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ABSTRACT 
 
A new Coal Export Terminal was constructed on Kooragang Island, near Newcastle. As part of the 
coal terminal construction works a new wharf structure and ship berth were built on The South Arm 
tributary of the Hunter River, which included associated channel dredging, re-profiling of the river bank 
to form a 1.0V:1.5H rockfill revetment slope, and construction of the steel/concrete wharf 
superstructure supported on steel tube piles. The mechanical (stiffness and strength) properties of the 
revetment rockfill, which was to be placed by loosely dumping over the dredged slope, were not well 
understood. Selection of the revetment rockfill mechanical properties was based solely on previous 
engineering experience and very limited published references. A Lateral pile load test program was 
undertaken during wharf construction to verify the adoption of these design parameters for the 
revetment rockfill. The lateral pile load test program involved two steel tube piles (installed in rockfill 
revetment) subject to lateral static load, which was increased gradually during testing. The pile head 
deflections corresponding with the applied lateral loads were recorded. The lateral pile load testing 
results were back analysed using software packages DEFPIG and Plaxis 3DFoundation to establish 
the actual stiffness and strength parameters of revetment rockfill.  
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1 INTRODUCTION 
 
A new Coal Export Terminal was constructed on Kooragang Island, near Newcastle. As part of the 
coal terminal construction works, a new wharf structure and ship berth (K8 & K9) were built on the 
Hunter River, which included associated channel dredging, re-profiling of the river bank to form a 
1.0V:1.5H rockfill revetment, and construction of the steel/concrete wharf superstructure supported on 
steel tube piles. The coal export terminal and the wharf locations are presented in Figure 1. 
 

 
Figure 1: Approximate location of Newcastle Coal Export Terminal and Wharf Berths K8 - K9. 

 
During the detailed design phase, anchor blocks were designed to carry lateral loads from ship 
berthing and mooring. Each anchor block comprises of 4 raked steel tube piles capped by a 5m x 5m 
concrete block. The steel tube piles were driven through the revetment rockfill and anchored deep into 
competent bedrock below the revetment. The revetment rockfill and rake piles with rock socket 
provide lateral and axial support to the anchor block respectively. 
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The mechanical (stiffness and strength) properties of the revetment rockfill, which was to be placed by 
loosely dumping over the dredged slope, were not well understood at the time of the design. Selection 
of the revetment rockfill mechanical parameters was based solely on previous engineering experience 
and very limited published references such as Douglas (2003) and Fell et al. (2005). 
  
A lateral pile load test program was undertaken during wharf construction in order to (1) verify the 
adoption of these design parameters for the revetment rockfill; (2) confirm the pile drivability through 
this rockfill; and (3) confirm the lateral performance of the anchor block piles embedded in this rockfill 
revetment.  
 
This paper presents brief discussions on the revetment slope and wharf structure, the relevant 
technical design criteria and the adopted design methodology for the wharf foundation system, and the 
local geology and geotechnical characteristic of the project site. The paper then discusses and 
summaries the findings of the rockfill grading tests, the field lateral pile load tests, and subsequent pile 
load test back analysis results to confirm the revetment rockfill stiffness and strength parameters. 
Comparison of the back analysed rockfill strength to the published references are discussed. 
 
 
2 REVETMENT SLOPE AND WHARF STRUCTURE 
 
The Hunter River bank was dredged and re-profiled and back filled with rockfill to form a 1.0V:1.5H 
revetment slope. Revetment rockfill comprised of hard, sound rock, of either igneous or metamorphic 
origin.  

 
Figure 2: Typical cross section of the revetment slope and wharf structures. 

 
The wharf structure, constructed on the revetment slope, comprised a concrete deck and steel 
superstructure founded on steel tube piles to provide support to a ship loader. The wharf was 
constructed on a rockfill revetment slope at a grade of 1.0V:1.5H. A typical transverse section through 
the wharf is shown in Figure 2. 
 
Vertical loads from the ship loader and concrete desk are supported by a system of vertical steel tube 
piles driven in to bedrock along the wharf fender line. Horizontal loads from ship berthing to the wharf 
fender line were to be absorbed and transferred 40m from the fender line to a system of 16 piled 
groups on the revetment crest. Each piled group is called an anchor block, which contains a total of 4 
raked steel tube piles with the pile toe anchored deep in to competent bedrock. 
 
 
3 DESIGN CRITERIA 
 
The wharf footing system and revetment slope were designed and constructed to satisfy technical 
performance criteria. The relevant technical performance criteria for the wharf and revetment slope 
included (1) the maximum horizontal deflection of the wharf under applied serviceability loads should 
be less than 30mm; and (2) the minimum factor of safety for the revetment batter stability during 
construction and operation are 1.4 and 1.5 respectively. The pile load test acceptance criteria were 
developed based on the technical performance criteria of the wharf and the revetment. 
 
 

Dredged slope 

Anchor block with raked piles 

Revetment rockfill 

Revetment slope 
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4 ANALYSIS METHODOLOGY 
 
The anchor block is subjected to equivalent static horizontal loads due to ship berthing and mooring 
loads. The anchor block piles are subjected to bending moments, shear forces, axial compression and 
tension loads. The anchor block piled group was designed and the test piles were back analysed 
using DEFPIG and Plaxis 3DFoundation software packages. These software packages were 
developed by Professor Harry Poulos from The University of Sydney and Plaxis BV respectively. 
 
In the pile analyses using DEFPIG, the ultimate lateral rockfill resistance was estimated using method 
developed by Broms (1964) for granular soils. The ultimate lateral rockfill resistance (pu) equal to three 
times the Rankine passive pressure and is expressed as follows: 

 

pu = 3 v Kp       (1) 
 

where: v is effective vertical overburden pressure; Kp = (1 + sin ’)/(1 - sin ’); ’ is angle of rockfill 
internal friction (effective stress). 
 
As the anchor block and the test piles were installed near the crest of the revetment slope, the ultimate 

lateral rockfill resistance was factored by (1 / (1+ tan s), where s is the revetment slope angle, as 
proposed by Bhushan et al. (1979). The factored ultimate lateral resistance of rockfill was only 
applicable to analyses of the load cases, in which the horizontal applied loads act in the outward 
direction from the revetment slope face such as the lateral pile test or the mooring load cases. 
 
Plaxis 3DFoundation was also used to analyse the test piles and the anchor block piles. In these 
analyses, piles were modelled as embedded pile elements. The elastoplastic soil model with Mohr 
Coulomb failure criteria was used to model the rockfill. The rockfill revetment slope geometry of 
1.0V:1.5H was fully incorporated in the Plaxis 3DFoundation pile analyses. 
 
 
5 LOCAL GEOLOGY AND GEOTECHNICAL MODEL 
 
The project site is situated on low-lying coastal land underlain by Quaternary estuarine and marine 
sediments lying above Permian Tomago Coal Measures sedimentary rocks comprising mudstones, 
siltstones and sandstone containing coal seams. The natural ground elevation across Kooragang 
Island varies between 0.5m and 1.0m Australian Height Datum (AHD). 
 
Typical ground conditions at the test pile locations generally comprise approximately 15m of 200mm 
minus rockfill underlain by approximately 5m-10m of medium dense sands. Bedrock is encountered at 
approximately 20m to 25m below the finished surface level. At the time of testing, the ground surface 
levels at the testing locations were at approximately RL 1.0m to 1.5m AHD. The groundwater table 
(GWT) was generally encountered at approximately RL 0.0m to 1.5m AHD. 
 
 
6 FIELD TESTS 
 

6.1 Rockfill grading tests 
 
Prior to placement, the rockfill material was subjected to laboratory tests to check conformance with 
project specifications. The revetment rockfill was classified as latite tuff characterised by 
approximately 75% feldspar. Figures 3 and 4 show the combined size grading curves, coefficient of 
uniformity and coefficient of curvature of the revetment rockfill. Examination of the summary graphs 
indicates that all rockfill samples were of moderately graded, consisted principally of angular particles, 
whose dimensions lie between 10mm and 200mm. Most rockfill samples had coefficient of uniformity 
(Cu=D60/D10) between 3 and 2 and a coefficient of curvature (Cz=D30

2
/(D60*D10)) of 1 and 2. The 

rockfill constituent particles were of uniform strength, hard, durable and low porosity. The point load 
strength tests indicated that the rockfill was of very high to extremely high strength with the point load 
strength index (Is(50)) ranged between 7MPa and 15MPa. Particle density was greater than 2670kg/m

3
. 

Water absorption was 0.9% and wet/dry strength was 320kN wet strength with 12% wet/dry variation. 
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Figure 3: Rockfill particle size distribution Figure 4:Rockfill grading coefficients 

 
6.2 Lateral pile load tests 
 

The test piles were steel tubes of 1000mm in overall diameter, 16mm wall thickness, and steel grade 
of 350MPa. The two test piles were vertically driven to top of bedrock using hydraulic hammer. The 
test pile embedment length was approximately 20m to 25m. The ground level was at approximately 
RL1.9m AHD and GWT at approximately RL1.0m AHD. The test piles were at a distance of 
approximately 2.5 - 3.0m away from the rockfill revetment crest. The revetment was approximately 
19m height at the test pile locations. 
 
During the lateral pile load testing, the test pile was pushed against a reaction system using a 260 
tonne hydraulic jack against a reaction system, which comprised an additional identical driven steel 
tube pile and a series of four (1m x 1m x 1m) concrete thrust blocks. The top of both the reaction and 
test piles were filled with 50MPa concrete to prevent distortion of the pile head during load testing. A 
calibrated load cell was used to measure the applied load from the hydraulic jack. Figures 5 and 6 
illustrate the set-up of test pile, reaction system, and the measurement system of the test pile TP1. 
The displacement of each test pile head was recorded using a rotational potentiometer. The electrical 
transducer based device has a tolerance accuracy of 0.1mm. The measurement system was also 
monitored and calibrated using an onsite surveyor. An additional precautionary measure using 
surveying via a total station was also provided. The reaction pile was also monitored to ensure that it 
would not move excessively during the pile testing. All devices (hydraulic jack, load cells, and 
rotational potentiometer) were calibrated by accredited organisations prior to testing commencing. 
 

  
Figure 5: Test pile TP1 arrangement Figure 6: Test pile TP1 measurement system 

 
Two lateral pile load tests were carried out in accordance with Australian Standard AS 2159-1995. The 
applied horizontal load was gradually increased at 12.5% increments from the starting load of 195kN 
to the maximum calculated single pile load of 1560kN to establish load versus pile load deflection 
behaviour. Each loading increment was held until deflection was less than 0.5mm over a period of 15 
minutes. 
 
 
7 BACK ANALYSIS OF LATERAL PILE LOAD TESTS 
 
The lateral pile load testing were back analysed using DEFPIG and Plaxis 3DFoundation to establish 

rockfill strength and stiffness parameters (E' and ') that could be used as a comparison between the 

Rotational 
potentiometer 

Test pile TP1 Reaction pile 

Hydraulic jack 

0

5

10

15

1 2 3 4 5 6 7

F
re

q
u
e
n
c
y

Coefficient

Cu Cz

Coefficient of uniformity Cu=D60/D10

Coeficient of curvature Cz=D30
2/(D60*D10)

0

25

50

75

100

1 10 100 1000

P
e
rc

e
n
ta

g
e
 p

a
ss

in
g
 (

%
)

Diameter (mm)

Max

Min

ANZ 2012 Conference Proceedings 34



actual pile behaviour and that assumed during the detailed pile design. The back analysis results for 
test piles TP1 and TP2 are shown in Figures 7 and 8. 
 

 
Figure 7: Test pile TP1 back analysis result Figure 8: Test pile TP2 back analysis result 

 
As can be seen from Figures 7 and 8 that both Plaxis 3DFoundation and DEFPIG generally show 
back analysis results to be similar to the measured pile head deflection at a horizontal pile head 
movement of approximately between 10mm and 40mm. At a horizontal pile head movement greater 
than 40mm Plaxis 3DFoundation provides better predictions than DEFPIG. It is considered that this is 
associated with Plaxis 3DFoundation modelling the elastoplastic yield effects more accurately than 
DEFPIG. 
 
At small applied horizontal load (200kN) the back analysis results show significant larger pile head 
deflection compared to the measured lateral pile head deflection. The difference was 100% for test 
pile TP1 and 60% for test pile TP2. When the applied horizontal load was increased to higher levels 
(i.e. >= 400kN), the back analysis results compared favourably with the measured pile head deflection. 
  

 
Figure 9: Parameter E’ varied ( ’ constant) Figure 10: Parameter ’ varied (E’ constant) 
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The reason there is a significant difference between the back analysed and measured pile head 
deflection at the small applied horizontal load may have been that at this relatively low stress level, the 
ground responded at a relatively small rate of strain (approximately 0.1-0.3%) compared to the higher 
applied horizontal load. Hence, it would appear that a relatively larger modulus of rockfill should be 
used at small stress levels compared to the rockfill modulus at a larger stress level. 
 
A sensitivity analysis for test piles TP1 and TP2 was also conducted. In the sensitivity analysis, the 
two critical parameters for rockfill were varied and corresponding pile head displacement curves were 
plotted in Figures 9 and 10. From the back analysis and sensitivity analysis results (Figures 7 to 10), 

with Plaxis 3DFoundation, a value of E' between 20-35MPa and ' between 42-43 degrees would 
appear to give the best fit result of pile head deflections to the measured values. With DEFPIG, the 

corresponding ranges of E' and ' are 20-35MPa and 42-46 degrees. Whilst, the rockfill stiffness E' 
varies significantly between the two test locations (20-35MPa), the shear strength range seems to be 
consistent with the behaviour observed with the two tests. The two back analysed parameters (E'= 20-

40MPa and '= 42-43 degrees) for loosely dumped rockfill were generally in close agreement with the 

parameters adopted during the detailed design (E'= 20MPa and '= 42 degrees). 
 
 
8 CONCLUSIONS AND RECOMMENDATIONS 
 
Lateral single pile load tests, back analysis and sensitivity analysis of the test results were conducted 
to obtain the actual stiffness and strength parameters for the loosely dumped rockfill to allow 
comparison with and confirmation of the parameters adopted in the detailed design. The back 
analysed rockfill parameters were generally in close agreement with the parameters adopted during 
the detailed design of the anchor block and the revetment rockfill. 
 

Back analysis and sensitivity analysis were carried out with values of E’ and ’ varied between 20-
80MPa and between 42-60 degrees respectively. The back analysis and sensitivity analysis results 
have indicated that, at a strain level greater than approximately 0.5%, the loosely dumped rockfill 

exhibits a stiffness (E’) varying between approximately 20-35MPa and shear strength ( ’) value of 42 
or 43 degrees. At a relatively small strain level (approximately 0.1%-0.5%) the stiffness of the loosely 
dumped rockfill could be relatively higher. The back analysis results could have been possibly 
improved by including the effect of relatively higher stiffness of the rockfill over the small strain level. 
  
It is concluded that the single lateral pile load test could be used not only to assess the pile behaviour 
but also be backed analysed to obtain the actual stiffness and shear strength of the ground. To further 
refine the back analysis process, it is recommended that future lateral pile load tests be instrumented 
with inclinometer to obtain pile deflections profile along the pile. A more advanced soil model taking 
into account the strain dependent soil stiffness should be used in the lateral pile analyses and design 
to obtain a better prediction of pile behaviour.  
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