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GLOSSARY 

ANSI: American National Standards Institute 
API: American Petroleum Institute 
ASME: American Society of Mechanical Engineers 
Battery Limit: The boundary of responsibility between PSI and others 
Cavitation: Cavitation is a severe wear condition caused from implosion of vacuum 

voids. It occurs as pressure changes from negative to positive 

Chainage: Pipeline distance 
Cross-country: The term used when a pipeline follows an alignment of it own across land 

that has no pre-existing road or right-of-way.    
cu.m: cubic meter 
Design Factor 0.8: 80% of SMYS 
DSTP  Deep Sea Tailings Placement 
EPCM: Engineering, procurement and construction management 
ESD: Emergency shutdown 
Gabion: Rectangular wire mesh containers filled with rock normally used for 

stabilizing embankments 
Geotextile: A normally synthetic inert fabric used in construction to separate soil types 

from commingling 
HMI: Human-machine interface – A graphics based operator console 
in: Inch 
km: Kilometer 
KP: Kilometer Post 
KPa: Kilo Pascal 
lb: Pound 
MAOP: Maximum allowed operating pressure 
Masl; Meters above sea level 
MCC: Motor control center 
mm: Millimeter 
Mpa: Mega Pascal = 1000 kPa 
MTA: Million metric tons per annum (year) 
NMC: Network management system – A PC based system to configure and 

monitor the fiber optic, communications system. 
NPSN: Net positive suction head 
OD: Outer diameter 
Packed Flow: Flow regime with pipeline internal pressure greater than zero 
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PC Personal computer 
P & ID: Piping and instrumentation diagram 
PLC: Programmable controller or programmable logic controller 
PSD: Particle size distribution 
psi: pounds per square inch 
PSN: Priority system number- a system used to assign operational importance to a 

system or component. 
Right-of-Way: The pipeline installed pathway 
Rock Matrix: A mixture of rocks used for repair of embankments 
ROW: Right of way, the land area devoted to the pipeline and its maintenance. 
SCADA System: Supervisory control and data acquisition system. The automated control 

system for the pipeline. 
SG Specific gravity 
Sp. Gr. Specific gravity 
Slack Flow: Flow regime with pipeline internal pressure (gauge pressure) less than zero.  

Pipe slope primary variable influencing slurry velocity 
SMYS: Specified minimum yield stress 
Spread: The term used to describe the lineup of personnel and equipment engaged 

in the installation of a pipeline all working as a moving team as installation 
progresses in one section of the pipeline 

tph or t/h: Dry metric tons per hour 
t/yr: Dry metric tons per year 
Trail Out: Transition from slurry to water 
TBD:  To be determined 
Third Party: A separate contractor normally utilized to obtain an unbiased opinion or 

expertise not available within the company 
Transient Factor: Ratio between maximum allowed transient pressure and MAOP 
VFD: Variable speed (frequency) motor drive 
wt%: Percent by weight 
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1.0  INTRODUCTION 
 

1.1 Purpose and Organization 
 
This document presents the basic design study of the Ramu Nickel Deep-Sea Tailings 
Placement System. It is the foundation for future detailed engineering, which in turn 
is the basis for the facility construction. 
 
It is organized into two sections, the report itself and the appendices. The report is 
intended to be an executive summary of the major design bases, parameters and 
conclusions. It also describes key systems and features of the design. The appendices 
are the drawings and documents issued during the Basic Design Study. These may be 
referred to when greater detail or further explanation is desired. 
 

1.2 Project Overview 
 
China ENFI Engineering Corporation (ENFI) is developing Ramu Nickel Project 
located in the Madang Province of Papua New Guinea.  It is composed of mine, long-
distance slurry pipeline, refinery and deep-sea tailings placement systems. The mine 
is located at Kurumbukai, 75 km from Madang, the provincial capital, in the 
southwest at an elevation of between 600 to 800 meter above sea level (masl). The 
refinery is located at Basamuk, 55 km from Madang to the southeast at an elevation 
of between 5 to 60 masl, 135 km from the mine. As part of the project, Deep Sea 
Tailings Placement (DSTP) system has been proposed by ENFI for its cost-effective 
and environmental sound alternative over a conventional, on-shore tailing 
impoundment.  In January 2007, Pipeline Systems Inc (PSI) and Hay & Company 
(Hayco) has been retained to provide a basic engineering design for the DSTP 
pipeline and associated facilities.  
 
In January 2007, PSI received tailings slurry samples (labeled as PSI Sample 822A 
and 822B) from Dynatec Corporation, Fort Saskatchewan, Canada. Laboratory tests 
were conducted in PSI lab and samples’ test results were included in the Slurry 
Laboratory Report (see PSI Document No. 1369-LR-240). 
 
The current design capacity for the Ramu tailings pipeline is 4.5 million metric tons 
per annum (MTA) or 600.6 metric tons per hour. The system is designed to be 
capable of delivering 1.3 million to 4.5 million dry tones of tailings per annum. 
 

1.3 Project Objectives  
 
DSTP is the placement of mine tailings in the deep marine environment, achieved by 
discharging the tailings at depth, below both the ocean mixing zone where wind and 
waves promote fluid mixing, and below the biologically active zone. The mixing zone 
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extends from the sea surface down to the pycnocline,  and is a region where the ocean 
temperature and density are essentially constant with depth due to wind and wave 
mixing.  The pycnocline is a region of rapid transition between  the vertically mixed 
upper layer and the deep stratified oceanic water below.  It is characterized by a large 
density increase over a small change in depth.  In the pycnocline and below, density 
gradients are sufficient to dampen wind-derived turbulent mixing, and hence the 
density stratification  found below the pycnocline is a persistent feature of the ocean.  
The biologically active zone or euphotic zone is defined as the zone of significant 
light penetration where plant life can be sustained. 

 
The tailings are discharged as a slurry at a density and location which promote the 
creation of a density current carrying the tailings to great depths. Ultimately the 
tailings are deposited on the ocean floor in a deep basin much as sediment from an 
alluvial source would be deposited. 
 
The objectives of the DSTP system are  

 
• Provide de-aeration facilities to ensure that there is no entrained air in the 

tailings slurry which might carry the tailings into the upper ocean zones; 

• Discharge the slurry at a depth which is below the mixing zone and the 
euphotic zone; 

• Discharge at a density which will encourage the formation of a density current 
carrying the tailings to greater depths; 

• Discharge at a location where the bathymetry and local bottom slopes will 
direct the tailings density current to an acceptable deposition area, either at 
very great depths, or confined to a small area. 

 

1.4 Scope of Basic Design 
 

1.4.1 Scope of Work 
 
The scope of the basic design study is to develop the feasibility study parameters 
required for detailed engineering of the DSTP system and provide capital and 
operating cost estimates for the developed pipeline systems based on the slurry 
properties, bathymetric and geotechnical survey and acquired ocean data. 
 
The basic design study reflects the results of laboratory analysis, engineering studies 
and designs, hydraulic analysis and calculations, and environmental modeling.  
Drawings like general arrangements, P&ID, piping layout, electric single lines, 
SCADA and telecommunication architecture and block diagrams, etc, have been 
developed as the basis of capital cost estimates and for the next phase design.  
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Major equipment and materials specifications, data sheets will be developed for major 
equipment in the basic design stage.  The hydraulic transient condition analysis for 
the pipelines and tanks will also be developed in the current phase.  
 
Civil and structural design, access road, power and water supply, pipeline route 
engineering (alignment sheets, tunnels, crossings) will be designed by future phases. 
   

1.4.2 Facilities Included 
 
The following facilities are included in the DSTP system: 
• Tailings head tank 
• Tailings launder pipe from the head tank to the mixing tank 
• Turning structure / drop box 
• Tailings mixing tank 
• Sub-sea dilution seawater intake pipe 
• Outfall sub-sea tailings discharge pipeline 

 
1.4.3 Facilities Excluded  

 
 The following facilities are required, but are not included in PSI’s  scope of work: 

• Power supply to all sites 
• Housing for operating and maintenance personnel 
• Process water supply to all site 
• Rough grading and roads at each site  
  
Those facilities are provided by others at the boundary limit line. PSI’s 
responsibilities include establishing the design parameters required at the limit line. 

1.4.4 Battery Limits 

The battery limits for the DSTP system are described as follows: 

The DSTP system starts at the discharge of tailings from the refinery into a device to 
be selected and designed as part of this contract. 

The DSTP system ends at the deep-sea deposition point for the tailings. 

All intermediate facilities including, but not limited to, approximately 0.6 km 
overland tailings pipeline, near-shore mixing tank with seawater intake to the mixing 
tank for dilution and sub-sea tailings transport pipeline, the outfall structure are 
within the scope of the DSTP system. 
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2.0 EXECUTIVE SUMMARY 
 

2.1 System Description 
 

2.1.1 System Summary 
 
The DSTP system will accept tailings at the battery limit for placement in the deep 
marine environment.  The  system is comprised of a free surface, gravity flow, on-
land pipeline from the plant to tidewater and  a gravity, full pipe flow, submerged 
pipeline from shore to the point of discharge.  De-aeration facilities are provided both 
at the plant through a head tank and at the shore through a mixing tank.  In addition, 
air is also vented by means of stand pipes located along the on-land gravity pipeline 
downstream of the drop structures.  Tailings from the plant will be received at the 
head tank and flow approximately 636 m through the on-land pipeline as a free 
surface, gravity, pipe flow.  A turning structure/drop box is supplied between the head 
tank and the mixing tank to prevent sharp turn in the tailings slurry launder and to 
compensate the excessive static elevation in the system.  
 
The tailings will be delivered to the mixing tank on the shore.  Due to the density 
difference between the tailings and seawater, seawater will be added by gravity to the 
tailings in the mixing tank and the total effluent discharged out the outfall  as full pipe 
flow. 
 
No pumping facility is needed for the whole system. Controls are designed for normal 
and emergency shut-down of the system.  
 
In summary, the Ramu DSTP facilities include: 
• One head tank  ( 4m high, 7m long and 5m wide rectangle shape concrete 

tank).  
• One onshore tailings delivery launder pipe (636 m long 900 mm diameter, 

HDPE SDR 17 pipe, 900mm OD and 794mm ID). 
• One drop/turning structure (4 m high and 1.5 m by 1.5 m square concrete box)  
• One near shore mixing tank (8 m diameter by 9 m high steel tank). 
• One sub-sea seawater intake pipe (180 meter long 800mm diameter, HDPE 

SDR 11 pipe) 
• One subsea tailings discharge pipe (414 meter long 800 mm diameter, HDPE 

SDR 11 pipe) 
 

The process flow diagrams are presented in the attached drawings D-F-001 in 
Appendix D. 
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The pipeline is designed to have adequate wall thickness to withstand the slurry and 
seawater hydraulic gradient as well as the static head when the line is shutdown with 
slurry.  

2.1.2 Onland and Subsea Pipeline Route  
 
The onland launder pipeline follows the route proposed by ENFI, as shown in the 
drawing D-GA-001 in Appendix F. The subsea tailings discharge pipeline follows the 
route preliminarily selected by PSI/Hayco based on the bathymetric surveyed by 3-D 
Mapping. For a detailed description of the pipeline route, see section 5.1.  
 

2.1.3 Process Description  
 
As shown on drawings D-F-001 in Appendix D, the overflow water connection line 
will allow the operator to dilute head tank tailings discharge to the required 
concentration for pipeline operation.  
 
Tailings slurry with 22.1% weight concentration from the refinery will be diluted 
with overflow water in the head tank to the designed weight concentration and then 
delivered to the near shore mixing tank through a 636 m long 900 mm diameter, high 
density polyethylene (HDPE) launder pipe with a 0.8% slope by gravity. The tailings 
is further diluted with seawater to the final designed concentration in the near shore 
mixing tank before its final disposal under the sea. Please refer to the mass balance 
sheets listed on drawings D-F-001 in Appendix D for the tailings concentrations 
under different operating conditions.  
 
As described in the system summary, both seawater intake and tailings discharge 
from the mixing tank are driven by gravity. To prevent slurry discharge through the 
seawater intake pipe, a check valve should be installed in the seawater intake line.  
Due to the check valve does not function well in the slurry environment, a knife gate 
valve with differential pressure sensor are supplied to replace the check valve.  
 

2.1.4 System Operation and Control 

The slurry system is designed to operate continuously at 600.6 tph at 22.1% design 
solids concentration by weight.  Since no pumping facility is needed and the system is 
gravity driven, pipeline startup requires no special precautions. Pre-flushing of the 
pipeline to eliminate air is not necessary as a tailings slurry-air interface will be 
continuously present during pipeline operation.  If fresh water is used for pre-flushing, 
its rate should be limited to 1000 m3/hour to prevent the mixing tank from overflowing. 
 
Shutdown will be the opposite of startup. Slurry flow to the head tank will be 
terminated. Flushing will not be required. If post-flushing is undertaken, its rate 
should again be limited to 1000 m3/hour to prevent overflow of the mix tank. 
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Normal shutdown with tailings in the pipeline will be accomplished by a sequenced 
closure of the slurry feeding pipe to the head tank, the closure of the overflow water 
input pipe of the head tank and then the manually shut down of the knife gate valve in 
the launder pipeline at the discharge of the head tank. Restart will also require the 
head tank discharge knife gate valve to be manually opened, followed by the opening 
of the slurry feeding and the overflow water input pipeline for the head tank. Prior to 
an extended planned shutdown, the pipeline will be flushed with water. This is not a 
frequent event during normal operation once the mine reaches full production 
capacity. 
 
Since no pumping pressure is used, the major operating parameters of the system is 
the monitoring and controls of slurry levels in the mixing tank. Level sensing element 
is installed in the mixing tank. When the system detects that the mixing tank level is 
over the high alarm level, the control valves of the slurry feeding pipeline and 
overflow feeding pipeline are shut down. It is also required that the knife gate valve 
in the slurry delivery launder pipeline is shut down. A tank level beyond the alarm 
level in the mixing tank will require the actuated knife gate valve in the seawater 
intake pipeline be shut down to prevent the fill of slurry in the seawater intake. 
 

2.2 Project Schedule Milestones 
 

The major activities include detailed design, procurement, construction, and 
commissioning.  The entire project is schedule to be finished by end of August 2009.  
The DSTP project milestone schedule is presented in table 2.2 below 
 

Table 2.2 - Project Milestone Schedule 

Milestone Date 
Begin Detailed Design August 1, 2008 
Onland and Subsea Surveys August 1, 2008 
Complete Detailed Design December 31, 2008 
All Permits Received December 31, 2008 
Award On-land Pipeline Construction Contract February 28, 2009 
Award Subsea Pipeline Construction Contract February 28, 2009 
Complete Construction July 31, 2009 
Project Completion August 31, 2009 

 
 
 

2.3 Cost Estimate  
 



 
 

 
1369-G-G-003, Rev. B Page 19 April 2007 
 

2.3.1 Capital Cost Estimate 

The DSTP system cost estimate is based on the basic engineering of this document 
and data from the several recent similar projects completed in the same region or 
elsewhere.  The cost estimates are stated in March 2007, US dollars, with no taxes or 
duties included.  The capital cost estimate is broke down by the onland and marine 
portions and the total summary represents complete DSTP systems. 
 
The total constructed cost for the DSTP project is US$8.05 million (Chinese RMB 
64.374 million) and is summarized in Table 11.1.  Backup estimates for the summary 
can be found in Appendix L, Capital Cost Estimates, PSI document No.: 1369-C-G-
001 and 002. 

 
2.3.2 Operating Cost Estimate 

The operating cost estimate includes power, operating and maintenance, labor, and 
consumables. 

Summary of Operating Cost Estimates - Ramu Nickel DSTP System
Job 1396 By: JPW Approve: YGC

Check: JZ Date: 3/27/2007

Estimated Operating Costs 
Item Description  $ US Chinese RMB
Power $10,000 ￥80,000
Labor $47,333 ￥378,667
Supplies $10,000 ￥80,000
10% Contigency $6,733 ￥53,867

Grand Total Operating Cost $74,067 ￥592,533  

Code Description Total Total (¥ )

On Land Pipeline $2,116,654 ¥16,933,000
Submarine Pipelines $4,028,800 ¥32,230,000
Spare Parts $44,352 ¥355,000

SUBTOTAL - CAPITAL COSTS $6,189,806 ¥49,518,000
15% EPCM $928,471 ¥7,428,000
Contingency @ 15% $928,471 ¥7,428,000
TOTAL PROJECT CAPITAL COST $8,046,747 ¥64,374,000
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3.0 DESIGN BASES 
 
Below is a summary of the design basis.  For detailed information, refer to Appendix 
B, document 1369-G-G-002, Design Basis Document. 
 

3.1 Process Design Basis 
 

3.1.1 DSTP System Throughput and Availability  
 
The following DSTP system capacity and other system information were used in the 
basic design:  
 
• Solid Throughputs: 
  Maximum     600.6 dry metric tons per hour 
  Design (3 Autoclave operating)  546.0 dry metric tons per hour 
  Medium (2 autoclave operating)  364.0 dry metric tons per hour 

  Minimum (1 autoclave operating) 182.0 dry metric tons per hour 

• Slurry Flow Rate 
  Slurry flow rate at different operating conditions are shown in Table 1. 

Table 1  Tailings Design Throughput 
 Min Medium Design Maximum 

DRY SOLIDS (TPH) 
182.0 364.0 546.0 600.6 

WATER (M³/HR) 
641.5 1283.1 1924.6 2117.0 

SOLIDS (M³/HR) 
51.4 102.8 154.2 169.7 

SLURRY (M³/HR) 
692.9 1385.9 2078.8 2286.7 

SG SOLIDS 
3.54 3.54 3.54 3.54 

SG SLURRY 
1.19 1.19 1.19 1.19 

%CW SOLIDS 
22.10% 22.10% 22.10% 22.10% 

VOL % SOLIDS 
7.42% 7.42% 7.42% 7.42% 

 

• Designed Solid Concentration: 22.1wt%     

• Water Flow Rate 
 
Overflow water from deep cone thickener is added in the head tank to dilute the 
slurry for launder transport. The overflow water flow rates corresponding to the 
throughput are: 
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  Minimum    1060 cubic meter per hour 
  Medium     734   cubic meter per hour 
  Design     384   cubic meter per hour 

  Maximum    422   cubic meter per hour 
Seawater is added in the mixing tank to further dilute the tailings before it is 
discharged into the sea. Seawater intake is dynamically self-adjusted to the dynamic 
balance. The steady state seawater intake flow rates corresponding to different work 
loads are: 
  Minimum    1453 cubic meter per hour 

  Medium    2170  cubic meter per hour 
  Design     2535  cubic meter per hour 

  Maximum    2460  cubic meter per hour 

• Pipeline Length   
First section of pipeline: 636-m long, starting at 13.5 masl (meters above sea level) at 
the refinery and ending at 6 masl at the mixing tank, Second section (off shore) of 
pipeline: 414-m long, starting at the mixing tank and ending at 150 meter below sea 
level at the tailings discharge.  
 
• Annual Operating Hours  7,500 hours 

• Pipeline Design Life:  20 Years 

3.1.2 Tailings Characteristics 

The slurry physical properties are summarized below. 

Parameter PSI Testing Results 
Solids Specific Gravity 
(t/m3) 3.54 

Rheology (Yield) 
τ = A ФB 

A = 9685 
B = 2.7825 

Rheology (Viscosity) 
η/µ = 10Vr B’ B’= 6.9405 

Particle Side Distribution 
(95 % passing) 57 microns 

 
The results of PSI Samples 822A and 822B were compared and the more 
conservative value was used for the volumetric throughput (flow rate) calculation and 
hydraulic design.  
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The slurry chemical properties are summarized below: 

Ore feed (limonite:saprolite) 2:1 2:1 1:1 2:1
Date neutralised sample generated 28 Feb 2007 28 Feb 2007 1 Mar 2007 28 Feb 2007
pH (cold filtrate)* pH 7.5 pH 8.3 pH 8.3 pH 5
Slurry pulp density, g/L* - 1192 1121 -
Filtrate (<0.45 µm) specific gravity* - 1.01 1.00 -
Slurry % solids* - 26.2 25.8 -
Sample ID Tails_pH7.5 Tails_pH8.2 1-1_pH8.2 Tails_NAT
Solution (<0.45 µm)
Metals, mg/L

Cd <0.001 <0.001 <0.001 -
Cu 0.103 0.032 0.006 -
Cr 0.005 <0.005 <0.005 -
Co 0.018 0.002 <0.002 -
Fe 0.653 <0.005 <0.005 -
Mn 18.9 0.224 0.174 -
Ni 0.157 0.087 0.02 -
Pb <0.005 <0.005 <0.005 -
Zn 0.013 0.013 0.007 -
Al 0.16 3.82 2.22 -
As 0.002 0.0322 0.045 -
Hg <0.0002 0.0003 <0.0002 -

Major ions, mg/L
Ca 459 621 624 -
Na <1 7.0 1.0 -
Mg 628 7.6 8.3 -
K <0.1 1.4 0.6 -
Cl 17 13 11 -
SO4 4120 1460 1450 -
HCO3 57 65 54 -

Hardness, mg CaCO3/L 4230 1580 1590 -
Ammonia, mg N/L 1.59 1.67 1.42 -
Nitrate, mg N/L 0.2 0.6 0.3 -
Nitrite, mg N/L <0.05 <0.05 <0.05 -
Sulfide, mg/L 0.037 0.034 0.023 -
Conductivity, µS/cm 4690 2210 2230 -
TDS, mg/L 5420 2150 2130 -
Total alkalinity, mg CaCO3/L 47 66 53 -
Langlier Index 0.17 1.39 1.3
Solids 
Metals‡, mg/kg dry weight

Cd <0.5 <0.5 <0.5 -
Cu 13 13 7 -
Cr 1190 1290 1110 -
Co 22 23 25 -
Fe 210000 230000 206000 -
Mn 5900 5810 5510 -
Ni 244 251 281 -
Pb <5 <5 5 -
Zn 20 20 10 -
Al 10000 11900 10300 -
As 4.9 5.6 3.2 -
Hg 0.09 0.11 <0.05 -

Particle size distribution (µm)
D(0.10) 0.94 0.86 0.93 1.0
D(0.50) 2.9 2.8 3.0 3.3
D(0.90) 14.3 14.7 12.0 16.6
D(0.95) 23.1 24.8 19.2 33.6
D(1.00) 60.8 82.4 70.6 129.4

*  Analysed by Dynatec Corporation. All other analyses undertaken by ALS Laboratory Group, Edmonton.
‡ Digestion using hot concentrated nitric acid (based on USEPA Method 3050) which extracts metals 
   associated with residual fractions, except those metals bound in silicate lattices or other refractory phases.  
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3.1.3 Hydraulic Design Criteria 
 
In gravity, open channel slurry launder design the slope of the pipeline must be 
established to satisfy the following criteria: 
 

• The operating velocity should be greater than the deposition velocity 
• Avoid the unstable flow conditions associated with near critical flow (Froude 

number between 0.8 to 1.4) 
• The flow depth to pipe diameter ratio should be around 50% to avoid the pipe 

crossing area closing out. 
• Avoid excessive velocity that causes erosion of the launder. 

 
For pressurized pipe Newtonian flow (seawater intake pipe), pressure loss 
calculations are performed using Colebrook’s equation. For slurry flows (subsea 
tailings outfall pipe), PSI’s Slurry Hydraulic Model (WASP 1.1) was used.  

3.2 Facility Design Basis 

3.2.1 Slurry Head Tank 
 
Slurry head tank is designed to provide a 3 min retention volume. The design of the 
head tank must guarantee that the connection to the launder pipe is not submerged. 
Slurry is discharged into the launder pipeline through a free surface open channel 
flow. Design also considers the damping of impingent energy of the slurry feeding 
pipeline flow to the bottom of the tank.  
 

3.2.2 Slurry Pipeline 
 
The tailings delivery launder pipeline is designed to the ISO 9080 design standard. 
The pipeline will be made of HDPE SDR 17 high-strength line pipe having a 
minimum allowable pressure of 100 psi.  
 

3.2.3 Slurry Mixing Tank 

Slurry mixing tank is designed to provide a 3 min retention and the storage of slurry 
volume when there is accidental shut-done of the launder pipeline. The design must 
consider the thorough mixing of slurry fed into the tank and the seawater intake. The 
design must also prevent the seawater or slurry shortcut. 

3.2.4 Seawater Intake Pipeline 

The seawater intake pipeline is designed to the ISO 9080 design standard. The 
pipeline will be made of 800 mm HDPE SDR 11 high-strength line pipe having a 
minimum allowable pressure 160 psi.  
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3.2.5 Subsea Tailings Outfall Pipeling 

The tailings delivery launder pipeline is designed to the ISO 9080 design standard. 
The pipeline will be made of 800 mm HDPE SDR 11 high-strength line pipe having a 
minimum allowable pressure  of 160 psi.  

3.3 Subsea Pipeline Design Basis 
 
Two pipelines are involved in the marine component: the tailings outfall pipe, and the 
seawater intake pipe.  The battery limits are taken to be the outlet flange of the mix-
tank for the outfall pipe, and the sea-water intake flange of the mix-tank for the 
seawater dilution pipe.  The seaward limits are taken as the terminus of each of the 
two pipelines. The major considerations for the marine component are: 

1. effluent characteristics; 
2. environmental criteria; 
3. route selection; 
4. selection of wall thickness to obtain a strong enough pipe for marine installation; 
5. scour protection in the near-shore zone; 
6. selection of ballasting requirements based on wave and current loadings and on a 

reasonable assumption for air entrapment in the line; 
7. depth of outlet; 
8. depth of intake; 
9. design of the seawater intake structure; 
10. conceptual design of an installation methodology; 
11. confirmation that the effluent will be well-behaved as it leaves the pipe, 

establishing a density current that is compatible with the environmental license. 
12. risk evaluation; 
13. scaling potential. 
 

3.3.1 Effluent Characteristics 

The following design criteria apply to the DSTM components of the present study: 
 
The slurry will be delivered to the mix tank at a range of solids concentrations, 
depending on specific plant operating conditions, as given in Table 3.3.1 below.  The 
liquid fraction of the slurry is water with dissolved solids giving it the properties 
identified in Table 3.3.1.  That is, the density is 1000 kg/m3 at the elevated temperate 
of 70°C, because of relatively high dissolved solids content.  The volumetric dilution 
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ratio of seawater to tailings slurry at the mix/de-aeration tank is approximately 1:1.  
The slurry is of near neutral pH. 

 
 
Table 3.3.1 

Plant Feed to Mix-Tank Characteristics 
 

Property 1 Autoclave 2 Autoclaves 3 Autoclaves 3 Autoclaves, 
Max. Prod. 

Dry solids (tph) 182.0 364.0 546.0 600.6 
Liquids (m3/h) 1701.5 2017.1 2308.6 2539.0 
Solids (m3/hr) 51.5 102.8 154.2 169.7 
Slurry (m3/hr) 1752. 8 2119.9 2462.8 2708.7 

SG liquids 1.00 1.00 1.00 1.00 
SG solids 3.54 3.54 3.54 3.54 
SG slurry 1.070 1.120 1.160 1.160 
Cw solids 9.66% 15.29% 19.13% 19.13% 
Cv solids 2.93% 4.85% 6.26% 6.26% 

Slurry (m3/s) 0.487 0.589 0.684 0.752 
Seawater (m3/s) 0.423 0.638 0.745 0.726 
Dilution Ratio 0.869 1.083 1.089 0.965 
Seawater SG 1.025 1.025 1.025 1.025 

Outflow (m3/s) 0.910 1.227 1.429 1.478 
Outflow SG 1.049 1.071 1.090 1.094 

 
 

Solids particle size distribution is given in Table 3.3.2 below, and plotted in Figure 
3.3.1, based on sample PSI822B Laser Size Analysis Results - Run#1.  One notes, in 
Figure 3.3.1, that there is a two-lobed distribution.  As discussed in Section 9, about 
21% of the material is coarse, with a D50 of 30 microns, and 79% is fine, with a D50 
of about 4 microns.  The fine material is likely the laterite ore which has passed 
through the autoclave, and the coarse material is likely the product of neutralization, 
based on experience with the Moa nickel plant.    
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Table 3.3.2 
Particle Size Distribution 

 

Size 
(micron) 

Weight 
Percent 

Cumulative 
Weight 
Percent 

Size 
(micron) 

Weight 
Percent 

Cumulative 
Weight 
Percent 

164.13 0.01 100 7.87 1.75 72.63 
148.33 0.05 99.99 7.11 2.08 70.88 
134.04 0.09 99.94 6.43 2.45 68.8 
121.13 0.16 99.85 5.81 2.85 66.35 
109.47 0.21 99.69 5.25 3.25 63.5 
98.92 0.29 99.48 4.74 3.617 60.25 
89.40 0.38 99.19 4.29 3.943 56.633 
80.79 0.47 98.81 3.87 4.19 52.69 
73.01 0.6 98.34 3.50 4.35 48.5 
65.98 0.71 97.74 3.16 4.42 44.15 
59.62 0.84 97.03 2.86 4.37 39.73 
53.88 0.96 96.19 2.58 4.25 35.36 
48.69 1.09 95.23 2.33 4.03 31.11 
44.00 1.2 94.14 2.11 3.75 27.08 
39.76 1.3 92.94 1.91 3.42 23.33 
35.93 1.36 91.64 1.72 3.06 19.91 
32.47 1.41 90.28 1.56 2.69 16.85 
29.35 1.43 88.87 1.41 2.33 14.16 
26.52 1.42 87.44 1.27 1.99 11.83 
23.97 1.38 86.02 1.15 1.67 9.84 
21.66 1.32 84.64 1.04 1.39 8.17 
19.57 1.26 83.32 0.94 1.16 6.78 
17.69 1.18 82.06 0.85 0.96 5.62 
15.98 1.12 80.88 0.77 0.8 4.66 
14.44 1.08 79.76 0.69 0.67 3.86 
13.05 1.05 78.68 0.63 0.58 3.19 
11.80 1.08 77.63 0.57 0.5 2.61 
10.66 1.15 76.55 0.51 0.44 2.11 
9.63 1.28 75.4 0.46 0.4 1.67 
8.71 1.49 74.12 0.42 1.27 1.27 
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Figure 3.3.1 Particle Size Distribution 

 
 
3.3.2 Environmental Criteria 

Water levels at Madang are documented, and Basamuk Bay is sufficiently close to 
Madang that one can expect similar water level behaviour at the two sites.  A 
summary of the water level data is presented in Table 3.3.3.   

Table 3.3.3 
Water Level Data for Madang 

 
Station Location Span of 

Data 
Maximum 
WL (m) 

Minimum 
WL (m) 

Mean 
WL (m) 

Madang 5º 12’ S 145º 48’ E 1984 – 
1998 

1.93 0.522 1.369 

 
All elevation and depth data in this report are referenced to mean sea level.  
Conditions at Madang indicate that the maximum tidal range is 1.408 m.  A tsunami 
elevation of 5 m with respect to low water is assumed. 
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Environmental criteria with respect to winds, wave and current are developed in 
Sections 8.1 and 8.2.  They are summarized below. 

 
The 200-year wind speed is 19.7 m/s for the northwesterly wind and 18.2 m/s for the 
southeasterly wind.  The 200-year deep water significant wave height is 5.8 m for 
waves from the northwest and 3.5 m from the southeast.  The corresponding periods 
are 10.2 s for the northwesterly waves and 7.8 for the southeasterly waves.  When 
nearshore processes along the pipeline alignment are considered, the 200-year event 
produces waves ranging from 5.7 m at the deepest point along the outfall alignment, 
to 2.7 m at the shoreward end of the pipeline.  The maximum observed velocities in 
the water column have been 0.44 m/s.  For design purposes, a velocity of 0.5 m/s will 
be assumed. 

 
Criteria for the design of the DSTP system from the receiving environment 
perspective include: 

 
• discharge below the mix layer; 

• discharge below the euphotic layer; 

• discharge on a slope sufficient to allow the tailings to flow away from the 
outfall; 

• discharge at a location where the tailings can flow to great depths before 
settling; 

• ensuring that ocean upwelling cannot carry discharged tailings into the mix 
layer; and 

• operating at all tide levels between HHW of 0.7 m to LLW of -0.9 m. 

 

3.3.3 Route Selection 

The outfall pipe extends seaward from the mix/de-aeration tank on the shore to the 
offshore location deep in Basamuk Sea as shown in drawing Hayco_Ramu_001.dwg.  
Its purpose is to deliver slurry, both seawater-diluted and de-aerated, from the mix/de-
aeration tank to the point of discharge under gravity flow conditions.  The route has to 
be chosen to minimize the traverse slope and, hence, minimize any rolling or sliding 
tendency of the pipe.  The location of the terminus must be chosen to prevent any 
accumulation of tailings near the outfall. 
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3.3.4 Pipe Material and Wall Thickness 

The pipe material and wall thickness must be chosen so as to withstand the rigours of 
installation in the marine environment on an unprepared seabed, with the potential of 
a significant number of large coral fragments.  The material of choice for DSTP 
installations is usually HDPE, so to provide adequate strength, a suitably thick–
walled pipe must be specified.  The criterion for pipe strength used in this project, in 
addition to the requirement of meeting the design operating pressure, is that the pipe 
is strong enough to support an otherwise un-supported ballast block without 
exceeding the elastic properties of the pipe. 

 
3.3.5 Pipe Burial and Scouring Protection 

A flexible pipeline placed on the sea bed may cause local scour of the bottom 
material and partial burial due to the action of waves and currents.  In this case it is 
necessary to predict the extent of local scour both vertically and horizontally along 
the pipeline route.  However, if the pipeline is buried below the local bed surface, 
there will be no high concentrations of wave energy and local scour in the nearshore 
and surfzone and as a result, will not be a design problem.  Thus it is customary to 
bury pipelines near the shore and through the region of surf and wave breaking. 

 
3.3.6 Ballast Design 

Stabilization of the pipe against wave action and ambient currents is achieved by 
placing the pipe below grade for the nearshore section when the water depth is less 
than 10 m and by installing concrete ballast blocks with specified spacing thereafter.  
The ballast blocks and spacing are also designed to minimize tipping and sliding on 
the sloping sea bottom. 

 
3.3.7 Depth of Outlet 

As noted in section 3.3.3, in order to prevent the tailings from surfacing, the outfall 
terminus has to be well below both the ocean mixed layer and the euphotic layer to 
account for the vertical movement of the mixed layer interface due to internal tidal 
waves or wind-driven internal waves.   

 
3.3.8 Depth of Seawater Intake 

A seawater intake pipe will deliver seawater to the mix/de-aeration tank under gravity 
flow conditions to dilute the tailings before discharging to the ocean.  The depth of 
the inlet must be deep enough to prevent blocking of the inlet by floating debris as 
well as bio-fouling due to coral.  Also, the depth of the inlet determines the density of 
the diluting seawater, which has an impact on the hydraulics of the system. 
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3.3.9 Intake Screen Design Criteria 

The intake screen must be designed to minimize head loss and to prevent ingress of 
fish and floating marine animals and plants.  It should be constructed of material that 
will experience minimal corrosion or bio-fouling. The design should allow for 
servicing by an ROV, if needed.  

 
3.3.10 Conceptual Design of an Installation Methodology 

Although the ultimate installation methodology will likely be worked out in 
discussions with the selected installer, it is important during basic engineering to 
provide at least one practical and tested installation methodology, to ensure that the 
prescribed design is not impossible to install. 

 
3.3.11 The Fate of Tailing 

After being discharged from the outfall terminus, the tailings will generally advance 
along the sloping bottom and be carried away from the discharge point to the abyssal 
ocean.  Accumulation of tailings near the outfall should be minimal. 

 
3.3.12 Risk Design 

The system should be designed to minimize or eliminate factors that would cause the 
system to shut down or under-perform.  Typically, problems that arise are scaling; 
mechanical wear and failure; sediment settling and associated pipe blockage; air 
entrapment and consequent reduction in pipe capacity and possible pipe instability.  
As well, due care should be given to the possibilities of risk to human life associated 
with the installation and operation of the pipeline.  The over-riding risk for the Ramu 
DSTP system is likely the on-going potential for scale formation. 

 
3.3.13 Scaling Potential 

Scaling has been noted in other nickel laterite mines, primarily related to the high 
sulphur content of the acidic components of the processing system.  At Ramu, the 
slurry will also be neutralized, raising the possibility of calcium-based scaling as well.  
The system should be designed to minimize scaling, and if scaling occurs, it should 
be coerced into happening in the overland portion of the line, where segments can be 
replaced whenever scaling makes the pipeline unsuitable for service.  

 

3.4 Control and Telecommunication 

The current design will utilize the existing SCADA and communication system. Tank 
level monitoring elements are connected to the existing system  to establish the shut 
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down and start-up control mechanism of the DSTP when the tank level in the mixing 
tank is higher than the alarm level. 
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4.0 PROCESS DESIGN 

4.1 General 

The process flow diagrams are presented in the attached drawing D-F-001 in 
Appendix D. It shows the mass balance of each flow stream.  The throughput 4.5 
million tones per year is calculated based on the 600.6 t/h tailings transportation 
requirement and 7,500 hours of pipeline operation per year. The design concentration 
is 22.1% by weight. 
The design pipeline route is as selected in PSI drawings D-CV-001 and D-GA-001. 

Slurry properties used for the hydraulic design are as discussed in Section 3.1.2 and 
refer to Appendix B, document 1369-G-G-002, Design Basis Document. 

4.2 Tailings Head Tank 

4.2.1 General 

The tailings head tank located at the refinery plant is equivalent to a tailings pump 
box. A reinforced concrete tank has been adopted because concrete is usually 
inexpensive depending on the availability of aggregate.  
 
The head tank design considered the following hydraulics conditions: 

1. The tank provide enough volume and head for the designed launder pipeline  
slurry throughput. 

2. The outlet to the launder pipeline is unsubmerged to ensure the open channel 
flow in the launder. 

3. If the submersion of the launder pipeline under the tank level is not avoidable, 
air vending facilities are needed at the beginning of the launder pipe. 

4. The design must provide enough slurry depth in the tank to absorb the 
impingement momentum of the slurry from the feeding pipe. 

   
4.2.2 Tank Size Selection 

The head tank is shown in drawing D-C-001, and D-GA-002. The tank is rectangle in 
plan form, 5m high, 7m long and 5m wide. For the given flow rate the outlet to the 
launder pipe is open, not submerged. The launder pipe is 1.13 meters above the 
bottom of the tank. 
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4.3 Slurry Delivery Launder Pipeline 

4.3.1 General 

For gravity open channel slurry launder, the major parameters are selected by the 
following steps: 

1. Evaluate the slurry rheology, and operability characteristics by laboratory 
tests. 

2. Determine minimum velocity and concentration parameters by computation 
and comparing with commercial data. 

3. Determine the acceptable concentration range of the slurry based on the 
above results and judgment from commercial experience. 

4. Find a proper pipeline slope so that the following criteria are satisfied: 

a. the operating velocity is greater than the deposition velocity 
b. avoid the unstable flow condition associated with near critical flow 

c. the flow depth to pipe diameter is below 50% to avoid pipe closing 
out and pressurization 

d. avoid excessive velocity that causes erosion 
 

4.3.2 Pipe Diameter and Wall Thickness Selections 

The launder pipe uses 900 mm HDPE SDR 17 pipe.  The inner diameter is 800 mm. 

4.3.3 Design Hydraulic Gradient 

The on-land tailings delivery launder pipeline traverses the alignment from the head 
tank at the plant site to the near shore mixing tank, a distance of approximately 636 
m, as shown in the drawing D-GA-001 in Appendix F and D-CV-001 in Appendix G. 
The pipeline inlet is located at the plant head tank at 403877.060E and 9387372.321N 
and the terminus is at the mixing tank located at co-ordinates 404278.68E and 
9387690.48N.   
 
The head available between the head tank and mixing tank is 4.744 m and the 
expected flow velocity is 2.800 to 3.027 m/s.  The head required to allow the tailings 
to flow from the head tank to the mix tank by gravity in free surface flow is between 
41% and 96% of the available head, or  1.899 and 4.596 m.  
 
The designed pipeline slope is 0.8%. The slurry depth in the launder pipeline ranges 
from 39.1% to 49.6% of the pipe diameter. Since open channel flow conditions are 
satisfied, the hydraulic gradient follows the pipe slope. 
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Pipe slope is shallower than the ground slope. Berming and support is required for the 
whole pipe length. according to the detail shown in drawings D-GA-001 through D-
GA-003 in Appendix F, and D-CV-002 and D-CV-003 in Appendix G. Available 
geotechnical data indicate that bedding material would be available from limestone 
quarries in the vicinity.  
 

4.4 Near Shore Mixing Tank 

4.4.1 General 

The following factors are considered in the design of the slurry mixing tank: 

1. The mixing tank holds 3 minute retention volume of slurry under maximum 
flow rate working conditions. 

2. The mixing tank has extra space to hold slurry residual volumes in the 
launder pipeline after an accidental showdown of the DSTP system. 

3. Slurry and seawater are mixed in the tank thoroughly by the momentum of 
the flow itself. 

4. Seawater and slurry shortcut in the tank are prevented. 
 

4.4.2 Mixing Tank Location, Size and Design 

The mixing tank is located at 404278E and 9387690N. It is an 8 meter diameter by 
9.5 meter high steel tank. A baffle is supplied inside the tank to prevent the imcoming 
flow from short circuiting directly to the outfall pipe and forces the flow towards the 
surface where air can be released. Seawater intake and slurry feeding are placed in the 
same side to the baffle, while the discharge pipe outlet is placed on the other side. A 
weir hydraulics model was used to calculate the tank level difference between two 
sides of the baffle. It is found that there is no significant level difference and level 
rising in the tank because the baffle is submerged in a large depth. Calculations and 
designs were also verified to guarantee that there is enough depth over the top of the 
baffle and the baffle wall is always submerged. Please refer to drawing D-M-001 in 
Appendix H for details.  

Seawater intake, launder slurry feeding, and discharge flow are self balanced. The 
tank reaches its equilibrium balance with a constant density and tank level for a given 
slurry feed in concentration. The dynamics balance of the tank level, density, 
seawater intake  and slurry discharge flow rate are illustrated in Figures 4.4.1 through 
4.4.4 for different slurry concentration levels fed into the tank. Tank levels are always 
below sea level ranging from  0.23 m to 0.62 m  below sea level. 
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Figure 4.4.1  Mixing Tank Level, Density and Flow Balance at Minimum Throughput 

(9.66% solid weight concentration fed in the tank) 
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Figure 4.4.2 Mixing Tank Level, Density and Flow Balance at Medium Throughput 

(15.29% solid weight concentration fed in the tank) 
 
 



 
 

 
1369-G-G-003, Rev. B Page 36 April 2007 
 

 

-0.80

-0.60

-0.40

-0.20

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0 2 4 6 8 10 12 14 16
time (min)

Ta
nk

 L
ev

el
 (m

),
Sp

ec
ifi

c 
G

ra
vi

ty

-1000

0

1000

2000

3000

4000

5000

6000

Fl
ow

 R
at

e 
(m

3/
h)

Tank Water Level
Slurry Density
Slurry Discharge
Sea Water Intake

 
Figure 4.4.3 Mixing Tank Level, Density and Flow Balance at Design Throughput 

(19.13% solid weight concentration fed in the tank) 
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Figure 4.4.4  Mixing Tank Level, Density and Flow Balance at Maximum 

Throughput (19.13% solid weight concentration fed in the tank) 
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4.5 Seawater Intake Pipeline 

4.5.1 General 

Selection of the appropriate hydraulic and process parameters for pressurized 
seawater intake pipelines are accomplished by the following steps: 

1. Select the most suitable pipe size based on design flow rate. 
2. Calculate the frictional pressure losses. 
3. Plot the hydraulic gradient (frictional losses) on the pipeline profile to 

determine the pipe wall thickness to meet maximum allowable operating 
pressure (MAOP) requirements. 

4. Establish the operating range (limits for flow capacity) for the selected 
system. 

4.5.2 Pipe Diameter and Wall Thickness Selections 

The seawater pipeline is about 190 mm  long. The intake is about 60 meter under sea 
level. The end at the mixing tank is about 2 meter below sea level. Through 
hydraulics analysis, 800 mm SDR 11 HDPE pipe (ID 655 mm) was selected for the 
seawater intake pipeline. Figure 4.5.1 shows the hydraulics gradient of the pipeline. 
The maximum allowable seawater head of the pipe is 110 m. Since the pipeline is 
submerged in the sea, seawater pressure cancels most part of the inner pressure. The 
allowable strength of the pipe is well above the working pressure. It illustrated that 
the pipe allowable HGL is quite above the working head of the flow. 
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Figure 4.5.1  Seawater Intake Pipeline Hydraulics Grade Line 

The capacity of the seawater intake pipeline is illustrated in Figure 4.5.2. The pipe 
has the capacity to provide needed seawater in the mixing tank. The capability of the 
design is proved in the tank level balance illustrated in Figures 4.4.1 through 4.4.4. 
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Figure 4.5.2  Seawater Intake Pipeline Flow Capacity 

 

4.6 Tailings Outfall Pipeline 

4.6.1 General 

Selection of the appropriate hydraulic and process parameters for pressurized slurry 
discharge pipelines are accomplished by the following steps: 

1. Evaluate the slurry rheology, and operability characteristics by laboratory 
tests. 

2. Determine minimum velocity and concentration parameters by computation 
and comparing with commercial data. 

3. Determine the acceptable concentration range of the slurry based on the 
gravity flow requirement. 

4. Select the most suitable concentration range and pipe size based on design 
throughput and flow rate. 

5. Calculate the frictional pressure losses. 
6. Plot the hydraulic gradient (frictional losses) on the ground profile to 

determine the pipe wall thickness to meet maximum allowable operating 
pressure (MAOP) requirements. 
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7. Establish the flow quantities and slurry parameters for all process streams. 

8. Establish the operating range (limits for throughput, flow, concentration and 
pump capacity) for the selected system. 

 

4.6.2 Pipe Diameter and Wall Thickness Selections 

The 800 mm SDR 11 HDPE pipe (ID 655 mm) was selected for the slurry discharge 
pipeline. Figure 4.6.1 shows the hydraulics gradient of the pipeline. The maximum 
allowable slurry head of the pipe is 102 m. Since the pipeline is submerged in the sea, 
seawater pressure cancels most part of the inner slurry pressure. The allowable 
strength of the pipe is far above the working pressure. The pipe strength is adequate 
for the load. 
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Figure 4.6.1  Seawater Intake Pipeline Hydraulics Grade Line 

The capacity of the slurry discharge pipeline is illustrated in Figure 4.6.2. The pipe 
has the capacity to provide needed discharge level in the mixing tank. The capability 
of the design is proved in the tank level balance illustrated in Figures 4.4.1 through 
4.4.4. 
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Figure 4.6.2  Subsea Slurry Discharge Pipeline Flow Capacity 

 

4.7 DSTP Pipeline Operating Range 

4.7.1 Minimum Operating Velocity 

The minimum pipeline operating velocity is designed to provide adequate suspension 
of the solids in the slurry in order to maintain pseudo-homogeneous flow behavior 
and thus minimize pipe bottom wear. The minimum velocity must also ensure a 
turbulent flow regime. Often times, for fines slurries, the minimum velocity is 
controlled by solids deposition considerations at lower concentrations and controlled 
by laminar/turbulent flow transition considerations at higher concentrations.   

Based on the similar slurry properties, selected pipeline size, and similar commercial 
slurry pipeline field data, the minimum velocity (deposition) is determined as 1.10 
m/s.  

Figure 4.6.1 is a graph showing deposition velocities, transition velocities and design 
velocities as a fraction of solids concentration for the specified slurry. As can be seen, 
for this slurry, the deposition velocity is higher than the laminar/turbulent point at all 
concentrations and, therefore, minimum operating velocities are always controlled by 
deposition. 
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Figure 4.6.1  Minimum Line Velocity 

4.7.2 Maximum Operating Flow Rate 

The maximum limit is controlled by the mixing tank discharge capability and the 
launder pipe flow capability.  

4.7.2.1 Mixing Tank Limit 

When the slurry flow rate from the launder pipeline increases, the time to reach the 
steady state increases. The tank level increase before falling down to the steady state 
level also increase. When the launder flow rate  reaches the tank discharge capacity, 
seawater intake is blocked and the slurry discharge and launder flow rate balances. 
The tank level mentions at slightly higher above the sea level and the slurry is 
discharged into the sea without further dilution. The tank capability is illustrated in 
Figures 4.6.2 through 4.6.4. In these simulations, the concentration in the head tank is 
kept constant which is the same as the 600.6 TPH throughput situation. The flow rate 
is increase by factors. The tank losses its capability of dilution when the launder flow 
rate is 2.8 times of the maximum design flow rate. 
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Figure 4.6.2 Mixing tank level, density, and flow balance (flow rate 2709   
m3/h)
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Figure 4.6.3 Mixing tank level, density, and flow balance (flow rate 5417.4 m3/h) 



 
 

 
1369-G-G-003, Rev. B Page 44 April 2007 
 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

0 25 50 75 100 125 150
time (min)

Ta
nk

 L
ev

el
 (m

),
Sp

ec
ifi

c 
G

ra
vi

ty

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

Fl
ow

 R
at

e 
(m

3/
h)

Tank Water Level
Slurry Density
Slurry Discharge
Sea Water Intake

              
Figure 4.6.4   Mixing tank level, density, and flow balance (flow rate 7584.4 m3/h) 

 

4.7.2.2 Launder Pipeline Maximum Flow Rate 

The maximum launder pipeline flow rate is controlled by the open channel criteria. In 
the current design, the flow depth in any section of the launder should not be more 
than 65% of the pipe diameter, keeping the same concentration the same as that of the 
maximum design throughput (19.13% weight concentration in the launder pipeline), 
the flow rate corresponding to the 65% flow depth in the launder is 4161 m3/h (1.53 
times of the flow rate at the maximum throughput).  

4.7.2.3 Pipeline System Maximum Flow Rate 

Comparing the flow rate limit of the mixing tank and the launder pipe, it is concluded 
that the maximum flow rate of the system is controlled by the launder. The maximum 
slurry flow capacity of the system is 4161 m3/h. The corresponding throughput is 
922.7 TPH, with the solid weight concentration of 19.13% in the launder pipeline and 
22.1% in the head tank. The final slurry specific gravity discharged to the sea is 1.12. 
The corresponding maximum mixing tank level before it reaches its steady state is 0.8 
meters above sea level. 
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4.8 Tailings Solids Concentration Range Selection 

The launder pipe is designed for throughput in the range of 182 TPH to 600.6 TPH. 
The slurry concentration feed into the tank is 22.1% in solid weight. After dilution in 
the head tank, the slurry in the launder has a concentration in the range of 9.66% to 
19.13% corresponding to the minimum and maximum slurry throughput. The final 
density discharged to the sea ranges from 1.05 to 1.09. The corresponding weight 
concentration ranges from 5.25% to 10.32%. 

4.9 Scaling Potential of Tailings Flow 

Due to the use of lime for the neutralization of the tailings in the upstream process, 
potential for the scale formation on the flow surface is analyzed.  Chemical analysis 
on the decant water was performed by other and provided to PSI/Hayco for analysis. 

It was indicated from decant water chemical analysis that both Ca+ ions and SO4= 
are heavily presence in tailings decant water and the total dissolved solids ranges 
from 2130 mg/l to 5240 mg/l.  Therefore the potentials of the tailings solution both 
measured by Calcium Carbonates Langlier Index and other scale index like Calcium 
Sulfates are considered high for the two samples with pH higher than 7.5 (Samples 2 
and 3 in Section 3.1.2). For example, Langlier Index varies from 0.17 to 1.39 
(assuming slurry temperature is at 30 degree C). If the Langlier Index is less than 0, a 
water is undersaturated with this scale forming specie and will not tend to form 
scales. If the saturation level greater than 0, the water will tend to form the scale. The 
first sample has less potential for calcium carbonate scale forming.  The next two 
samples are likely to be Calcium Carbonate scale forming.   

For the Calcium Sulfate Scale, due to the high sulfate concentrations (1450 g/l ~ 4120 
mg/l) and the high TSD (1580 mg/l ~ 4280 mg/l) in the tailings decant water, the 
solution scale potentials are reported as saturation level (degree of supersaturation). 
This index describes the ratio of the observed water chemistry to the water chemistry 
at equilibrium, for the reactants involved.  

           __________________(Ca)(SO4)  
Saturation Level = ________________ ______________________for calcium sulfate  
_____            ___________ _Ksp CaSO4  

• Ca) is the free ion activity of calcium in the water. 

• (SO4) is the free ion activity of carbonate in the water. 

• Ksp is the solubility product for calcium sulfate such that  
(Ca)(SO4) = Ksp at equilibrium. 
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If the saturation level is less than 1.0, a water is undersaturated with this scale 
forming specie and will tend to dissolve the scale if present in a solid form. If the 
saturation level is 1.0, the water will not tend to form or dissolve the scale. The water 
is at equilibrium with respect to the scale forming specie.  As the saturation level rises 
above 1.0, the driving force for this scale to form increases. In all three samples, the 
saturation level indices are higher than 1, indicating the calcium sulfate scale forming 
potential is high.  

Based on the similar scale formation cases, it is expected that the scale formation 
would normally occur at the beginning of the pipeline. Therefore, the launder pipe 
should be designed to allow monitoring for the potential scale formation and scale 
removal and cleaning measures will be developed in the next phase of detailed 
engineering design.    
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5.0 PIPELINE SYSTEM AND EQUIPMENT SELECTION 

5.1 Pipeline Route  

5.1.1 Onland Launder Pipeline  

The launder slurry pipeline route from the head tank at the tailings plant site to the 
near shore mixing tank was selected. The centerline profile of the original route (true 
length) is presented in Appendix B, Pipeline Route Selection Report (1369-G-G-002), 
Design Basis Document, in Appendix F, General arrangement, General Site Plan (D-
GA-001), and in Appendix G, Civil Engineering Drawing Pipeline Plan and Profile 
(D-CV-001) The total length of the route is 593 meters. A length factor of 5% will be 
added to account for unanticipated variations of the route that normally occur during 
the construction phase. 

5.1.2 Route Description 

This area is between the refinery and the shore of Basamuk Bay. The area relatively 
flat. It is an ideal area for pipeline construction. 

5.1.3 Site Conditions 

The elevation of the refinery and the mine are both below 1000m above sea level, 
which is classified as tropical climate. Dry season is from May to October, wet season 
is from November to April. The meteorological conditions are: 

 

Average Maximum temperature in wet season 28.5  oC 

Average Minimum temperature in wet season 17.5  oC 

Average Maximum temperature in dry season 27.5  oC 

Average Minimum temperature in dry season 16.0  oC 

Annual maximum temperature 34.5  oC 

Annual minimum temperature 3.2  oC 

Annual average rainfall 4500 mm 

Annual average humidity 85% 
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Annual average evaporation 1400 mm 

Maximum wind velocity 12 m/s 

 

5.1.4 Subsea Pipeline  

The route of the outfall pipe was chosen based on the sea bottom slope derived from 
the site bathymetry.  An important consideration in selecting the route is to place the 
pipe so that traverse slope, or cross-pipe slope, is minimized to reduce the tendency of 
the ballast blocks and the pipe to side, roll or tip.  The selected outfall alignment is 
shown in drawings Hayco_Ramu_001.dwg and Hayco_Ramu_002.dwg.  Both 
drawings show the route overlain on the bathymetry, as well as the mix tank location, 
and both drawings show plan and profile views of the route.  Drawing 
Hayco_Ramu_002 also shows the data from the side-scan survey, a component of the 
multi-beam bathymetry survey.  The data is color coded, so that regions of significant 
bottom irregularities, such as coral blocks, show up as red patches in this figure.   
 
The route was obtained by first integrating the line of maximal slope, proceeding 
shoreward from the desired outfall location.  This procedure results in a line which is 
perpendicular to the bathymetric contour lines.  Next, the outfall route was modified 
to avoid the worst coral block regions, in depths greater than 10 m, where the pipe 
must be laid on the un-prepared seabed.  Note that irregularities occurring in depths 
shallower than 20 m or so could likely be removed by various mechanical means.      

 
The outfall pipe is 800 mm nominal outside diameter (655 mm ID) HDPE DR 11.  
The same pipe is used for the seawater intake.  A thick walled pipe is preferred for 
endurance in the marine environment, especially since both outfall and intake pipes 
are laid on the unprepared seabed.  The inlet to the seawater intake pipe is at a depth 
of 60 m and is covered with an inlet screen, drawing Hayco_Ramu_006.  The outfall 
terminus is at a depth of 150 m which is below both the ocean mixed layer and the 
euphotic layer. 

 
HDPE pipe is slightly buoyant in salt water so concrete ballast weights are provided 
at intervals along the pipe to keep it from floating.  In addition, concrete ballast 
weights are provided to stabilize the pipelines from moving on the sea bed due to 
forces exerted by the ocean. Currents and waves cause horizontal forces which tend to 
make the pipeline move laterally and vertical forces which cause the pipeline to lift 
off the sea bed.  The horizontal forces include the drag force exerted by ocean 
currents and wave orbital velocities, and the added mass force created by the orbital 
accelerations.  The ocean currents vary with depth while the wave orbital velocities 
and acceleration decay exponentially with depth, thus the forces on the pipeline also 
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vary with depth.   Section 8.4 discusses in depth the detail design, material selection 
and ballast requirement for the pipeline.  

 

5.2 Slurry System Facility Description 

5.2.1 Process Descriptions 

The tailings feed tank (head tank) is located at the beginning of the transport launder 
pipeline. Slurry and overflow water are fed to the head tank and diluted to the 
appropriate concentration (drawings:D-C-001, D-PI-001, D-F-001). 
 
The head tank is connected with the launder pipeline. The slope of the launder 
pipeline is 0.8%. The launder pipe is HDPE SDR 17 pipe with 900 mm OD and 800 
mm ID. The maximum allowable pressure is 100 psi (drawings: D-GA-001, D-GA-
002, D-GA-003, D-CV-001,D-PI-001, D-F-001) 
 
The end of the launder pipeline is connected to the near shore mixing tank. The 
mixing tank is connected with three pipelines: the launder pipeline, the subsea 
seawater intake pipeline, and the subsea tailings outfall pipeline. The tank level 
remains below sea level. Slurry is further diluted in the mixing tank through seawater 
intake. Both seawater intake and tailings outfall are driven by gravity (drawings: D-
M-001, D-PI-001, D-F-001, D-CV-004, D-C-002, D-S-002, D-P-001, D-P-002). 
 
To consider the conditions of mixing tank over fill, the seawater intake pipeline is 
connected with a inline valve box (drawing: D-P-002). Knife gate valves are used to 
close the line when the tank is over filled.  
 

5.2.2 Tailings Head Tank 

Tailings head tank is at the beginning of the DSTP system. The tank will be rectangle 
shape in plan: 7 m long and 5 m wide by 5 m high. They are sized to accommodate an 
three minute drawdown time. The tank will be made with reinforced concrete (field 
fabricated) and no agitator unit are installed. 
 
Drawings No. D-C-001, D-PI-001, D-F-001, in Appendices G, E and D provide key 
performance parameters and related general arrangements, as well as equipment and 
piping layouts in further details.  

 

5.2.3 Tailings Delivery Launder Pipeline 

The launder pipeline starts at the head tank and ends at the mixing tank. The pipeline 
is a single size HDPE SDR 17 pipe. The selected pipeline outside diameter is 900 mm 
and the inside diameter is 800 mm. The total length of the launder is 636 meters. The 
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slope of the pipeline is 0.8% to guarantee a gravity flow. Berming and structure 
support are needed through the whole length. No river crossing or dig are needed. 
The pipeline general plan, arrangement, piping connection, structure support, and 
berming details are shown in drawings: D-GA-001, D-GA-002, D-GA-003, D-CV-
001, D-CV-002, D-CV-003, D-S-001, D-PI-001, and D-F-001. 

The construction specification of the HDPE pipeline refer to document 1369-S-P-002 
HDPE Construction Specification in the Appendix M. 

The DSTP pipeline is a gravity driven system. The general pressure is low in the 
whole system. Therefore ANSI Class 150 flanges will suit the needs of the pipeline. 

In several locations costume blind flanges are needed to connect HDPE pipe with 
steel pipe.  

5.2.4 Near Shore Tailings Mixing Tank  

The mixing tank will be an epoxy coated steel tank with 8 m inside diameter and 9.5 
meter high.  The bottom of the tank is 4.5 meter below see level. The seawater intake 
is at 2.50 m above the bottom and 2 m below the sea level. The tailings outfall is at 1 
m above the tank bottom and 3.5 m below sea level.  The short wall is 3 m high and 8 
m wide passing through the center of the tank. The tank is sized to accommodate a 
three minute drawdown time. The tank will be made with steel (field fabricated) and 
no agitator unit are installed. 

Drawings No. D-C-001, D-PI-001, D-F-001, in Appendices G, E and D provide key 
performance parameters and related general arrangements, as well as equipment and 
piping layouts in further details.  

5.2.5 Communication System 

The DSTP system are minor additions to the existing communication and network 
management system.  The system block and channel diagrams are presented in 
Appendix U.  

Primary communications between stations is via Ethernet over fiber optic cable. 
Communications include: 

• SCADA data; 

• Voice telephone; 

• Office data, such as file sharing, e-mail, etc.; and 

• Video, if required in the future. 
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Currently the design includes 100 million bits per second (mbps) Ethernet; however, 
it is likely that gigabit Ethernet will be economical and widely available by the time 
this equipment is purchased. 
 

5.2.6 Instruments and Control System 

5.2.6.1 General 

For an overview of the control system, refer to Appendix S.  
The pipeline and its facilities are monitored and controlled by a SCADA. This system 
is based on the programmable logic controller (PLC), which handles all primary 
control and interface with field equipment. The PLCs report to personal computer 
(PC) based human-machine interface (HMI) systems. These are the operator interface 
terminals located in the pipeline control rooms. All PLCs and HMIs communicate 
with one another over the telecommunication system described above. 

5.2.6.2 Programmable Logic Controller (PLC) 

PLCs are industrial duty controllers with years of proven service in harsh 
environments. They perform the following functions: 

• Monitor all input points from equipment and facilities; 
• Start, stop, and operate equipment based on inputs; 
• Generate alarms; 
• Package process data and alarms for display and storage on the HMIs; and 
• Act on supervisory commands from the HMIs. 

Appendix T is a list of all inputs and outputs (I/O) monitored and controlled by the PLCs. 

Each PLC operates autonomously; that is, it does not require communications with 
the rest of the system to perform its primary control functions.  

The PLCs are not redundant. Experience has shown these to be extremely reliable. 
The relatively minor reliability gained from redundant processors does not justify the 
additional expense and complexity of these systems. 

5.2.6.3 Human-Machine Interface (HMI) 

HMIs are located in each control room. These provide the pipeline operators with a 
means to view processes and supervise control of the pipeline. The HMIs perform the 
following tasks: 

• Display the status of all equipment and instrumentation; 
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• Store data for historical trending displays; 
• Store and display alarms ; 
• Accept supervisory commands from operators and transmit those commands to 

appropriate PLCs; 
• Allow operators to manually operate equipment for maintenance and testing; and 
• Provide multiple password protected levels of access. 

While an HMI can send commands to a PLC, it cannot override safety interlocks 
within the PLC.  

The control room HMIs are considered redundant. The entire pipeline system can be 
operated from any one HMI. 

5.2.6.4 Instrumentation 

The instrumentation is selected for reliability and proven use in slurry service. 
Appendix W is a list of all instruments required by the pipeline system. For typical 
examples of individual instrument data sheets, see Appendix X. 

Two control loops are designed for the DSTP system. The first one monitors the 
mixing tank level and when the tank level reaches alarm high the loop signal the shut 
down of the motor operated knife gate valve in the launder pipeline. The second loop 
monitors the pressure difference of the two sides of the controlled knife gate valve in 
the seawater intake pipeline. It signals the shut down of the valve when a significant 
pressure difference is detected indicating the slurry outfall directly from the seawater 
intake pipe. Details can be find in drawings No. D-PI-001 in Appendix E. 
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6.0 SYSTEM OPERATING AND CONTROL PHILOSOPHY  

6.1 System Operating and Control Philosophy  

The DSTP pipeline system is gravity driven. No pumping facility is needed for the 
operation. Normal start up and shutdown do not need special consideration. The only 
control is to consider the emergency shutdown of the pipeline when there is blockage 
and the mixing tank is overfilled. The shutdown control will be designed to operate 
from the existing main control console located at the current control room. It will 
require 24-hour continuous attendance.  

The pipeline will operate within a specified volumetric flow range, above the 
minimum safe operating velocity limits and below the maximum allowable speed 
capability of the launder pipeline working as a open flow facility. The system reaches 
its only steady state because there is no pumping manipulation involved. Operational 
requirements will be minimal, with only one operator required in the control room 
just for the monitoring of the emergency conditions. 

6.2 Operating Range 

The anticipated pipeline operating range of flows and concentrations in the pipeline 
system is shown on PSI Drawing No. D-F-001 in Appendix D and discussed in 
Section 4. 

It should be noted that this operating range was based on the slurry pilot test samples 
provided to PSI and PSI’s in-house similar slurry. The actual operating range 
achieved will depend on the actual slurry properties produced in the proposed 
beneficiation plant. Therefore, this operating range will be confirmed or modified 
during the start-up and commissioning stage. 

6.3 Normal Operation 

 
6.3.1 Mixing Tank Level 

Levels in the Mixing Tank are measured by a sonic level measuring instrument.  The 
level is indicated by a locally mounted level indicator.  The electrical level signal is 
conducted to the plant control room. 

 
6.3.2 Mixing Tank Level Alarms 

Level alarms are installed in the control room to alert the operator to overflows or air 
entrainment into the DSTP pipeline system. If the high level alarm is on  the system 
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send signal to shut down the tailings feeding pipeline and the overflow water pipeline 
at the head tank. 

 
6.3.3 Seawater Intake Pipeline Pressure 

A pressure indicating transmitter is used to measure the pressure difference between 
the two sides of the actuated knife gate valve in the seawater intake pipeline. When 
there is a significant pressure difference, the indicating element signal the knife gate 
to be closed. This loop is designed to prevent the slurry flow through the seawater 
intake pipeline. 

 

6.4 Start-Up or Re-Start Operations  

Since no pumping facility is needed and the system is gravity driven, pipeline startup 
requires no special precautions. Pre-flushing of the pipeline to eliminate air is not 
necessary as a tailings slurry-air interface will be continuously present during pipeline 
operation.  At normal start-up, the mixing tank should be filled with seawater to the 
sea level. Then after the head tank is filled to the operation level, the tailings can be 
released to the launder pipeline. The mixing tank level will initially increased to 
above the sea level slightly. The outfall of tailings will finally lower the mixing tank 
level to its steady state described in section 4 and the start-up is completed. 
 
Shutdown will be the opposite of startup.  Slurry flow to the head tank will be 
terminated. Flushing will not be required. If post-flushing is undertaken,  its rate 
should again be limited to 1000 m3/hour to prevent overflow of the mix tank. 
 

Normal shutdown with tailings in the pipeline will be accomplished by a sequenced 
closure of the slurry feeding pipe to the head tank, the closure of the overflow water 
input pipe of the head tank and then the manually shut down of the knife gate valve in 
the launder pipeline at the discharge of the head tank. Restart will also require the 
head tank discharge knife gate valve to be manually opened, followed by the opening 
of the slurry feeding and the overflow water input pipeline for the head tank. Prior to 
an extended planned shutdown, the pipeline will be flushed with water. This is not a 
frequent event during normal operation once the mine reaches full production 
capacity. 
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7.0 MAINTENANCE  

7.1 Maintenance Requirements 

In order to preserve the design lives of the various pieces of equipment and ensure 
that each piece is operating safely and efficiently, it is important that certain operating 
parameters be checked periodically. Detailed checklists will be developed during the 
detailed design for the station operators to follow for equipment performance and 
maintenance. The checklists refer specifically to the head tank, the launder pipeline, 
the mixing tank and the subsea pipelines, and the monitoring and control system. The 
maintenance requirements of individual equipment manufacturers will be met or 
exceeded. 

The following reporting document logs and frequency are required for the major 
equipment (pumps and motors, etc.): 

• Daily Rounds (Once Each Shift); 
• Weekly Check List; 
• Monthly Check List; 
• Quarterly Check List; 
• Six Month Check List; and 
• Maintenance Log. 

The maintenance log is updated as maintenance is performed on a daily basis and 
submitted to the next maintenance crew on shift changes before departure to provide 
continuity and long-term record. 

7.1.1 Head Tank 

The primary concern regarding the head tank is the erosion of the bottom by slurry 
impingement. Bi-annual measurements at marked locations provide a good means to 
monitor concrete loss. erosion is not expected to be high, but if it becomes so, 
consideration should be given to dissipate the impingement energy. 

7.1.2 Slurry Valves 

The Ramu DSTP system is a low pressure system. The valves in the consideration are 
low-pressure valves (LPS). These are mostly knife gate valves and ball valves used in 
this service. 
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The normal maintenance of all valves is a weekly inspection to verify that vibration 
has not loosened fasteners. Knife gate valve gates are normally lubricated weekly 
with silicon lubricant. 

Metal-seated ball valves can be repaired to some extent on site, but if seat/ball 
damage has occurred it will most likely have to be sent to the factory for repair. Knife 
gate valves are field repairable. With operating experience, predictive maintenance 
frequencies can be developed permitting preventive, scheduled repairs. 

7.2 Pipeline Route Inspection 

Pipeline route inspection is recommended on a daily basis, a lesser frequency may be 
possible once the ROW has stabilized after construction. If there are known critical 
areas that are sensitive to damage, more frequent inspections will be required. 

All the pipeline ROW is within the mine property owners, therefore, route inspections 
will be easily conducted. The pipeline route inspection can be integrated into the 
right-of-way (ROW) maintenance programs. 

Ground and car patrol will be practical for all of the pipeline. The inspection is 
intended to identify any changes in the ROW conditions that may cause damage to 
the pipeline. These include: 

• Excessive vegetation in the ROW; 
• Changes in the ground surface (ground lowering, ground cracks, etc.); 
• The condition of the marker posts; 
• Construction activity in/or near the ROW 
 
In areas subject to severe erosion due to rainstorms, the timing of the patrol will be 
after each severe event in the affected areas. 

Observations are recorded and reported to the maintenance scheduler. If a leak or 
imminent failure is observed it should be reported immediately to the shift supervisor. 

An emergency plan is required by ISO9080  to mitigate system failures by training of 
personnel, providing for necessary equipment, proper communication, procedures, 
and rapid dispatch of trained personnel to emergency site.  
Specific plans must be prepared under a separate document. 

7.3 Launder Pipe 

Attention should be paid to bottom wear. The thickness tests should be performed 
every six months. 
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7.4 Maintenance Program 
Emergency repairs or replacements can have a significant impact on pipeline 
availability. 98% availability is achievable if a sound maintenance program is 
implemented and is in place. Personnel, equipment, tools, and training should be 
aimed at achieving this. 
Scheduled maintenance should be as follows: 
 
• Corrective Maintenance:  improvements in design or materials to reduce frequency of 

occurrence; 
• Predictive Maintenance:  monitor a change in physical condition to determine 

replacement or repair; 
• Overhaul:  periodic complete rework of equipment (generally done on non-critical 

equipment; 
• Preventive Maintenance:  undertaken before need develops; and 
• Repair:  unscheduled maintenance due to damage or failure. 
 
Normally it is better to consider preventive maintenance only when: 
 
• Corrective maintenance cannot be justified. 
• Predictive maintenance cannot be applied. 
• Equipment failure cannot be tolerated 
 
Most routine maintenance will be preventative. Methods should be in use or should 
be developed to monitor when parts and supplies will be changed. Unscheduled 
repairs should be infrequent after the initial operating period. 

7.5 Staffing 
Based on similar project experience elsewhere, the staffing plan for the proposed 
DSTP system has developed.  Table 7.5 details the personnel requirement for 
operating the proposed facilities.  The total proposed to operate the system is 10. 
Table 7.5  Staffing Plan – DSTP System 

Staffing Plan Qty Job Title
DSTP System 1 Chief
(Shared with Refinery Plant Staff) 1 Pipeline Engineer

3 Maintenance Laborers
1 Pipeline Secretary / Assistant
3 R-O-W Inspectors
1 Instr / SCADA Tech

Total Staff 10  
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8.0 SUBSEA TAILINGS PLACEMENT DESIGN 

8.1 Wind and Wave Climate 

Environmental forcing, specifically waves and currents, plays a large role in 
determining the engineering parameters of a subsea pipeline,.  Fortunately, extensive, 
accurate global numerical models provide high-quality wind and wave data for the 
offshore region.  This information can be translated to the near-shore area of the 
pipeline using modern , accurate and verified numerical wave models, as discussed 
later in this section.  As well, part of the licensing process in the period 1999 – 2000 
900 led to the installation of two current meters, one at 200 m depth and the other at 
about 800 m depth.  Both were in place for a full year, during which time several 
water column studies (CTD profiles) were also undertaken.  These data provide a 
good characterization of currents and water column structure at the pipeline site.  It is 
not anticipated that any additional  data will be required to complete detailed design. 

8.1.1 Wind Data 

The design criteria for the pipeline and mix/de-aeration tank are based on winds along 
the open coast.  Wind data obtained from WAVEWATCH 3 (WW3) were examined.  
WW3 is a global wave model developed at National Oceanic and Atmospheric 
Association (NOAA) that is driven by a global wind field derived from the 
operational Global Data Assimilation Scheme (GDAS) and the aviation cycle of the 
Medium range Forecast Model.  This system is now called the Global Forecast 
System, or GFS.  The wind data from February 1997 to July 2006 were used in this 
study.  Ship observation data extracted from the Global Telecommunication System 
(GTS) was used to validate the WW3 data.  Both WW3 and GTS wind data sets show 
similar seasonal variability in the wind field between 1999 and 2002 (Figures 8.1.1 
and 8.1.2).  
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Figure 8.1.1 

 
The extracted WW3 winds were sorted into 16 direction bins, and each of these bins 
were categorized into 8 speed bins.  The results are shown in Figure 8.1.3 as a wind 
rose with an associated bivariate histogram table.  It can be seen that the general wind 
direction patterns obtained from WW3 show wind occurrences predominantly from 
the northwest and southeast.  Based on the time series wind vector plots (Figures 8.1-
1 and 8.1.2), it can be seen that the wind is seasonally variable.  As shown in Figure 
8.1.1, during the austral summer (December to March), the northwest (NW) Monsoon 
is dominant, and in the austral winter (April to November), the southeasterly (SE) 
Trade winds are dominant (also known as the SE Monsoon). 
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Figure 8.1.2 

 
As shown in the bivariate histogram table in Figure 8.1-3, not only do the winds from 
the southeast and the northwest occur the most frequently, but the strongest winds 
also come from these two directions.  Frequency analysis was performed according to 
Goda’s method (1988) to determine the wind speed with 200-year return period.  
Firstly, the raw data was filtered using a threshold wind speed of 8 m/s to isolate 
storm events with peak winds over the threshold.  These wind events were then 
selected for the subsequent frequency analysis.  This was done separately for each of 
the two dominant directions due to the differences in the nature of the forcing with 
each wind direction that governs the wave climate at the site (i.e. the NW Monsoon in 
austral summer period, and the SE Trade winds in the austral winter).  The 200-year 
wind speed is 19.7 m/s for the northwesterly wind and 18.2 m/s for the southeasterly 
wind.   
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Figure 8.1.3 

 
8.1.2 Deep Water Wave Climate 

An offshore wave climate near the proposed outfall pipeline location on the northeast 
coast of Papua New Guinea was obtained directly from the model result of WW3.  
WW3 is driven by a wind field obtained from GTS as previously mentioned.  The 
surface winds are converted to winds at 10 m height (from the sea surface) assuming 
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neutral stability and are available at 3-hour intervals.  In addition, WW3 requires such 
data as sea surface temperature and air temperature to complete the dynamical 
relationship between environmental forcing and wave physics. 

 
Figure 8.1.4 

 
WW3 wind and wave data are available from February 1, 1996 to July 31, 2006.  The 
wave data for latitude 4° S and longitude 148.75° E were extracted for this study. 
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Similarly to the wind, the waves are then categorized into 16 direction bins and 8 
speed bins, with the most frequent, highest waves coming from the northwest and 
southeast directions (Figure 8.1.4). For each of these two prominent directions, 
frequency analysis outlined by Goda (1988) was performed to determine the wave 
height of 200-year return period, with the corresponding wave period and direction.  
The raw data was filtered, with a threshold of 0.8 m, for frequency analysis which is 
similar to the process for the winds as discussed in Section 8.2.1.  The 200-year 
significant wave height is 5.8 m for waves from the northwest and 3.5 m from the 
southeast.  The corresponding wave period is 10.2 s for the northwest wave and 7.8 s 
for the southeast wave. 

 
 
8.1.3 Nearshore Wave Climate and Extreme Waves 

A nearshore wave model was used to compute the transformation of the 200-year, 
offshore waves derived from the Goda analysis (1998; Section 8.1.2).  This needs to 
be modelled as the offshore wave will propagate into the project location.  The results 
are subsequently used for calculation of forces on the proposed pipeline in order to 
determine ballast and riprap protection requirements.   
 
Model Description 
 
The Simulating WAves in Nearshore areas model, or SWAN, was developed by 
Holthuijsen et al. (2000).  It utilizes a finite difference scheme to compute the 
evolution of random, short-crested wind-generated waves and allows for spectral 
wave input at specified boundaries.  SWAN incorporates physical processes such as 
wave propagation, wave generation by wind, whitecapping, shoaling, wave breaking, 
bottom friction, sub-sea obstacles, wave set-up and wave-wave interactions in its 
computations.  SWAN computes the wave field and other wave parameters over a 
specified range of geographical space, time, wave frequencies and directions. 

 
SWAN performs calculations on the spatial grid for a range of input directions, 
frequencies and times.  The model wave spectra are discretized with a directional 
resolution of 10º, a frequency resolution of 0.05 Hz and the model is run for a series 
of hourly time steps.  The JONSWAP spectrum is used to define the shape of the 
wave spectrum on the boundary.  Output quantities include the significant wave 
height, mean wave period, mean wave direction, orbital velocity near the bottom and 
the wave-induced set-up. 
 
A bathymetric grid was created for the SWAN model from newly provided 
bathymetry data (3D Mapping, 2007).  The grid covers an area that extends 600 m 
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east-west and 800 m north-south, with Basamuk Bay in the south-east corner and the 
headland near the southern edge.  Each square grid cell in the grid has a side length of 
1 m.   

 
Model Inputs 

 
SWAN was provided with water depth information provided by the latest bathymetric 
survey.  As discussed earlier, there are two wind seasons at the site of the proposed 
outfall: winds from the northwest and winds from the southeast.  For the design and 
stability assessment of the proposed pipeline, the 200-year northwesterly wind and 
wave conditions were chosen as the principal driving force and boundary condition, 
respectively, for the model since they are predominantly stronger from the northwest 
(Sections 8.1.1 and 8.1.2).  In other words, the pipeline is most susceptible to damage 
when waves, as well as wind, are from that direction. 

 
Results 

 
Figure 8.1.5 shows the model results for the design wind event.  Both the wave height 
contours and wave vectors are shown.  The wave vectors describe the wave 
propagation direction, showing the refraction caused by bending of the vectors in 
shallow areas. 
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Figure 8.1.5 

The 200-year event produced waves ranging from 5.7 m at the deepest point along the 
outfall alignment, to 2.7 m at the shoreward end of the pipeline.  The SWAN model 
also provides orbital velocities and horizontal acceleration at the seabed, needed to 
calculate forces on the pipeline. 

 
8.1.4 Orbital Velocities and Accelerations 

The determination of the hydrodynamic forces (drag, inertia and lift) on the pipeline 
due to waves and currents is necessary for the design phase.  Hydrodynamic forces 
arise from ocean currents and wave orbital motion.  An estimate of the wave orbital 
horizontal velocities and accelerations near the bed was obtained from SWAN as 
described in Section 8.2.3.  The nearshore wave results are presented in Table 8.1-1. 
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Table 8.1-1 Nearshore Wave Orbital Velocities 
 

Local Depth 
(m) 

Maximum Wave 
Height,  Hs (m) 

Wave Length (m) Maximum. 
Horizontal Orbital 

Velocity (m/s) 
5 4.0 9.5 1.53 

10 4.0 9.5 0.81 
20 4.0 9.5 0.56 
30 4.4 9.5 0.38 
40 4.6 9.5 0.28 
50 4.9 9.5 0.21 
60 5.0 9.5 0.16 
70 5.2 9.5 0.12 
80 5.4 9.5 0.09 
90 5.5 9.5 0.07 
100 5.6 9.5 0.05 
110 5.6 9.5 0.04 
120 5.7 9.5 0.03 
130 5.7 9.5 0.03 
140 5.7 9.5 0.02 
150 5.7 9.5 0.02 

 
 

The maximum horizontal ocean current is no greater than 0.5 m/s (see Section 8.2 for 
more details).  Assuming the worst case scenario, it is considered that both waves and 
currents act from the same direction.  Thus the ocean current speed is added directly 
to the orbital velocity to give the total maximum horizontal velocity near the sea 
bottom, for the determination of the maximum drag and lift forces exerted on the 
pipe. For the estimation of inertial forces, acceleration due to the orbital motion of 
water near the bed are required and are extracted from the SWAN model results.  
Table 8.1-2 shows the nearshore velocities at the pipeline for both currents and 
waves. 
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Table 8.1-2 Nearshore Velocities and Accelerations due to Currents and 
Waves 

 
Local Depth 

(m) 
Current 
Velocity 

(m/s) 

Maximum 
Horizontal 

Orbital 
Velocity 

(m/s) 

Total 
Maximum 
Horizontal  

Velocity 
(m/s) 

Maximum 
Acceleration  

(m/s2) 

5 0.15 1.53 1.68 0.28 
10 0.15 0.81 0.96 0.15 
20 0.15 0.56 0.71 0.10 
30 0.15 0.38 0.53 0.07 
40 0.15 0.28 0.43 0.05 
50 0.15 0.21 0.36 0.04 
60 0.15 0.16 0.31 0.03 
70 0.15 0.12 0.27 0.02 
80 0.15 0.09 0.24 0.02 
90 0.15 0.07 0.22 0.01 
100 0.15 0.05 0.20 0.01 
110 0.15 0.04 0.19 0.01 
120 0.15 0.03 0.18 0.01 
130 0.15 0.03 0.18 0.00 
140 0.15 0.02 0.17 0.00 
150 0.15 0.02 0.17 0.00 

 
 

8.2 Large Scale Ocean Currents 

Currents are relevant to the design of a deep sea tailings management system for both 
engineering and environmental reasons:  

• forces on the underwater pipes, and the ballast required to stabilize them, 
depend on currents near the bottom; 

• the fate of the tailings depends on horizontal and vertical currents; 
• in extreme cases, large-magnitude current events could potentially resuspend 

deposited material. 
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Large scale ocean currents offshore of Papua New Guinea consist of the northward 
flowing New Guinea Coastal Undercurrent (NGCU) which originates as flow passing 
through the Vitiaz Strait between New Guinea and New Britain (Mackey, 2002) at a 
depth of 100-300 m (Higgins, 2006).  This current flows north, providing a portion of 
the Southern Hemisphere Contribution to the Equatorial Undercurrent (EUC; 
Mackey, 2002).  The New Guinea Coastal Current (NGCC) flows over top of the 
NGCU (depths less than 100 m) in the same direction during the SE tradewinds and 
in the opposite direction during the NW Monsoon (Higgins, 2006; Mackey, 2002).  
These currents have been observed up to 100 km offshore with speeds varying 
depending on the monsoonal season and the location of the current meter.  During a 
NW Monsoon, maximum currents of 0.8 – 0.9 m/s were recorded for the NGCU at 
200 m depth in the Vitiaz Strait, while just north of the study area, the NGCU was 
more diffuse with maximum currents between 0.4 to 0.5 m/s at 150 to 300 m depth 
(Kuroda, 2000; Mackey, 2002). 
 
The site of interest for this engineering design is located in an L-shaped embayment 
that, from Cresswell’s (2000) review of ADCP data of the region, has been suggested 
to contain an anticyclonic eddy with a reverse flow in Astrolabe Bay and along the 
Rai Coast in the top 20 m during the SE Monsoon.  These direct observations indicate 
that the offshore flow from the NGCU and NGCC is not influencing the flow along 
the Rai Coast.  Further discussion on the influence of the offshore currents on 
Basamuk Bay will be based on the progressive vector diagrams of Cresswell (2001). 

 
Regional oceanographic studies have been carried out as part of the Environmental 
Plan for the Ramu Nickel Project by NSR Consultants from 1998 to 2000 (NSR 
Appendix 1, 1998).  These field studies included oceanographic profiling as well as 
current meter installation in both Basamuk and Astroloabe Bay. 
 
Observed currents in Basamuk Bay were measured at two sites using four acoustic 
current Doppler profilers (ADCPs; RD Instruments 300 kHz Workshorse).  These 
instruments were installed to measure currents within the offshore submarine canyon, 
which extends from Basamuk Bay, at depths of 200 m and 800 m. For the shallow 
deployment, the ADCPs were arranged with one looking up and the other looking 
down (both positioned at 90m depth) covering a total depth range from 0 to 177 m.  
During the entire deployment period (Table 8.3-1), the current velocities were 
measured at 25 bins (layers), each 4m thick, throughout the water column (NSR, 
Appendix 1, 1998).  
 
From the first two deployments in 1998, the shallow deployment showed highly 
variable current directions in both the upper layer (< 100 m) and deep layer (> 100 m) 
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with short term fluctuations (NSR, Appendix 1, 1998).  The upper layer experienced 
one event of 0.6 m/s flow at a depth of 60 m.  No tidal cycle was visible. 

 
Table 8.3-1: Basamuk Bay ADCP Deployments from 1998 to 2000.  

Source: NSR, Appendix 1, 1998. 
Shallow 

Deployment 
Deployment 1 

2-weeks 
Deployment 2 

2-months 
Deployment 3 

1-year 
Current Meter Start Date End Date Start Date End Date Start Date End Date 

BC1: 
Up/Down 

1998/6/13 1998/6/24 1998/9/3 1998/11/14 1999/8/18 2000/8/25 

BC2: 
Up/Down 

1998/6/27 1998/9/3 1998/9/3 1998/11/9 - - 

 
Deep water currents (up to 800m depth) showed slightly lower horizontal current 
speeds than at the shallower deployment.  However, at the seabed, horizontal current 
speeds were higher with recorded speeds up to 0.4 m/s (NSR, Appendix 1, 1998).  In 
general, there appeared to be considerable current shear at variable depths within the 
water column.  The currents were aligned east and northwest and seemed to contain a 
visible cyclic tidal component.  
 
Tidal analysis was performed on the current meter data from the first two 
deployments by NSR (NSR, Appendix 1, 1998).  It was found that tidal currents 
account for only a small portion of the observed current magnitudes and direction, 
accounting for 6.5 to 13.5% of the currents in the shallow deployment location and 
between 8 to 25% at the deep deployment location (NSR, Appendix 1, 1998).  This is 
in agreement with Hatayama et al. (1996) which shows small tidal currents off the 
northeast coast of PNG. 
 

For the year long shallow deployment in Basamuk Bay (BC1; Deployment 3 in Table 
8.3.1), currents were recorded every 10 minutes between August 1999 and August 
2001.  Although twenty five bins were recorded from each ADCP, bins 22 to 25 
appear to be contaminated with bottom reflections in the downward looking ADCP 
(Cresswell, 2001).  The current speeds from the yearlong record are presented below 
and are subsampled from the original data every 2.5 hours. 
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Figure 8.2.1 

 
For depths below 90 m, the results show complex horizontal velocities no greater than 
0.42 m/s (Figure 8.2.1).  At each bin depth in Figure 8.3-1, the maximum observed 
currents are 0.28, 0.31, 0.22, and 0.43 m/s for 165, 169, 173 and 177 m, respectively.  
Bin 20 (at 177 m) shows signs of bottom reflection contamination at various points 
throughout the recording period, which is especially apparent near the end of the 
record between June and August 2000 and will therefore not be considered in the 
design current speed (Figure 8.3-1).  There are singular events of high current speeds 
which occur consistently through the water column.  From progressive vector 
diagrams presented by Cresswell (2001), the currents show periods of eastward, 
alongshore flow between November 1999 and February 2000 changing to southward, 
onshore flow for the latter part of the record.  This indicates the non-influence of the 
monsoonal season and offshore currents in the local dynamics in the vicinity of 
Basamuk Bay as the offshore surface current (0 – 100m ) changes direction with the 
change in monsoonal season.  From these progressive vector diagrams, an estimate of 
current speed at 169 m was 300 m/day (Cresswell, 2001).  From this data record, the 
tide was found to be predominantly diurnal with some evidence of a very weak semi-
diurnal component (Cresswell, 2001).  As discussed previously, the associated tidal 
currents are small. 
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Figure 8.2.2 

The maximum recorded velocity for each bin depth in both the upward and 
downward looking ADCPs at 200 m depth were calculated (Figure 8.2.2).  The 
maximum recorded current occurs at 89 m depth in August 1999 at 0.44 m/s.  The 
current speeds for this bin depth as well as the four surrounding depths (117, 121, 125 
and 129 m depth, respectively) are presented in Figure 8.2.3 as an indication on the 
fluctuation of the current speed with depth and time.  The maximum current speed 
occurring in August 2000 at 121 m is visible as high current speeds in each of the 
other 3 bin depths.  Since the velocity profile in Figure 8.2.3 is greater than 0.3 m/s 
for a large portion of the water column, and exceeds 0.4 m/s at 5 depth bins, a design 
current speed of 0.5 m/s is chosen to take into account possible anomalous increases 
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in current speed (such as hurricanes).  It is furthermore assumed that this design 
current speed characterizes bottom currents at all depths along the pipeline, .  This is 
likely a conservative assumption, as bottom friction would tend to reduce velocities 
near the seabed.  

 

 
Figure 4.2.3 

 

8.3 Proposed Marine Outfall Concept 

8.3.1 Bathymetry 

The north coast of New Guinea has a very narrow continental shelf with many subsea 
canyons incising the short continental shelf (Higgins et al., 2006).  There is a subsea 
canyon, approximately 400 m north of Basamuk Bay, which makes the proposed 
outfall site a good candidate for subsea tailings discharge.  There is a very shallow 
fringing reef along the coast at the site.  The water is shallower than 5 m within 50 m 
of the shore and does not reach 10 m until 70 m offshore.  After that, the bottom starts 
to drop off more rapidly, reaching 100 m depth at 230 m offshore and 150 m depth at 
390 m offshore. 
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8.3.2 Route Selection 

The outfall pipe is approximately 420 m in length, extending seaward from the 
mix/de-aeration tank on the shore to the offshore location deep in Basamuk Sea 
(Figure 8.1.5).  Its purpose is to deliver seawater-diluted and de-aerated slurry from 
the mix/de-aeration tank to the point of discharge under gravity flow conditions.  The 
termination depth must be at least 100 m, based on water property profiles in the 
region.  The outfall terminus has to be well below both the ocean mixed layer and the 
euphotic layer to take into account for the vertical movement of the mixed layer 
interface due to internal tidal wave or wind-driven internal wave; therefore, the 
terminus is chosen to be at 150 m depth. 

 
The outfall route and terminus were selected based on the two bathymetric surveys 
conducted in 2003 and 2007.  The 2003 survey covered a vast area of Basamuk Sea 
surrounding the outfall site, extending about 3.5 km offshore from the coast and 
spanning 12 km east-west, including the entire Basamuk Bay.  The 2007 survey was a 
high resolution swath survey with 1 m spacing, covering the shallow area along the 
coast of the headland west of Basamuk Bay at the proposed mix tank location.  
Multibeam sidescan was also conducted in 2007 to survey the bumpiness of the sea 
bottom in the area. This type of suvey was completed as it is a useful tool in 
determining the spatial distribution of coral reef fragments in the area.  It is preferable 
to choose a route on smooth ground and avoid placing the pipe over large obstacles 
such as coral reefs and small-scale pits and humps, which could place undue stress on 
the pipe.  The nearshore bathymetry data is of high quality which will allow for the 
determination of the pipe route in the shallow region. However, the quality of the 
offshore survey data obtained in 2003 appears to be contaminated with considerable 
small-scale noise, and does not allow the best possible pipe route selection to be made 
in deeper waters. A Remote Observational Vehicle (ROV) survey is therefore 
recommended for the entire route to confirm or refute the possibility of an overlying 
rough bottom.  If the route is too rough for HDPE, then an HDPE-lined steel pipe is 
an acceptable alternative, but will prove to be more complex for installation.  
Nonetheless, a preliminary pipe route selection has been conducted.  The selection of 
the exact outfall location will be finalized when the detailed ROV bathymetric survey 
becomes available. 

 
8.3.3 Material 

The outfall pipe is 800 mm nominal outside diameter (655 mm ID) HDPE DR 11.  
The HDPE pipe selection is governed by two primary factors: hydraulic capacity and 
pipe wall thickness.  The pipeline diameter is sufficient to convey the total flow rate 
of pre-conditioned slurry at the available head.  The pipeline velocity is 3.64 m/s or 
greater under the design flow conditions with two autoclaves operating 
simultaneously.     
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The selected HDPE pipe has a minimum wall thickness of 72.7 mm and it is believed 
that the wall thickness is sufficient to provide adequate service life.  While flow 
velocities within the outfall are relatively high, the erosive effects of the slurry are 
largely offset by the dilution of the slurry with seawater within the mix/de-aeration 
tank.  HDPE material is resistant to bases even at high temperatures. 
 

A thick-walled pipe is also preferred for endurance in the marine environment, 
especially since the pipe rests on the unprepared seabed.  HDPE has a design stress of 
12.5 MPa or 1800 psi, which is much greater than the hydrostatic pressure at 150 m, 
approximately 220 psi.  Hence, the pipe is capable of sustained operation at depth.   

 
For the buried section of the pipe, the factor of safety for pipe buckling is about 3.2, 
assuming 4 meters of fill on top of the pipe.  For compressive strength, the safety 
factor is 225.  The expected vertical deflection of the pipe is less than half of that 
allowed. 

 
Another aspect of the design concerns the collapse pressure rating, which depends on 
the duration of the negative stress.  This concern arises primarily with respect to the 
S-bend sinking process.  If the duration of the negative pressure is 10 hours, for 
instance, the DR11 pipe can withstand a negative pressure of no more than 9.6 psi, 
equivalent to approximately 6.5 m of seawater.  This seems like a difficult constraint 
to meet; however, the pipe will never be exposed to negative pressures of this 
magnitude, during even the most ill-fated sinking operation.  Since the pipe is open to 
the atmosphere at the landward end during sinking, pressures in the pipe are 
hydrostatic from the landward end of the pipe, all the way along the sunk portion, and 
up to the to the air-water interface in the part of the pipe between the sea bottom 
departure point and the surfacing point on the towing side.  From that point to the end 
of the pipe, the pipe is filled with air, which is pressurized at the same pressure as at 
the air-water interface, and which exceeds pressures in the ambient seawater by the 
amount of head applied at the landward end of the pipe; i.e., there will likely be a 
slight positive net pressure in the pipe.  This pressurized air is allowed to escape 
gradually, which allows more water to enter the pipe, and hence, allows the sinking 
process to proceed.  At no time does a negative pressure develop, and in general, a 
slight positive pressure is maintained in the pipe.  Therefore, the relatively low 
negative pressure rating of HDPE pipe is not a problem. 

 
Based on elastic bending theory, the allowable bending moment for the selected pipe 
is 239 kNm.  Suppose that the pipe spans 14 m (2 times maximum ballast spacing) 
with an unsupported ballast weight of 1500 kg situated in the middle, the maximum 
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moment carried by the pipe would be 227 kNm in air or 77 kNm in water, which are 
both less than the allowable value.  Thus, the pipe will not yield if a ballast block is 
accidentally not supported on the ground during the on-shore installation procedure, 
or indeed in its underwater location. 

 
A pig is often used for cleaning and inspecting a pipeline.  To allow for insertion of 
the pig, a small pull away flanged section should be provided just downstream of the 
junction of the outfall pipeline with the mix/de-aeration tank.  This would allow 
insertion of a pig into the system only while the outfall is not in service.  The pigging 
operation could either be for cleaning the pipeline or for inspection of the pipe wall 
for erosion or breaks. 

 
8.3.4 Pipe Ballast 

The upstream segment of the outfall, extending approximately 130 m downstream of 
the mix/de-aeration tank, will be installed below grade within a trench excavated into 
the beach/seabed, Hayco_Ramu_004.dwg, Hayco_Ramu_005.dwg.  Near the mix/de-
aeration tank, the invert elevation of the outfall is dictated by the physical constraints 
of the attachment to the tank.  At least one metre of cover over the outfall, relative to 
the pre-construction seabed elevation, is desired.  Proceeding seaward from this 
location, the pipe passes through the shallow part of the sea, to a depth of 10 m, in a 
shallow trench.  It is surrounded by suitable fill material on which armour stone is 
laid.  Thus, a submerged rip-rap berm is used as both ballast and as protection against 
wave attack.  It is thought that this construction method is simpler than the traditional 
method of burying the pipe in a deep trench until it daylights at 10 m depth.  Beyond 
this point, the outfall will be mounted on the surface of the seabed using ballast 
blocks.  The typical configuration for the ballast blocks is illustrated in Section C of 
Hayco_Ramu_005.dwg. 
 

HDPE pipe is slightly buoyant in salt water so concrete ballast weights are provided 
at intervals along the pipe, Hayco_Ramu_008.dwg, to keep it from floating, and to 
prevent it from rolling.  In addition, the pipeline may also be subjected to buoyant 
forces in the event that air accumulates within the interior, increasing the required 
ballasting, although air entrainment will be minimized during operation by the overall 
design, and by the control logic.  Finally, concrete ballast weights stabilize the 
pipeline from moving on the sea bed due to forces exerted by the ocean.   

 
The forces acting along the length of the pipeline alignment include both the static 
forces and hydrodynamic forces due to the 200-year extreme wave event.  The static 
forces include the weight of the pipe, the weight of the effluent in the pipe, and the 
buoyant force of the pipe.  The hydrodynamic forces include the drag force and 
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inertial force (in-line forces) and the lift force (transverse force).  The hydrodynamic 
forces were evaluated using Morison’s equation (Sarpkaya and Isaacson, 1981).  The 
drag force and lift force are proportional to the square of the flow velocity, while the 
inertial force is proportional to the flow acceleration.  These forces also depend on the 
pipe diameter (D), the fluid density (ρ) and an empirical coefficient (CD, CM, CL).  
Although the drag force dominates for a slender pipe, the inertial force can be 
significant in oscillatory flows.  A summation of the sectional forces acting on the 
pipe gives the required ballast to stabilize the pipe: 
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=  = the inertial force 
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1 DUCF LL ρ=  = the lift force 

FP = the pipe weight 
FW = the water weight in the pipe 
FB = the buoyant force 
µ = the friction factor for sliding on coral sands 
 
The horizontal orbital velocities near the bottom for the cases of onshore and offshore 
extreme conditions were evaluated using the wave model SWAN.  These velocities, 
which vary along the length of the pipeline, were used to calculate the forces on the 
pipeline.  Since the orbital velocity and acceleration are not in phase, the time of the 
maximum combined drag and inertial force was used to estimate the total in-line 
force.  
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Figure 8.3.1 

 
Figure 8.3.1 illustrates the calculated force components and the level of ballast 
provided by the design as a function of position along the pipeline for the 200-year 
wave conditions.  The highest pipe forces occur within 100 m of shore where the 
combination of large wave height and shallow water depth combine to produce high 
bottom velocities and consequently, high pipeline force.  In this section, the pipe is 
installed in a trench, and either rip-rap or concrete is required to protect the pipeline 
from wave action and will also provide ballast to counteract the forces.  The riprap 
stones must be properly sized so as to withstand the wave forces.  Should the final 
design show that the rip-rap does not provide sufficient ballast, ballast blocks (or an 
alternate ballast system selected) will be added in combination with the rip-rap.  
 

Beyond about 100 m offshore, where depth is greater than 10 m, riprap protection is 
no longer used.  To counteract the wave and buoyancy forces, concrete blocks spaced 
along the pipe provide ballast.  All blocks are the same size for ease of fabrication.  
Since the ballast requirement varies along the pipe, the block spacing varies with 
distance along the pipe.  More ballast is required near the landward end of the pipe.  
The blocks are 1500 kg in mass, and the spacing of the blocks is 7 m, to provide the 
required ballast over most of the route.  A total of 40 concrete blocks, each weighing 
1500 kg, is required along the pipeline with a spacing of 7 m (Figure 8.3-1).  
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However, the exact impact of directionality of the wave climate along the alignment 
was not considered in this preliminary engineering study, especially along the pipe 
section from 79 m to 110 m.  Different ballast spacing might be needed in this section 
of the pipe, and will be addressed in the detailed design.   

 

8.4 General Behaviour of  Tailings After Disposal 

Caution is required in designing the sinking process to ensure that the pipe is not 
damaged or ruptured during the pipe installation/sinking process.  Many variables 
impact the sinking process, including water depth, amount and spacing of ballast 
weights, water temperature, and marine bottom slope, among others.  While the 
installation procedure will ultimately be determined in consultation with the installer, 
a viable installation methodology is described in the next section.   

 
8.4.1 Basic Description of Installation Process 

The following discussion is a possible method to install the pipe.  Specific installers 
may choose other methods, but will need to demonstrate that they do not induce any 
excessive stresses in the pipe. 
 
The basic installation method will be S-bend sinking.  It is assumed that the pipe will 
be installed in two sections, the trenched part installed first, and then the deep-water 
part joined at the surface to the trenched part.  In this way, the installer does not need 
to worry about managing several hundred metres of floating pipe at the same time 
that he is placing and stabilizing the pipe in the trench. Although several options are 
available for fabricating the pipe, it is assumed that each section of pipe will be fused 
in a continuous process on shore, and weights will be added just before the pipe 
enters the water and floats out into Basamuk Bay.  The pipe sections can then be 
stored in Basamuk Bay, and towed into place to be sunk.  The first section to be 
fabricated and installed will be the seawater pipe, about 190 m in length.  Since the 
non-trenched part is only 60 m, this pipe will likely be sunk in one continuous 
operation.  The second section of pipe is the trenched section of the outfall pipe, 
about 130 m in length.  The remaining pipe, about 290 m of pipe, making up the 
deeper section of the outfall line will then be installed.  Both pipes could also be 
fabricated to their complete lengths, and each installed as one piece, thus eliminating 
the surface joining.  The two-section method will be discussed in detail here; 
however, the methodology is applicable to the one-section method as well. 
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Adequate provision must be in place for anchoring the pipe in the event of bad 
weather and for periods when the fusing process is shut down.  The anchoring could 
be done in Basamuk Bay.   
 
After fusing and fixing the ballast blocks, the weighted pipe sections will be fitted 
with blind flanges at both ends, and filled with air.  The flanges at the seaward end of 
each pipe section will be equipped with a controllable air release valve, and 
optionally a hose attachment for connecting to an air compressor.  At the landward 
end, the flange on the end of the pipe will not have any fittings, but will be coupled to 
a spool piece that enters the tank.  On the end of the spool piece, a blind flange on the 
inside of the tank will be fitted with a valve to allow water to be pumped into the pipe 
and a valve to allow water to be drained. 
 
During sinking, water will be pumped into the landward end of the floating pipe, 
causing that part of the pipe to sink.  A tug will maintain tension on the weighted 
pipe, and gradually more water will be introduced, accompanied by release of air at 
the floating seaward end, and the contact point of the pipe on the bottom will move 
seaward: the pipe will be sinking.  During this process, the configuration of the pipe 
is an elongated S shape: hence the term S-bend sinking.  If the pipe must be raised 
during sinking, then air will be introduced, preferably from the seaward end, and 
water drained from the landward end.  It would be possible to inject air from the 
landward end, but at the expense of considerable turbulent flow and disruption in the 
pipe, hence no provision is made for this. 
 
The outfall pipeline will be sunk after the seawater pipe, allowing the installation 
crew to rehearse their procedures on the shorter seawater line.  Depending on weather 
and work windows, the first section may be fully sunk, then the end lifted onto a 
barge later to connect to the second deeper outfall pipe section, using a flange 
attachment.  Once the seaward end of the first outfall section is connected to the 290 
m section, the remainder of the outfall pipeline will be sunk.  The deeper outfall 
section will have fitted to its seaward end a one-metre long steel spool piece, to 
facilitate the controlled flow of air into and out of the pipe, by means of an air hose to 
the surface.   
 
Often during subsea pipeline installations such as this, temporary buoyancy is 
required to reduce the stress to an adequate level, due to heavy weighting.  The 
weighting requirements for the first 30 m or so of both pipes, after daylighting, has 
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not been finalized and may need to be increased during detailed engineering.  For the 
moment, it is assumed that the weighting is light enough that no temporary buoyancy 
is required during the pipe sinking process for any of the three pipe sections.  It may, 
however, be useful to make up a short buoyancy section to assist in lifting the end of 
the 130 m outfall pipe section for joining to the subsequent 290 m long outfall pipe 
section, since the ballast spacing could be increased on the 130 m pipe.  The auxiliary 
buoyancy would simply make the barge and crane operation easier.  
 
During S-bend sinking, the part of the pipe that is suspended in the water column is 
supported to a large extent by the buoyancy of the air in the seaward part of the pipe.  
At some point, the amount of air-filled pipe is insufficient to support the pipe, and the 
pipe must then be lowered to the sea-bed under control of the tug, but with some 
assistance from the air in the pipe.  For the purposes of this discussion, this phase is 
referred to as J-bend lowering, although this term is also typically used to refer to 
sinking from a lay barge. 

 
Various aspects of the installation are discussed in some detail below. 

 
8.4.2 Route Positioning 

The pipe must be laid as close as possible to the prescribed route, to ensure 
compliance with the environmental license.  This can be achieved by careful 
monitoring of the pipe position by an ROV equipped with a position transponder, in 
conjunction with the existing swath bathymetry survey.  Work boats can be used to 
provide additional lateral control on the pipe as it is sinking. 

 
8.4.3 The Trench Through Shallow Water 

As much as practical, an excavator will be used to excavate the trench leading from 
the mix- tank to the coast.  In the sub-aqueous section, precision blasting would be a 
good choice to create a trench that trends from an elevation of about -3 m at the mix 
tank to -10 m at the reef escarpment.   
 
It should be noted that although the coral may pose some difficulties, it is likely a 
preferable material to work with than beach sand, since one does not need to worry 
about maintaining relatively flat lateral side slopes, as would be the case for a sand 
beach.  In the event that sand is encountered, lateral side slopes of 1:5 will be needed.  
In the coral sections, lateral slopes of 1:1 will likely be adequate. 
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8.4.4 Connection of Pipe to Mix/de-aeration Tank 

Both the seawater line and the outfall pipe must be connected to the mix/de-aeration 
tank before sinking proceeds.  In each case, the floating line (already weighted) is 
brought into place with one end near its corresponding nozzle on the mix/de-aeration 
tank and the other end held by a barge or tug located at its terminus location. 
 
For the seawater line, the end of the pipe on board the tugboat is already connected to 
the intake structure which is also on board.  The pipe is positioned by means of lines 
from the barge, from the mix/de-aeration tank, and from a small tender boat.  The 
pipe will have blind flanges at each end, the seaward one fitted with a connection for 
a 2 inch air line running back to the tug.  Once the pipe is properly aligned, sinking 
proceeds from the mix/de-aeration tank.  First the crew on the tug lifts the floating 
pipe flange clear of the water and bolts the intake structure to it.  An excavator at a 
distance of about 10 m from the tank lifts the pipe to establish an air bubble.  A 
second excavator supports the landward end of the pipe, allowing the end plate to be 
removed, and then lowers the pipe into the trench.  Since the pipe is open, it will sink, 
and can be bolted onto the appropriate flange on the mix/de-aeration tank.  Once the 
flange is secured, water can be pumped in, using the standard method of filling a pipe 
from the mix/de-aeration tank, until the section of pipe from the mix/de-aeration tank 
to the air bubble is filled.  The excavator that was lifting the pipe 10 m from the tank 
then lowers the pipe back down, and normal S-bend sinking can proceed.  When the 
pipe touch–down point is near the tug, the end of the pipe and attached intake 
structure are lowered from the tug into the water and onto the seabed, thus completing 
the sinking of the seawater intake line.  
 
This process is repeated for the first section of the outfall pipe, except that its seaward 
end terminates with a blind flange instead of an intake structure.  Depending on 
weather and work windows, this first section may be fully sunk, then the end lifted 
onto a barge later to remove the blind flange and attach the second deeper outfall pipe 
section.     

 
8.4.5 J-bend Lowering 

As the majority of the pipe fills with water, the fraction of the pipe floating on the 
surface and supporting the sunken portion will decrease until the pipe is primarily 
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supported by the upward pull of the tug’s winch.  At this point, the shape of the pipe 
is no longer an “S” but rather a “J”.  As will be shown in the stress analysis section, 
the tug must ensure that the wire angle of the towing rope attached to the pipe does 
not become too close to vertical, to ensure there is no damage to the pipe.   

 
8.4.6 Stress Analysis in the Pipe 

The following sections provide quantitative analyses of the stresses in the pipe during 
the various phases of the sinking process.  These calculations show that auxiliary 
buoyancy pipe is not needed during installation.  
 
During the pipe installation/sinking process the pipe is subjected to short-term forces 
that can cause deformation or reduced service life.  When a stress causes a material to 
deform past its elastic region, the material is permanently deformed and has reached 
its strength at yield.  Increasing the stress further will cause the material to fracture, at 
which point the material has reached its strength at break.  Three pipe strength 
parameters are considered: 

• tensile strength; 
• compressive strength; and 
• flexural strength. 

 
Tensile strength represents the ability of the pipe to resist forces pulling on either end 
(tension).  Compressive strength is opposite to tensile strength as it represents the 
ability to resist forces pushing on either end (compression).  Finally, flexural strength 
is related to the strain induced by bending a pipe section.   
 
During pipe installation, the pipe is not subjected to strong compressive forces and 
only the tensile and flexural strength are considered.  In addition, the tensile stress 
exerted on the pipe is minor in comparison with flexural stress.  Thus, the limiting 
yield strength of the pipe is determined from the flexural strength; however, a 
combined tensile and flexural stress is calculated to conservatively determine if the 
limit is exceeded. 
 
The flexural strength of a PE pipe can be conveniently summarized in terms of the 
minimum allowable radius at which the pipe can be bent.  The Vinidex Design 
Manual recommends an allowable bending radius of 33 times the outside diameter of 
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the pipe, for pipes of PE100 material.  For the pipe radius of 800 mm, the equivalent 
allowable flexural stress is 10.45 MPa.  Similarly, Harris (1998) recommends a safe 
design installation stress of 10 MPa (1,500 psi), providing a factor of safety of 2:1 
over the yield stress and approximately 4:1 over the critical strain, the point beyond 
which irreversible damage is done to the pipe through micro-cracking.   

  
8.4.7 Stage One – Initial S-Bend Pipe Sinking 

A variation of the computer program SESME (Stress Evaluation for Submergence in 
a Marine Environment) was used to evaluate the effect of various parameters, such as 
pipe diameter, size and spacing of weights, water depth, slope of bottom, etc., on the 
profile of the pipe and the stresses induced during initial sinking operations (Harris 
1998). 
 
Results are only shown for cases with a horizontal tug force (H), as previous testing 
showed that the tug pull is necessary to flatten out the “S” curve, and reduce the 
maximum stress in the pipe during the sinking process.  The model indicates that the 
design stress is not exceeded for the case without auxiliary buoyancy, as long as 
adequate horizontal tug pull is available.  As a result, no auxiliary buoyancy pipe is 
needed during sinking.  Table 8.4.1 summarizes the results of the SESME simulations 
in more detail.  Included in the table are the length of pipe required in the S-Bend, the 
horizontal force exerted by the tug on the seaward end of the pipe, the maximum 
combined pipe stress and the amount of suspended pipe length (between the bottom 
and where the pipe surfaces) yet to be filled with water.  The tug pulls indicated in the 
table have a maximum value of about 10 tonnes, easily met by many available tug 
boats.    
 
S-bend sinking of the seawater pipe is identical, except that the pipe transfers to J-
bend sinking at a smaller depth.  
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Table 8.4.1 
Stage 1, S-Bend Pipe Sinking at Maximum Water Depth for Two Outfall Pipe 

Sections 
 

Outfall Pipe 
Section 

Water 
Depth 
(m) 

Ballast 
Block 

Spacing 
(m) 

Horizontal 
Tug Force 

(kN) 

Horizontal 
Tug Force 
(Tonne) 

Elevated 
Pipe 

Length 
(m) 

Max. 
Pipe 

Stress 
(MPa) 

Air 
Content 

(%) 

130 m 
length 

4.00 10 5.00 0.5 18.70 1.93 12 

290 m 
length 80.00 7 65.00 6.6 168.11 9.55 48 

 
 
8.4.8 Stage Two – J-Bend Pipe Lowering to the Seabed Floor 

As the majority of the pipe fills with water, the fraction of the pipe floating on the 
surface and supporting the sunken portion will decrease, until the pipe is supported 
only by the upward pull of the tug’s tow line.  At this point, the assumptions of the 
SESME model are no longer valid.  For this transition phase, the required vertical 
lifting force will steadily increase as the buoyancy of the pipe decreases while more 
of it fills with water.  To analyse stresses in the pipe, a spreadsheet was developed 
that solved the equations for the shape of the pipeline centreline and stresses in the 
pipe.  The stresses depend on the configuration of the pipe, which in turn depends on 
the stresses.  Thus, an iterative approach was taken, adjusting the pipe geometry and 
using the revised geometry to re-calculate the stresses, leading to a new geometry.  
The process ultimately converged on a solution in which the stress and geometry 
were in balance, and which provided the lifting and pulling forces that should be 
applied by the tug-boat in such a way as to ensure minimal pipe stress while lowering 
the water-filled pipe.   
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Figure 8.4.1 

 
Both S-bend and J-bend pipe profiles are plotted in Figure 8.4.1 for the 290 m pipe 
section, with more detailed results provided in Tables 8.4.2 and 8.4.3.  Table 8.4.2 
presents J-Bend lowering calculations for the first (130 m) section of outfall pipe.  
Table 8.4.3 presents J-Bend lowering results for the final section of the outfall 
pipeline (290 m section of pipe).  The first row in each table represents the initiation 
of J-Bend lowering of the pipe, just after S-Bend sinking is no longer feasible.  This 
transition occurs when there is no longer enough floating pipe to support S-bend 
sinking.  The remaining rows show the pipeline profiles and stresses as the pipe is 
gradually lowered.  The pipe length is limited by the amount of pipe available for the 
given touch-down depth.  A representative sea-bottom slope was used for all 
scenarios.  The results show that the design pipe stress is not exceeded during the 
transition phase nor during pipe lowering.  As the pipe is lowered, it is assumed that 
the percentage of air in the pipe will gradually decrease until the pipe is filled with 
water with only less than 10 m suspended above the bottom. 
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Table 8.4.2 
 Stage 2, J-Bend Pipe Lowering to Seabed Floor for 130 m Outfall Pipe section  

 

Water 
Depth 
(m) 

Air 
Content 

(%) 

Elevated 
Pipe 

Length  
(m) 

Horizontal 
Winch 
Force 
(kN) 

Vertical 
Winch 
Force 
(kN) 

Winch 
Force 

(Tonne) 

Winch 
Line 

Angle 
(o) 

Max. 
Pipe 

Stress  
(MPa) 

4.50 10 15.00 5.00 6.40 0.83 51.99 1.30 
5.00 8 12.00 5.00 6.18 0.81 51.03 0.87 
5.85 5 9.00 5.00 5.55 0.76 47.97 0.51 

10.00 0 0.10 5.00 0.95 0.52 10.75 0.03 
 

Table 8.4.3 
 Stage 2, J-Bend Pipe Lowering to Seabed Floor for 290 m Outfall Pipe section  

 

Water 
Depth 
(m) 

Air 
Content 

(%) 

Elevated 
Pipe 

Length  
(m) 

Horizontal 
Winch 
Force 
(kN) 

Vertical 
Winch 
Force 
(kN) 

Winch 
Force 

(Tonne) 

Winch 
Line 

Angle 
(o) 

Max. 
Pipe 

Stress  
(MPa) 

85.00 47 170.00 70.00 15.63 1.3 13 9.54 
97.00 45 144.00 60.00 17.97 1.7 17 7.88 

107.00 35 120.00 60.00 47.51 3.9 38 7.84 
125.00 20 73.00 60.00 46.96 3.9 38 7.68 
135.00 15 38.00 40.00 14.69 2.1 20 6.74 
140.00 10 20.00 20.00 6.01 1.7 17 3.05 
150.00 0 0.10 0.00 0.10 9.2 90 0.00 

 
Based on the results of simulating various pipe lowering configurations, it was 
determined that at the seaward end of the pipe, the use of a horizontal force along 
with the vertical lifting force is essential to maintain minimal pipe stress.  That is, the 
installer must ensure that the wire angle on the deploying cable is as given in Tables 
8.4.2 and 8.4.3.  In Tables 8.4.2 and 8.4.3 the wire angle is not a smooth function of 
the Elevated Pipe Length (the amount of pipe remaining to be sunk), because, for any 
length of pipe, a fairly wide range of wire angle and winch force is suitable.  For 
installation purposes, a more complete table will be provided to the installation crew. 

 
8.4.9 Installation Summary 

It has been shown that it is possible to install the pipe without exceeding the 
allowable stresses, but care is required.  The discussion did not consider lateral forces, 
except for the sinking phase near the submerged ridge.  At other phases and locations, 
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lateral forces must be controlled either by auxiliary boats or breast anchors, or a 
combination of the two.  Individual installers may propose an alternate method of 
installation, but any deviations must be demonstrated to be at least as effective and 
protective of the pipe as the methods discussed here. 
 

8.4.10 Construction Specifications 

In order to allow flexibility in the choice of installation contractors, it is generally 
preferred to provide performance specifications rather than detailed fabrication 
instructions.    However, some general guidelines will be required.  These are given as 
follows.  First, the pipe must be installed with the blocks as shown in the drawings in 
this report.  It is essential that during installation, the pipe not exceed the allowed 
stresses, outlined in section 8.4.8.  One way to ensured that the pipe is not over-
stressed during sinking is to use the tables provided in this report, augmented to ease 
use in the field, to monitor that the S-bend and J-bend geometries are not over-
steepened.  Such monitoring will require the use of an ROV to monitor the touch-
down point of the pipe as it sinks, in conjunction with monitoring the surfacing point 
of the pipe, at each stage of the sinking process.  These observations must be 
compared with pre-computed configurations to ensure that the proper pipe stresses 
are met.  If stresses appear to be on the verge of exceeding allowed values, the typical 
remedial action will be to increase the tug pull.   
 
The concrete for the ballast blocks must be made according to an accepted standard, 
and we suggest that the Australian standard be applied, since it has been developed to 
include tropical waters.  The specification basically provides for strength, air content 
and porosity parameters.  These can be met either by increasing the amount of cement 
used in the mix, or by adding amendments, such as fly ash and silica fume.  The re-
bar should be uncoated, so that it will bond with the concrete.   
 
Metal fasteners: nuts, bolts washers and flange backing rings, can be made of a 
number of materials.  Duplex stainless steel is the best performer in tropical marine 
applications,  but is expensive, and sometimes difficult to obtain.  Galvanized steel, 
protected by sacrificial anodes, is also acceptable, but the amount of sacrificial anodic 
material must be determined by a corrosion sub-consultant., as part of the detailed 
design. 
 



 
 

 
1369-G-G-003, Rev. B Page 88 April 2007 
 

The specification for the construction of the shallow trench, specifically the blasting 
operation, will need to be developed in consultation with a blasting specialist and the 
environmental consultant.  The goal of  the specification will be to establish safe 
operating procedures, as well as one or more combinations of materials and methods  
that will allow precise excavation of the required trench, with minimum damage to 
surrounding resources.   
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9.0 FATE OF TAILINGS 

In order to address the overall fate of the tailings, the first phase is a near-field density 
current model, to simulate the behaviour of the tailings as they leave the pipe and 
form a density current.  This model uses a relatively fine grid, commensurate with the 
diameter of the pipe.  The subsequent behaviour follows two pathways.  The heavier 
fractions of the solids stay within the density current and are carried further offshore, 
along the bottom, where they settle.  This behaviour can be further modelled in the 
detailed engineering study by a far-field density current model, using a larger grid 
spacing, commensurate with the dimensions of the receiving basin.  The lighter 
fractions will leave the density current as passive subsurface plumes, at depths where 
the density of the fluid comprising the density current is approximately equal to the 
density of the ambient water.  As the lighter fractions strip off, the material left 
behind in the density current is in fact the heavier fraction, whose greater density 
relative to the ambient density provides additional forcing to carry the density current 
onward to greater depths.  The density current thus acts as an extension of the outfall 
pipe, carrying material deeper, but with some losses to subsurface plumes along the 
way. 

 

9.1 Tailings Fate Model 

The tailings fate numerical model is a two-dimensional reduced-gravity model of the 
density current created by the tailings discharge.  That is, it considers the two-layer 
flow consisting of the density current flowing under the receiving water as if it were a 
one-layer flow, the density current itself, but with the acceleration of gravity in the 
equations of motion modified according to: 
 

 greduced = g · (D-h) / D · (ρ - ρambient) /  ρambient 

where D is the total water depth, h is the thickness of the density current, ρambient is 
the ambient seawater density and ρ is the density of the density current, including 
both the effects of entrained ambient seawater and the solids load.  Commonly, the 
layer thickness is much less than the overall depth, and the above equation reduces to: 
  

 greduced = g · (ρ - ρambient) /  ρambient 

The model is a time-stepping model, and uses a spatial grid of uniformly spaced cells.  
The simulation starts with a bare seabed, and with all cells devoid of the denser 
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tailing-bearing fluid.  As tailings are discharged, more and more computational cells 
are turned on as the density current distribution builds in a downslope direction with 
time.  Ultimately, a quasi-steady state is reached, with the solids settling out within 
the model domain, or being carried off in subsurface plumes.  In order to simulate the 
frontal advance of the density current, an algorithm similar to the algorithm for 
flooding and drying shallow banks in tidal models is used.   At each timestep, each 
active cell is first examined to see if it should be de-activated because the density 
current has backed out of that particular cell.  Next, de-activated cells are examined to 
see if they should be re-activated, because the thickness of the density current in an 
adjacent cell is sufficient to flood into that cell.  The simulation then proceeds to 
evaluate the fluxes of mass into each cell, velocity components, and concentrations of 
dissolved scalars and sediment.  The net result is that the density current readily flows 
in the downstream direction, but spreads laterally much more slowly, the expected 
behaviour for a density current discharging down a slope, and similar to the 
configuration of a turbulent wall jet. 

 
The model hydrodynamics include: 

• advective terms; 
• Coriolis term; 
• bottom friction; 
• interfacial friction, expressed as a fixed fraction of bottom friction; 
• entrainment of ambient fluid based on a fit to the Ellison and Turner (1959) 

observations: 
  E = Eo e-kRi,  

where Eo and k are adjustable constants and Ri is the local Richardson 
number; 

• depletion, which removes material from the top of the density current when it 
is unstable, based on a Richardson Number criteria; 

• horizontal eddy viscosity;  
• drag by ambient currents. 

 
The model resolved the sediments field into a number of components, each with a 
specific grain size and hence settling velocity.  Deposition is determined by a balance 
of upward and downward fluxes of sediment at the interface between the density 
current and the sea bed, using methodology similar to that described in Wu et al. 
(2000), with modification of some of the equations and parameterizations based on 



 
 

 
1369-G-G-003, Rev. B Page 91 April 2007 
 

the results presented in van Rijn (1993).  Essentially, the downward flux of sediment 
is taken to be wmC, the product of the settling velocity wm and the sediment 
concentration C at a reference level, a, just above the sea bed.  The reference level is 
usually taken to the local roughness length.  The upward flux is taken to be wmCa, the 
product of the settling velocity wm and the equilibrium concentration at the reference 
level, Ca.  Ca has been determined in a number of laboratory and field studies, and is 
given as a function of grain size, viscosity, sediment specific gravity, and the excess 
of bed stress over that required for mobilization, the latter based on the Shield’s 
curve.  If the system is at equilibrium, the two rates are equal, and neither scour nor 
deposition occurs.  If the sediment concentration is lower than the reference level, and 
sediment is available, scouring occurs.  Similarly, if the sediment concentration is 
higher than the reference level, deposition occurs. 
 
The model has been validated against laboratory data (Stronach et al., 1999, Stronach 
et al., 2000).  As well, aspects of the model such as the depositional footprint and the 
production of subsurface plumes have been shown to compare well with field 
observations at Lihir (NSR 2001). 

 

9.2 Tailings Composition 

The first step in modelling tailings fate is to assemble a description of the physical 
properties of the liquid and solid fractions.  The solid composition is based on the 
characteristics of the process plant operating at the maximum capacity, and on 
particle size distributions (PSD) provided by PSI (PSI 822B Laser Size Analysis 
results Run#1).  The liquid fraction is made up of the solution in the tailings supply 
and the diluting seawater.   
 
The slurry compositions for the density current model runs are summarized in Table 
9.1. 
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Table 9.1 
Slurry Properties and Fluxes for DSTP 

 Mass 
Flow 
(t/hr) 

Specific 
Gravity 

Volume 
Flow 

(m3/hr) 

Volume 
Concentration 

Mass 
Concentration 

Fine 473 3.890 121 0.02274 0.08131 
Coarse 128 2.650 48 0.00902 0.02200 
Tailings Liquor  2117 1.000 2117 0.39786 0.36393 
Overflow from 
Deep cone 

422 1.000 422 0.07931 0.07358 

Seawater 2678 1.025 2612 0.49089 0.46037 
Slurry 5817 1.093 5321   

 
 

9.3 The Near-field Density Current Model 

The near-field model fulfils three requirements: determination of dilutions in the 
near-field; confirmation that the slope at the outfall terminus will not lead to sanding 
up in front of the outfall; and provision of source data for the coarse grid model, 
which treats the ultimate fate of the tailing.   

 
In this model, the tailings are mixed with seawater in the mix/de-aeration tank prior to 
discharge.  The mixing ratio is 0.96 to 1.  The diluted tailings are discharged at a 
depth of 154 m.  The average slope in the vicinity of pipe outfall varies between 25° 
and 45°, and is approximately 35° at the outfall.  The model uses a grid spacing of 
0.25 m and extends to a location 110 m from the outfall, and was run to steady state.   
Under the maximum plant operating condition, the discharge rate was specified as 
1.48 m3/s.  The volume rate of the solid fraction was 0.047 m3/s and the density of the 
effluent exiting the pipe was 1,093 kg/m3.  The exit velocity through the 0.655 m 
diameter pipe was 4.39 m/s. 

9.4 Results 

Figure 9.1 shows the layer thickness and scalar dilution produced by this model.  The 
model indicates that a secondary density current would diverge from the primary 
density current at a distance 10 m downstream of the pipe where the depth is about 
160 m.  This feature is likely a result of the rough bottom topography near the outfall 
pipe.  It is suspected that the unevenness of the bottom topography may be an artefact 
of the bottom sounding procedure, i.e., the bottom may be smoother than used in this 
model.  The formation of this secondary density current is not likely to take place if 
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the bottom topography were in fact smoother.  Nevertheless, no sign of instability 
(i.e., potential for re-suspension) is observed in this secondary density current and 
thus it should not be a cause of concern. 

 

Figure 9.1 

 
The primary density current is seen to grow in size, reaching a thickness of about 2.5 
m after traveling 70 m in a northwesterly direction.  The dilution is computed as the 
ratio of the concentration in the feed stream from the plant to the concentration at the 
location under consideration.  Figure 9.1 indicates a central core of lower dilutions 
(higher concentrations), with higher dilutions (lower concentrations) on its lateral 
flanks.  The density current achieved a dilution of about 5:1 after travelling 70 m in a 
northwesterly direction. 
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Figure 9.2 

 
Figure 9.2 shows the two vertical exchange velocities, entrainment and depletion.  
The entrainment velocity is large near the outfall and is negligible everywhere else.  
The depletion velocity, on the other hand, is nearly zero everywhere within the fine 
grid region, indicating that material discharged from the outfall pipe is trapped with 
the density current and not released to the ambient until it has traveled distances 
further downstream from the outfall. 
 
Over the entire fine-grid region, the outfall plume retains its jet-like character, 
entrains fluid and not releasing any fluid into the water column, since the depletion 
velocity is essentially zero compared to the entrainment velocity.  Thus, during the 
initial development phase of the density current, it is able to retain essentially all of 
the material exiting the outfall pipe. 
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Figure 9.3 

 
The modeling of the deposition process incorporates slumping if the slope of the 
deposited material, in conjunction with the existing natural slope, exceeds the angle 
of repose (35º in this case).  In addition, a localized scouring effect is implemented to 
model the formation of density current drainage channels, a significant process that 
was well documented at the Island Copper mine in Rupert Inlet (Hay, 1982).  Figure 
9.3 shows the depositional footprint after 3 days of simulation.  This time period is 
long enough for a steady state to develop between processes of deposition, scour, and 
slumping.  One can see that the deposition is concentrated both along the edge of the 
plume, where the localized energy is too small to keep the sediment suspended, and at 
the regions with milder slope, i.e., local depressions.  This process results in the 
formation of a density current drainage channel.  It should be noted that the model did 
not incorporate the effect of the ambient currents, which would be likely to erode 
some of the deposits and hence reduce the magnitude of these channels.  
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10.0 RISK ANALYSIS 

Over the years, DSTP systems have had an admirable record for reliability.  Systems 
have suffered very few failures and the few failures that have occurred have not 
compromised the environment.  In order to evaluate the risk and determine mitigation 
strategies for the tailings system design, the tailings system has been split into the 
onland component and the offshore component. 

 

10.1 Onland Pipeline 

One risk to the onland pipeline is that there will be a breach of the pipe itself.  This 
can take two forms, (1) a slow leak or (2) a major rupture.  The minor leak is very 
difficult if not almost impossible to detect.  Since the pipeline is over ground and the 
total length is only 600 meters, it should be inspected daily as part of normal 
operations and any “wet spot” along the pipeline alignment will alert the refinery 
personnel to see if immediate repair is required.  A major rupture would almost 
immediately be noticed at the control room by abnormal fluid levels in the head tank 
and the de-aeration tank.  Abnormal tank levels would immediately require an 
inspection of the pipeline and refinery shut down if required. 
 
A second risk to the onland pipeline is a partial or total blockage of the pipe. The 
result of either of these events is abnormally high fluid levels in the head tank or 
overflowing of the head tank. Either consequence will be observed almost 
immediately and require shutdown of the refinery. 

 

10.2 Outfall System 

The risks to the outfall system are: 
 

1. The outfall entrains air and creates a tailings slick or the pipeline is re-floated.  
In order for air to be entrained in the outfall, the de-aeration tank would experience 
abnormally low fluid levels which will be recorded at the refinery control room.  
Investigations should be instigated based on the abnormal reading and mitigative 
action taken to solve the air entrainment. In addition, any tailings slick would be quite 
visible from shore and again, should again instigate an investigation and mitigative 
response. A minor tailings slick, while embarrassing for the project, is not a major 
environmental event. 
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2. The check valve (knife gate) in the de-aeration tank fails allowing the 
outfall/seawater intake system to operate in reverse. In this case, tailings would 
discharge through the seawater intake line and seawater would inflow through the 
outfall. Again, this situation would lead to an abnormally low de-aeration tank level 
and should prompt an investigation. 

3. There is a minor leak in the outfall pipe. Such a leak would be impossible to 
detect from any onland measurement.  Depending on where the leak is located, there 
may be some visible turbidity in the water which would prompt an investigation. A 
leak at a deeper location may go undetected until a remotely operated vehicle (ROV) 
inspection which should occur on a one or two year rotation. A leak which is small 
enough not to impact de-aeration tank operating levels or create some form of visible 
turbidity is not likely to cause a major environmental event. 

4. There is a major rupture of the outfall pipeline. This would cause an unusually 
low de-aeration tank fluid level and alert the refinery operators to a problem. An 
investigation would observe a tailings slick which would indicate mitigative action is 
required. 

5. A slight or total blockage of the outfall pipe. Even a slight blockage of the 
outfall would create an abnormally high de-aeration tank fluid level or even cause it 
to overflow. An overflow situation would cause the refinery to shut down. A high 
level would cause an investigation and mitigative action. 

 
The project is cognizant of the tailings pipelines and will take all precaution to ensure 
no damage is caused to these lines. For instance, the outfall and seawater intake 
pipelines will be shown on navigation charts and warning to mariners will be issued.  
An area surrounding the pipelines should be designated “no anchorage”. 
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11.0 ECONOMICS 

The DSTP system cost estimate is based on the basic engineering of this document 
and data from the several recent similar projects completed in the same region or 
elsewhere.  The cost estimates are stated in March 2007, US dollars, with no taxes or 
duties included.  The capital cost estimate is broke down by the onland and marine 
portions and the total summary represents complete DSTP systems. 
 
The operating cost estimate is provided in Section 11.3 of this document. 
 

11.1 Summary of Fixed Capital Costs 

A detailed capital cost estimate has been developed for the DSTP scope of work.  The 
estimate is based on the onland pipeline and subsea pipeline construction techniques 
used in the similar project with additional accepted industry productivity factors. 

The total constructed cost for the DSTP project is US$8.05 million (Chinese RMB 
64.374 million) and is summarized in Table 11.1.  Backup estimates for the summary 
can be found in Appendix L, Capital Cost Estimates, PSI document No.: 1369-C-G-
001 and Hayco_Ramu_Costs_001. 

11.1.1 Basis Of Estimate 

The capital cost estimates of the system have been based on the route location and 
system design as presented in Appendices. The pipeline construction cost has been 
based on the construction plan as discussed in Section 12.4. 

• The DSTP system design and subsequent cost estimates have been based on design 
data and slurry samples provided by ENFI.  

• Onland civil/structural work quantities and are based on the general arrangement 
drawings and available information for the proposed locations.  

• The pipeline construction unit cost rates for each construction operation were derived 
from actual costs for similar pipelines built in the same region. Local and expatriate  
construction labor rates, equipment use rates, and material unit costs rates were 
collected and provided by both PSI and ENFI. 

• Budgetary quotations were received for HDPE pipe, knife gate valves, and tank. In-
house cost data from similar projects were used for smaller items.   



                                                                                                                                                                                                                                                                 
 

 
1369-G-G-003, Rev. B Page 98 April 2007 
 

 

 

 

RAMU NICKEL DEEP SEA TAILINGS PLACEMENT PROJECT By JPW
CAPITAL COST ESTIMATE - ISSUED FOR BASIC ENGINEERING REPORT Checked YGC
3/31/2007 Approved YGC
PSI Project No. 1369
PSI Document No: 1369-C-G-001

Code Description Mechanical 
Equipment Valves Piping & 

Fittings
Mechanical 
Installation

SCADA & 
Telecom

Civil / 
Structure

Electrical 
Equipment & 
Installation

Total Total (¥ )

On Land Pipeline $160,500 $141,775 $485,631 $101,802 $46,470 $1,146,586 $33,889 $2,116,654 ¥16,933,000
Submarine Pipelines $202,746 $3,826,054 $4,028,800 ¥32,230,000
Spare Parts $3,210 $2,836 $13,768 $929 $22,932 $678 $44,352 ¥355,000

SUBTOTAL - CAPITAL COSTS $163,710 $144,611 $702,145 $3,927,856 $47,400 $1,169,518 $34,566 $6,189,806 ¥49,518,000
15% EPCM $24,557 $21,692 $105,322 $589,178 $7,110 $175,428 $5,185 $928,471 ¥7,428,000
Contingency @ 15% $24,557 $21,692 $105,322 $589,178 $7,110 $175,428 $5,185 $928,471 ¥7,428,000
TOTAL PROJECT CAPITAL COST $212,823 $187,994 $912,788 $5,106,213 $61,620 $1,520,373 $44,936 $8,046,747 ¥64,374,000
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• The SCADA system cost is based on PSI’s estimate for supply. 
• The telecommunication system hardware cost is based on PSI’s estimate for supply. 
• Fiber optic cable and installation costs were based on in-house cost data. 

11.1.2 Exclusions 

The following Items are not included in the capital cost estimates: 

• Power and water supplies to all stations; 
• Permit costs; 
• Import duties; 
• Taxes; 
• Interest during construction; and 
• Escalation beyond March 2007. 

11.2 Operating Cost Estimate 

A detailed operating cost estimate has been developed for pipeline system operations 
and is summarized in Table 11.2. The table outlines annual operating cost for the next 
twenty years. It also includes a 10% contingency cost. The backup operating cost 
estimates for the summary can be found in Appendix L, Operating Cost Estimate, 
Document No.:  1369-C-G-002. 

Summary of Operating Cost Estimates - Ramu Nickel DSTP System
Job 1396 By: JPW Approve: YGC

Check: JZ Date: 3/27/2007

Estimated Operating Costs 
Item Description  $ US Chinese RMB
Power $10,000 ￥80,000
Labor $47,333 ￥378,667
Supplies $10,000 ￥80,000
10% Contigency $6,733 ￥53,867

Grand Total Operating Cost $74,067 ￥592,533  

11.2.1 Operating Cost Estimate Components 

The operating cost estimate includes power, operating and maintenance, labor, and 
consumables. 

11.2.1.1 Pipeline Availability 

The operating cost estimates are done based on 8,000 operating hours per year. 
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11.2.1.2 Electrical Power 

The basis for power cost was $0.052/kWh. This data was provided by ENFI. 

11.2.1.3 Labor 

Labor rates are based on ENFI supplied data. 

11.2.1.4 Supplies 

Consumables costs were based on the estimated cost. PSI’s in-house data for the 
similar projects were used. 

11.2.2 Electrical Power Consumption 

The DSTP is a gravity system.  The power consumption is only due to the valve 
operation, control and instrumentation, as well as the lighting. 

11.2.3 Operating and Maintenance Labor Cost 

The required labor force is calculated based on continuous mode of operation and the 
staffing plan described in Section 7.5 above.  

11.2.4 Consumables 

The spare parts for valve are calculated per vendors’ and PSI’s in-house data.  

11.2.5 Other Costs 

The following costs are not included in these estimates since it will be covered by 
others: 

• Route (on-land and sub-sea) maintenance materials; 
• Contract services, such as car leases, catering, cleaning, painting, etc.; and 
• Security and training. 
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12.0 PROJECT IMPLEMENTATION, SCHEDULE & CONSTRUCTION 

12.1 Overview 

The major activities include detailed engineering (after completion of the basic 
design), procurement, construction planning, construction, and commissioning to put 
the DSTP system into operation. The overall project is scheduled to be finished in 
thirteen months. 

The project implementation plan is envisioned to be organized around an integrated 
and dedicated management team for fast track and cost effective execution of the 
project. The management team shall be under the leadership of a project manager, 
responsible for all the phases of work. 

The primary objective of the management team is to implement the project while 
considering the following: 

• Minimize project completion risks; 
• Maximize project quality; 
• Optimize project quality/cost ratio; and 
• Minimize project cost overrun risks. 

The project shall be divided into six major phases, described in the following 
sections, to provide the necessary controls to efficiently implement and control a 
project of this nature 

12.2 Project Phases 

The project will consist of six major phases, each terminating in a well-defined 
deliverable package, which will be presented for approval before being issued for its 
intended purpose as outlined below. 

Phase Title Deliverable 
I Detailed design engineering - Part 1 System design basis 
II Detailed design engineering - Part 2 Detailed design 
III Engineering follow-up Construction support and final 

documentation 
IV Contracting and Procurement Construction contracts and 

material purchase orders 
V Construction Completed facility 
VI Commissioning System in service 
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12.3 Detailed Design Engineering 

During designed design engineering, Part 1, the definition of all system components 
will be performed. Also, the project design approval process will be defined. 

The following is a list of the main tasks to be performed during the detailed design, Part 2: 

• Supplemental environmental investigations (by others), if required; 
• Detailed geotechnical investigations (by others); 
• Onland and subsea pipeline route surveys (by others); 
• Application to Authorities for project approval, permits, etc., (by the Owner); 
• Finalization of pipeline station locations; 
• Preparation and approval of the process flow diagrams, calculations, specifications, 

P&ID's, pipeline alignment sheets, construction drawings, and other documents; 
• Confirm the line pipe material quantity and wall thickness per the route survey data 

and hydraulic transient analysis; 
• Material quantities; and 
• Selection and tendering of the contract packages for pipeline materials and 

construction including options on commissioning. 

12.3.1 Contracting and Procurement 

During the contracting and procurement phase, all necessary contracts for delivery 
and construction activities for the project will be finalized. The scope and subsequent 
responsibilities are organized under the activities to be performed: 

• Pre-qualification of suppliers; 
• Tender preparation and submission; 
• Tender opening and evaluation; 
• Contract award; 
• Contract and procurement activities administration; 
• Changes and claims handling; 
• Purchase orders expediting; and 
• Expediting activity monitoring. 

The contracting and procurement team will identify and plan the purchase of 
equipment and materials classified as long lead items. This will minimize any impacts 
to the project schedule. 
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12.4 Construction Plans 

12.4.1 Construction Season 

PSI has estimated the construction season to be three months starting after the 
rain/wet season.  

12.4.2 Construction of Onland Facilities 

A separate contractor from the subsea pipeline contract will complete construction of 
the online facilities: head tank, and mixing tank, and the onland launder pipeline. 
Multiple construction packages may be necessary (civil, mechanical, electrical, etc.), 
and will be appended to the main construction contracts.  

The battery limits for this package begin at the discharge flange from the 
beneficiation plant at the inlet to the plant site slurry head tank to the insulation flange 
at the discharge piping of. 

12.4.3 Geotechnical Data  

A geotechnical investigation is being completed to determine the quantity or 
properties of rock, soil types, seismic activity, or landslides for the route of this 
pipeline. Geotechnical investigations will need to be completed to determine what 
sites to use, open cut methods for river and stream crossings, and to validate trench 
preparation progress rates. 

12.4.4 Environmental Assessments 

No detailed reports have been received regarding the environmental sensitive areas. 
PSI has assumed this task will be carried out and the estimate will be updated as the 
job definition evolves. No special costs were calculated into the estimate for any 
special mitigations for construction techniques. However, normal international 
standards were applied for which reasonable mitigation of impact is a part of the 
normal contractor activities. 

12.4.5 Labor Rates 

For estimating this project, PSI has not included any additional “high” labor costs for 
the project. PSI has used the standard labor rates currently in use by the local 
contractors and government standards.  

12.4.6 Pipeline Construction  

PSI recommends that the pipeline work should be contracted to two separate 
contractors – onland and subsea pipelines. Each section will have total construction 
responsibility for the work in the geographical area of the pipeline from the head tank 
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to the mixing tank and the mixing tank to the tailings outfall and seawater intake 
pipelines. 
 
The right-of-way grading, the access road improvements, camp installations, 
preparation of pipe storage areas, and some hauling of pipe to the pipe storage areas 
will be done prior to the construction season. The grading work and access roads will 
be worked on multiple fronts. The pipe laying activities of the mainline spreads will 
be completed during the actual five month construction season. 
 

12.4.7  Project Office 

The contractor will have a project office that will likely be located in Madang. Most 
contractors assign as much direct construction activity as practical to the 
superintendent who is normally located at the field camp. 

However, some functions such as project management, client relations, contract 
administration, material import coordination, and international travel arrangements 
are best handled from a permanent location in the town that is best situated for these 
functions.  

12.4.8 Field Office 

The field office will be located at the camp that is supporting the major construction 
effort. This office will usually be headed by the pipeline superintendent and all 
construction operations and supporting functions and the field will answer to it. 
 

12.4.9 Right-of-Way Grading 

The grading will be completed during the “regular construction season” so that there 
will be access along the entire pipeline route during the actual pipeline construction 
operations. PSI has assumed that the contractor will work the grading crews on one 
front per spread.   

It is assumed that there will be no restricted right-of-way width. The right-of-way will 
be graded to provide a minimum of 24 meters of level workspace. This working space 
is critical because of the limited access available on this job. There will be a great 
deal of personnel, equipment, and pipe moving along the right-of-way on a daily 
basis. Restricted graded right-of-way width will have significant cost and schedule 
impacts. It is also assumed that there will be no restrictions that prevent “side-
casting” of the graded material. No allowance is included in the estimate for hauling 
off graded material unless it interferes with local traffic. 
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12.4.10 Blow & Splice Fiber Optic Cable 

After all of the pipe and conduit is installed, tied-in, and tested, the fiber optic cable 
will be blown into the conduit. This is accomplished by using multiple Cable Jet 
machines located at the splice points and intermediate blow points. It is estimated that 
a crew using three Cable Jets can install and splice a reel of cable every two days. 

12.4.11 Subsea Pipeline Construction 

The pipes will be trenched into the beach and through the surf zone.  The land portion 
of the excavation can be undertaken by excavator but the marine section will need a 
clam operated from a barge mounted crane. 

The marine sections of the pipeline would be butt fused welded on-land on a track 
and bogey system.  Type 1 ballast weights, cast on site, would be installed and 
auxiliary buoyancy attached to aid in the sinking.  The whole assembly will be 
launched by means of the rails and bogeys and towed into place and sunk.  Sinking 
will require buoyancy control through water pumping and air release and an 
appropriate sized tug to maintain tension and pipeline alignment while sinking.  Type 
2 ballast weight would be lowered into place and the pipeline tested. 

The detailed task are sequenced below: 

1. Construct rail and bogey launching assembly; 
2. Perform bathymetric survey of route; 
3. Construct headtank; 
4. Install mixtank; 
5. Fuse, install, test and bury land section; 
6. Clear marine pipeline route, move any obstructions; 
7. Fuse and launch the marine pipe; 
8. Construct the auxiliary buoyancy; 
9. Install the intake pipe and test; 
10. Install the outfall pipe and test; 
11. Place type 2 weights; 
12. ROV inspection of marine pipelines 
13. Jet pipelines into bed; 
14. Diver inspection of burial. 

 

12.5 Project Schedule 

The anticipated timing for construction of the slurry pipeline is shown in Table 12.4 
Project Milestone Schedule. The major activities include detailed design, 
procurement, construction, and commissioning. This timing assumes rapid response 
between the owners and responsible engineering group. Long response time due to 
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administrative delays could lengthen the period. Some shortening of the period could 
be accomplished by overlapping activities. Long delivery item orders must be placed 
quickly after the basic engineering design is approved. 
 

Table 12.5 - Project Milestone Schedule 

Milestone Date 
Begin Detailed Design August 1, 2008 
Onland and Subsea Surveys August 1, 2008 
Complete Detailed Design December 31, 2008 
All Permits Received December 31, 2008 
Award Onland Pipeline Construction Contract February 28, 2009 
Award Subsea Pipeline Construction Contract February 28, 2009 
Complete Construction July 31, 2009 
Project Completion August 31, 2009 
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