill material. 
 
The critical capacity assessment questions that arose in this situation were the impacts of upgraded 
machine loads on: 

 bearing capacity of the embankment fill under the footing beam, including the effects of force 
eccentricities from the relocated rail centreline; 

 lateral stability of the supporting embankment; 

 deformation of the footing system under upgraded loadings. 
 
The modest scope of the investigations was possibly sufficient to understand the nature of the 
foundation materials, but required judgement based on correlations and experience to derive 
geotechnical strength and stiffness parameters.  Additionally, the boreholes and test pits provided 
guidance regarding the variation in depth of different foundation materials, but from site experience it 
was known that localised lateral variations in depth of weaker and softer alluvium were likely.  
Although there was no evidence that the embankment fill could ever become saturated, significant 
emphasis was placed on the worst-case shear strength parameters from the direct shear tests. 
 
Geophysical investigations were undertaken along the stacker reclaimer embankment alignments 
using the Multichannel Analysis of Surface Waves technique (MASW, Park et al. 1999) to provide a 
quasi-continuous longitudinal depth profile of shear wave velocity variations.  The MASW technique is 
capable of determining contrasts in material behaviour that can be associated with measured 
velocities, such as approximate stiffness distribution with location and depth.  Figure 3 shows an 
example of part of the MASW-derived stiffness profile below one of the embankments, showing a 
deeper zone of softer materials that had not been identified by the boreholes or test pits. 
 
The initial assessment of bearing capacity and embankment lateral stability was carried out for 
extreme load cases that involved large lateral force and machine overturning actions which were 
manifested at footing level as a reduced vertical force on one rail combined with an increased vertical 
force on the other rail.  The worst-case forces created an extreme eccentricity which was analysed as 
a triangular pressure distribution at the footing base.  Based on the lower bound strength from the 
direct shear tests, which was further reduced using engineering judgement to allow for possibly 
poorer-quality materials than those tested, the foundation bearing capacity was assessed to be 
inadequate.  Likewise, the lateral stability of the 1.5m high embankment batter was assessed to be in 
adequate.  Using an estimated concrete-fill interface strength that had been derived by applying a 



widely-accepted rule of thumb to the direct shear test results, and ignoring the effects of embedment, 
the lateral sliding resistance of the footing beam was assessed to be inadequate. 
 

 
Figure 3. Example of Young’s Modulus interpreted from MASW profile of S-wave velocity along 

embankment centreline (data from geophysical sub-consultant’s report) 
 
Footing system stiffness profiles were assessed using lower-bound and upper bound estimates based 
on limited SPT testing as well as the MASW stiffness interpretations.  It was assumed that the 
maximum differential settlement was likely to be 75% of the maximum calculated settlement, in 
accordance with widely-accepted practice.  The serviceability limit state for differential settlement for 
loaded machines was assessed to be inadequate for the lower-bound stiffness and marginally 
acceptable for the upper-bound stiffness conditions. 
 
Based on these assessments, it was recommended that selective foundation stiffening be undertaken 
and that the existing rail beams and upper embankment be removed and replaced. 
 
3.2 Measurement of Deformation at Service Load Level 
 
The costs and project time requirements for foundation remediation works were of major concern to 
the owner, and all aspects of the initial investigations were reviewed.  An alternative and less 
conservative interpretation of the embankment fill strength, and a less conservative stiffness 
interpretation of the foundation zones, meant that the original embankments and rail beams could be 
retained and re-used. 
 

 
Figure 4. Example of precise level survey for stacker reclaimer rail under machine loading, with 

comparison to two-dimensional finite element analysis of deformation 
 
To assist in choosing between the two interpretations, a full-scale loading test was carried out by 
measuring the deformation of the footing system under machine load using a precise level survey.  In 
the context of limited sight distances resulting from the physical layout of the stockpiles and 



embankments and the extent of the machine, the level survey was certified to an accuracy of ± 1mm.  
Maximum surveyed deflections were in the range of 3mm to 5mm, and in reasonable agreement with 
predictions of the less conservative stiffness assessment (Figure 4). 
 
3.3 Interpretation of Shakedown 
 
The two interpretations of footing foundation behaviour highlighted a fundamental interpretation 
dilemma which arises in pavement engineering but is not widely recognised in broader geotechnical 
practice.  Almost all foundation systems are subjected to cyclic loading during their service lives.  In 
some circumstances the cyclic loads cause repeated increments of plastic deformation, and a service 
life is reached where sufficient load cycles result in unacceptable levels of accumulated plastic 
deformation.  In other circumstances cyclic loads cause hysteretic deformation, but incremental 
inelastic deformations reduce progressively and a limit is reached where load cycles continue without 
limit and no further plastic deformation occurs.  The latter behaviour mode is termed shakedown. 
 
Analytical techniques have been developed for determining loading limits for shakedown response 
(Collins and Boulbibane, 2000; Yu, 2005).  It is not clear whether shakedown represents a purely 
elastic limiting stress state, or alternatively whether there remains a serviceability limit state where a 
fatigue limit is reached followed by an accelerated rate of plastic yielding.  An alternative premise 
forms the basis of mechanistic pavement design, where the elastic strain under a single application of 
a design load is used to calculate the number of design load cycles at which a deformation 
serviceability limit state will be reached (Austroads, 2012). 
 
The measured deformations and the 40-year operating history were both consistent with the 
interpretation of stable shakedown behaviour for the footing system. Predicted deformations for the 
upgraded loads with the widened rail spacings were very similar to the survey measurements, 
supporting the judgement that upgraded loads were likely to remain within the same shakedown limit. 
 
3.4 Interpretation of Direct Shear Tests 
 
While the most likely interpretation of the original direct shear tests satisfied the ultimate stability limit 
states, this was not the case for the lower-bound strength interpretation.  Table 1 shows the original 
test results and the contrasting interpretations of design parameters. 
 
Table 1: Original Saturated Direct Shear Test Data and Design Parameter Interpretations 

Parameter 
Peak Strength “Constant-Volume” Strength 

cp p ccv cv 

Test 1 48 37 26 39 

Test 2 44 38 8 33 

Test 3 55 36 0 40 

Test 4 43 34 21 38 

Mean 47.50 36.25 13.75 36.5 

apply 90% capacity reduction factor 42.75 32.63 12.38 32.85 

Design Strengths: 
Most Likely 

 
40 

 
33 

 
- 

 
- 

Lower Bound 
Required for Minimum FOS=1.5 

0 
10 

35 
35 

- - 

Soil/Concrete Interface Shear: 

Calculated (ci=0.5cp, i=67% tan) 

Design (ci,i) 

 
21 
0 

 
23.5 
18 

 
- 

 
- 

 
Several aspects of these interpretations are debatable.  Application of a capacity reduction factor 
appears reasonable but was a matter of judgement as there was insufficient data for a statistic 

treatment. Friction angles  were treated arithmetically, whereas arithmetic treatment of tan would be 
more consistent with soil mechanics principles.  Interface strength was based on considerations that 
may be found in many design texts (eg Bowles, 1977, Canadian Geotechnical Society, 2006). While 
the concept of a “constant volume” strength has some theoretical significance, the likelihood of 
achieving a truly “constant volume” condition in a single displacement of any direct shear apparatus is 
a conjecture.  The minimum shear strength parameters for a computed Factor of Safety (FOS) of 1.50 



against loaded embankment slope instability were obtained for potential circular arc mechanisms with 
the rail loads applied as equivalent uniform pressures at the footing base. 
 
Most significantly, all of the tests were saturated and displayed a significant cohesive strength 
parameter. In practice, it would be practically impossible for the embankment fill to become saturated.  
In the unsaturated state, matric suction would be expected to contribute additional strength that would 
most likely be measured as an increased cohesive strength parameter. The process whereby the 
cohesive component of strength could be eliminated was difficult to envisage in practice but was 
justified as an appropriate precaution by reference to design practices for compacted earthfill dams. 
 
 
4 ADDITIONAL INVESTIGATIONS 
 
An opportunity to obtain additional strength data arose when further investigations were commissioned 
for a section of the stacker reclaimed embankment that had not been tested originally due to access 
restrictions. The scope of these investigations included boreholes with SPT and near-surface dynamic 
cone penetrometer profiles, insitu density testing at footing base level and 300mm below base level 
adjacent to the footing beam, plate loading tests at footing base level, together with laboratory index, 
compaction, and direct shear tests. 
 
Specification of the revised direct shear tests on recompacted fill material was particularly critical.  
Disturbed sampling was unavoidable, but the revised tests were undertaken at the density and water 
content measured in the field, rather than at a nominal condition derived from the standard optimum 
dry density and water content from a compaction test. Unlike the original tests, the revised tests were 
undertaken in the unsaturated condition.  Interface direct shear tests were also carried out using a split 
specimen comprising one half of compacted fill and the other half of saw-cut concrete block cores. 
 
The SPT N values provided indirect evidence of a foundation strength and stiffness profile equivalent 
to the most likely interpretations from the original investigation.  The plate load tests also confirmed 
that the most likely rather than lower bound stiffness parameters applied to the approximately 1m 
depth increment of the fill that was loaded by the plates. 
 
Table 2 shows the shear strength parameters obtained both for soil/soil and soil/concrete direct shear 
tests.  Samples were obtained from depth ranges equivalent to the footing base (0.46m) and 300mm 
below footing base. The range of tests that could be undertaken depended on the quantity of material 
that could be recovered, which varied with depth and location. 
 
Table 2: Additional Unsaturated Direct Shear Test Data and Design Parameter Interpretations 

Parameter 
Soil/Soil Soil/Concrete 

cp p cp p 

BH1        0.50m – 0.65m 
              0.80m – 0.90m 

79 
- 

30.5 
- 

70 
50 

33 
22 

BH2        0.80m – 0.90m 90 25 - - 

BH3        0.50m – 0.65m 85 18 50 17 

BH4        0.80m – 0.90m 100 32 55 29.5 

Mean 88 26.6 56 25.7 

apply 90% capacity reduction factor 80 24.3 51 23.4 

Design Strengths: Most Likely 80 24 50 20 

 
The design strengths derived from the additional tests were significantly higher in the context of the 
relatively low embankment heights for the rail beam foundation system. In particular, the much higher 
values of cohesive strength component and the somewhat lower values of frictional component were 
consistent with expectations of a total stress strength envelope for an unsaturated dense clayey sandy 
gravel. 
 
 
5 UPDATED FOOTING PERFORMANCE 
 
A 2D finite element analysis was carried out using the most likely stiffness parameters from the 
original assessment (and confirmed from the additional testing) and the most likely design strengths 



from the additional testing. The strength reduction factor (SRF) technique as implemented in the 
PHASE2 code (RocScience, 2014) was used to identify the critical deformation path for the ultimate 
collapse limit state for one of the extreme load cases.  The equivalent line loads on the rails were 
applied as inclined forces to the upgraded rail locations, with the interfaces between the concrete 
footing beam and the embankment fill were modelled as joints. 
 
 

 
Figure 5. Finite element analysis of footing beam showing total displacement pattern under the 

unfactored critical load with a displacement of 80mm at the beam edge 
 
The total displacement pattern under the more heavily loaded of the two rails is illustrated in Figure 5, 
with a maximum displacement of 80mm at the beam edge.  The embankment fill, and particularly the 
fill below and to the outside of the footing base, remained in a compressive and unyielded state.  
 
 

 
Figure 6. Finite element analysis of footing beam showing mobilised strength factors under the 

unfactored critical load with a range of typically 2.1 to 2.6 for a potential sliding surface 
 
The mobilised strength factor is defined in PHASE2 as the ratio of the stress state at any point to the 
yield stress state for the stress path at the same point.  Figure 6 shows the distribution of strength 
factors for the more heavily loaded of the two rails, with computed strength factors in the range 
typically of 2.1 to 2.6.  The SRF calculation was based on maximum shear strain, with a minimum 
computed SRF = 2.13. 
 



In the original ultimate limit state assessment, shear strength parameters required for a minimum 
acceptable FOS = 1.50 for stability of the embankment slope were calculated as listed in Table 1.  By 
comparison with the most likely design strengths of Table 2, and for a very low slope where the 
cohesive strength component would dominate calculations, the expected minimum FOS for the slope 
would be well in excess of 2.  In order to apply the rail loads realistically within a limit equilibrium 
stability analysis, the normal and shear stresses computed from the PHASE2 analysis were applied as 
an approximated set of inclined pressures at the footing base.  Critical FOS values in excess of 4.0 
were calculated, which are not regarded as meaningful and not illustrated here. 
 
 
6 CONCLUSIONS 
 
The initial assessment of inadequate capacity for both ultimate load and serviceability limit states 
arose because of a number of conservative judgements regarding the interpretation and significance 
of relatively few direct shear tests on recompacted embankment fill.  Initial test were undertaken on 
saturated specimens whereas the saturated condition was practically impossible for the site.  Up to 
40 years of operating experience indicated that the existing stacker reclaimer loads were effectively 
within the shakedown limit for the foundation system.  Excessive application of conservative 
reductions to shear strength parameters, together with a reliance on over-simplified footing bearing 
capacity and limit equilibrium stability calculations, resulted in an assessment that was extremely 
conservative.  Under the circumstances, intervention to upgrade the strength and stiffness of the 
footing system would be expensive and create project delays. 
 
The additional assessment was based on more realistic measurements of unsaturated shear strength 
in the full recognition that the unsaturated state could be relied upon for the future design life of the 
facility.  Under these circumstances the serviceability limit state was more critical for the design of the 
upgraded footing system.  With the availability of deformation modelling tools, it was possible to take 
into account the revised eccentric loading of the footing beam without excessive reliance on 
simplifications or over-conservative strength capacity reductions. 
 
 
7 ACKNOWLEDGEMENTS 
 
The opinions expressed in this paper are personal views and the sole responsibility of the author, who 
was engaged by Aspec Engineering Pty Ltd to provide independent geotechnical review advice on 
behalf of the facility owner. While it is the author’s preference that site details be openly disclosed, as 
this would enable additional relevant information to be presented, the support of Aspec personnel, and 
permission to publish from the owner representatives is gratefully acknowledged. 
 
 
REFERENCES 
 
Austroads (2012). Guide to Pavement Technology. Part 2: Pavement Structural Design. 
Bowles, J. E. (1977). Foundation Analysis and Design. 2

nd
 Edition, McGraw-Hill, New York. 

Canadian Geotechnical Society (2006). Canadian Foundation Engineering Manual. 4
th

 Edition. BiTech Publishers, 
Richmond, Canada. 

Collins, I. F. and Boulbibane, M. (2000). Geomechanical analysis of unbound pavements based on shakedown 
theory. Journal of Geotechnical and Geoenvironmental Engineering, ASCE, 126, 50-59. 

Park, C. B., Miller, R. D., and Xia, J. (1999). Multichannel analysis of surface waves. Geophysics, 64(3), 800-808. 
RocScience (2014). SLIDE code for 2D limit equilibrium analysis with finite element groundwater modelling. 

www.rocscience.com [last accessed: 29 September 2014]. 
Yu, H. S. (2005). Three-dimensional analytical solutions for shakedown of cohesive-frictional materials under 

moving surface loads. Proceedings of the Royal Society, A, 461, 1951-1964. 


	Main Menu
	Author Index
	Conference Programme

