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EDITORIAL
It is three months into the new year and there are already several issues impacting the dredging 
world, most important of them, the current low oil prices. It is an issue that industry experts 
should pay attention to. The low oil prices will have an influence on the dredging industry and 
its turnover as many dredging companies are executing projects that are oil and gas related and 
these projects have been delayed or cancelled. However, the amount of influence it will have on 
the industry and the performance of our members is something that has yet to be seen.

On the other hand, it is not the first time that the dredging industry is facing a similar 
(economic) crisis and if one looks back over the years, dredging companies have always been 
flexible and creative in getting new projects. Moreover, on a positive note, low oil prices denotes 
lower costs for dredging since fuel is a significant expense in a dredging operation. Governments 
and potential clients should make use of the current low fuel costs to execute their projects and 
hopefully, this will mitigate the costs of delayed or cancelled oil and gas projects for dredging 
organisations. 

Moving on to Terra et Aqua, this is new editor, Priya de Langen’s first issue. She took over the 
duties from former long-serving editor, Marsha Cohen at the end of December last year and I 
wish her luck with future Terra issues. 

The current edition of Terra features diverse articles – from a project in Vietnam to an updated 
model on rock cutting process. The first article highlights the use of geotextiles tubes in the 
construction of the longest sea-crossing bridge in Vietnam, the Lach Huyen Port Project. The 
second article, "Modelling the effect of water depth on rock cutting processes with the use 
discrete element method", won IADC’s Young Author Award in November last year at the 
CEDA Dredging Days. It gives an insight into rock cutting processes and the effect of water 
depth on them when utilising the Discrete Element Method (DEM) with an extended fluid 
coupling. The final article talks about the different types of FIDIC contracts that were introduced 
over the years and how complex contracts are essential for the dredging industry that is 
impacted by global macro-economic concerns. 

I hope you enjoy reading this issue. 
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ABSTRACT

The Lach Huyen Port Project involves the 
construction of a new deep sea port for the 
northern region of Vietnam. Part of the 
project involves the construction of a 15.6 km 
long highway linking the Hanoi-Haiphong 
Expressway at the Tan Vu Interchange on the 
mainland to Lach Huyen Port on the eastern 
side of Cat Hai Island. The highway includes 
the 5.4 km long Lach Huyen Bridge with 84 
spans supported by piers across the sea. 
Except for the presence of a deeper 
navigational channel, the seabed generally 
consists of intertidal flats. The top most soil 
layer with thickness of about 6 to 9 m consists 
of very soft organic sandy silty clay. The 
maximum tidal range can be as high as about 
4 m. Bridge construction works require heavy 
machinery for installation of foundation piles, 
construction of bridge piers and launching of 
bridge sections. Soft ground and tidal 
conditions are the two main construction 
challenges imposed by the site environment. 
To allow bridge construction works to be 
carried out on dry land expediently, two 
construction works platforms with 
approximate width of 26 m and 3.9 km in 
total length were reclaimed along the 
alignment of the bridge. About 27 km of 
geotextile tubes were used as reclamation 
bund, segmentally stacked up to five layers 

high over intertidal soft clay deposits for the 
construction of the platforms. Sand was 
dredged offshore and transported to the site 
using a combination of barging and hydraulic 
pumping for the construction of the 
platforms. A portion of 1.5 km of the bridge 
was constructed by the offshore method 
using work barges. A 1 km long channel 
along the alignment of the bridge was 
dredged to increase water depth sufficiently 
to allow the work barges to operate without 
any low tide interruptions. Geotextile tubes 
were used to construct the containment bund 
of the 620,000 m3 dredged sediment 
containment facilities. Upon completion in 
2017, Lach Huyen Bridge will be the longest 
sea-crossing bridge in Vietnam. 

INTRODUCTION

Hai Phong Port and Cai Lan Port are the two 
ports currently serving the northern region of 
Vietnam. It is estimated that demand for 
containerised cargo in the northern region of 
Vietnam will be 42 million tons in 2015, 
which will further increase to 59 million tons 

by 2020 in tandem with economic growth, 
well beyond the combined capacities of the 
two existing ports. Also, in recent years, there 
is a growing trend in of shipping companies 
increasing their orders for large-container 
vessels to meet customers’ needs and to 
reduce cost. In order to upgrade the functions 
of the northern region of Vietnam and to 
become an international distribution centre, it 
is necessary to develop a port that has 
sufficient depth to accommodate large 
container vessels. The new Lach Huyen Port 
located on the eastern side of Cat Hai Island 
was planned and designed as a deep sea port 
to handle larger vessels and to cope with the 
projected growth of demand in cargo volume.

Package 6 of the overall Lach Huyen Port 
Infrastructure Construction Project, involves 
the construction of a new 15.6 km long 
highway linking the Hanoi-Haiphong 
Expressway at the Tan Vu Interchange on the 
mainland to Lach Huyen Port. The proposed 
Tan Vu-Lach Huyen Highway provides a 
shortened link between the Hai An District 
and Cat Hai Island. The travel time between 
Tan Vu Interchange and Lach Huyen Port will 
be reduced from the 2011 estimate of  
2.5 hours to about 15 minutes with the 
completion of the new highway (see Figure 
1). The highway includes the 5.4 km long 
Lach Huyen Bridge with 84 spans supported 

GEOTEXTILE TUBE APPLICATIONS FOR 
CONSTRUCTION OF THE LONGEST  
SEA-CROSSING BRIDGE IN VIETNAM

TACK WENG YEE

Above: About 27 km of geotextile tubes were used as 

reclamation bund for the construction of platforms for 

bridge building works at the Lach Huyen Port Project.

Geotextile Tube Applications for Construction of the Longest Sea-Crossing Bridge in Vietnam  5
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16 m wide accommodating four lanes for 
vehicles and two safety corridors while the 
approaches will be 29.5 m wide for traffic 
design speed of 80 km per hour (see Figure 2). 

SITE CONDITIONS AND 
CONSTRUCTION CHALLENGES

Geology
The area consists of Quaternary coastal 
sediments overlying a Pleistocene land surface, 
and represents the Holocene marine 
transgression and regression. Up until 6000 

by piers. The bridge site spans across the 
combined estuary of Bach Dang River and 
Cam River. The Lach Huyen Bridge consists of 
the 4.4 km western approach bridge, the  
0.5 km main bridge (over the navigational 
channel) and the 0.5 km eastern approach 
bridge. The western abutment of Lach Huyen 
Bridge is located just south of Dinh Vu 
Development Area while the eastern 
abutment is located at the western shore of 
Cat Hai Island. Upon completion in 2017, 
Lach Huyen Bridge will be the longest sea-
crossing bridge in Vietnam. The bridge will be 

years ago, the sea rose to around or above its 
present elevation, converting the Pleistocene 
terrestrial landscape to a Holocene tidal 
landscape of tidal flat, channel and mangrove 
environments. The sea level lowered at 
around 4000 years ago that triggered a switch 
in the dominant sedimentary processes, 
allowing floodplain sediments to be deposited 
increasingly seawards.

Climate
Haiphong has a tropical climate with high 
humidity and temperatures. The average 
annual rainfall is 1760 mm (over 76 years of 
observations). The rainy season covers the 
months from May to October and accounts 
for about 80% of the total annual rainfall. 
The dry season is from November to March. 
The months from October to December are 
particularly foggy. For about twenty days of 
the year the visibility is less than one km, 
occurring mostly during October to December. 
Generally, the winds in the Haiphong area are 
gentle. Winds of 1 to 4 m/s account for 60% 
of occurrences while winds over 10 m/s 
account for only 2% of occurrences. 
According to wind records in Hon Dau 
Observatory the dominant directions are the 
east, south-east, south and north. The area is 
occasionally subjected to typhoons, typically 
from June to September. The strongest 
measured winds induced by typhoons reached 
51 m/s on August 21, 1977.

Figure 1. Layout of Tan Vu-Lach Huyen Highway.

Figure 2. Google satellite photo of the combined estuary of Bach Dang River and Cam River and the alignment of Lach Huyen Bridge.



treatment ground conditions at the 
Bridgestone plant. There are four distinct 
layers of the deposits. The soft clay layers 
have low bearing capacity and excessive 
settlement characteristics. The first layer 
consists of very soft organic sandy silty clay 
with thickness of about 6 to 9 m and 
undrained shear strength of about 5 kN/m2. 
The second layer consists of soft to very soft 
clay with fine sand with thickness of about 6 
to 8 m and undrained shear strength of about 
10 kN/m2. Below that is an approximately 4.5 
m layer of stiff to very stiff clay with gravel. 
The fourth layer generally consists of medium 
stiff clay. Figure 3 shows the typical 
foundation soils and the moisture contents 
and undrained shear strengths before and 
after ground improvement.

Construction Challenges
The bridge construction works require heavy 
machinery for installation of foundation piles, 
construction of bridge piers and launching of 
bridge sections. The soft ground and tidal 

conditions are the two main construction 
challenges imposed by the site environment. 
The soft ground conditions create difficulty for 
machinery to work on. Also, a significant 
portion of the bridge alignment is under 
shallow water either part of the day or at all 
times. Except for the navigation channel 
under the main bridge, there is insufficient 
water depth for access for work barges during 
all tidal conditions. Both land-based and 
offshore construction methods are employed 
along different segments of the bridge 
alignment (see Figure 4). To allow bridge 
construction works to be carried out on dry 
land expediently two construction works 
platforms were reclaimed along the alignment 
of the bridge. The platforms with approximate 
width of 26 m and 3.9 km in total length 
were built to RL 2.55 m. A portion of 1.5 km 
of the bridge was constructed by the offshore 
method using work barges. A 1 km long 
channel along the alignment of the bridge 
was dredged to increase water depth 
sufficiently to allow the work barges to 
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Tides, Waves and Currents 
Haiphong has the diurnal tidal regime i.e. one 
high tide and one low tide every day. The 
spring tide/neap tide cycle is 14 days with a 
maximum tidal range of nearly 4 m. The 
highest high water level (HHWL) is at +2.55 
m. The mean high water level (MHWL) is at 
+1.97 m. The mean low water level (MLWL) is 
at -1.67 m .The mean tide level (MTL) is at 
+0.15 m. The Hon Dau Station records of 
2006 to 2008 show that 60% of waves come 
from directions of the quadrant of the east to 
the south. Wave heights of more than 1 m 
occur about 9% of the time. The significant 
wave height, Hs, is 1.7 m with a peak wave 
period of 11.16 s. The tidal wave propagates 
from south to north with mean velocities 
between 0.2 to 0.3 m/s. The maximum ebb-
tidal current is 0.6 m/s while the maximum 
flood-tidal current is 0.5 m/s.

Foundation
The subsoil in the area generally consists of 
very thick alluvial and marine clay deposits 
above a dense to very dense sand/gravel 
foundation. The Dinh Vu Development Area 
was reclaimed from the sea. At the new 
Bridgestone tyre plant close to the project 
site, prefabricated vertical drains and 
surcharging were used to improve the soft 
ground. Mountulet et al. (2013) documented 
in great detail the pre-treatment and post-

Figure 3. Typical foundation soils at Bridgestone tyre factory, located near the Lach Huyen Bridge project site (after 

Montulet et al. 2013).
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in-between are temporarily closed. One end is 
for the pumping in of sand slurry while the 
other end is for water pressure relief and 
discharge. In this way, the sand slurry will 
flow from one end to the other of the 
geotextile tube gradually depositing sand 
along the way. It may be necessary to move 
the filling point in order to achieve more even 
filling of the geotextile tube. After completion 
of filling, the port sleeves are closed and 
attached to the geotextile tube in a manner 
sufficient to prevent sand loss and movement 
of the sleeve by wave action. 

Design Methodology
From a technical standpoint the geotextile 
tube needs to fulfil the following (Yee, 2002):
•  Internal stability 

-  The geotextile used to fabricate the tube, 
including seams and closure, need to 
withstand the stresses encountered 
during the filling process (commonly 
referred to as the tensile strength 
requirement)

operate without any low tide interruptions.

GEOTEXTILE TUBE AND 
CONSTRUCTION ADVANTAGES
Definition
Geotextile tube is defined as “a large tube 
[greater than 7.5 feet (2.3 m) in 
circumference] fabricated from high strength, 
woven geotextile, in lengths greater than 20 
linear feet (6.1 m)”, according to GRI Test 
Method GT11: Standard Practice for 
“Installation of Geotextile Tubes used as 
Coastal and Riverine Structures”. 

Installation
Geotextile tubes used in coastal and riverine 
applications are typically filled hydraulically 
with sand. Also, filling ports are geotextile 
sleeves sewn into the top of the geotextile 
tube into which the discharge pipe is inserted 
(see Figure 5). They are typically laid at the 
final intended location prior to filling. Initially, 
the filling ports at the extreme ends of the 
geotextile tube are utilised while those 

 -  The geotextile should prevent loss of 
fines during installation and under 
in-service wave and flow attacks 
(commonly referred to as the sand 
tightness requirement)

•  External stability 
-  The sand filled geotextile tube structure 

should be stable against wave and 
current attacks (commonly referred to as 
the hydraulic stability requirements)

 -  The sand filled geotextile tube structure 
should be stable against sliding, 
overturning, bearing and global slip 
failures (commonly referred to as the 
geotechnical stability requirements (see 
Figure 6)

•  Durability and robustness 
-  The geotextile should withstand 

installation stresses and perform as 
required over the lifespan of the design 
(commonly referred to as the survivability 
requirement)

One of the critical stressing moments for a 
geotextile tube is during the pumping of slurry 
into the geotextile tube. Design software like 
GeoCoPS (Leshchinsky & Leshchinsky, 1995) 
and SOFFTWIN (Palmerton, 1998) that will 

Figure 5. Schematic of filling of geotextile tube with sand slurry.

Figure 6. Geotechnical stability checks (adapted from 

Yee, 2002) (a) sliding (b) bearing (c) overturing (d) 

global.

Figure 4. Layout of Lach Huyen Bridge and location indicating adoption of land-based construction and offshore 

construction methods.
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to the sand stockpile depot or to a specific 
work area where the sand is needed. From 
the stockpile depot, sand is pumped through 
about 3 km of HDPE pipeline with a diameter 
of 300 mm to the temporary storage yard.  
A booster pump is used midway to maintain 
sufficient pressure throughout the pipeline. 
When required, sand is pumped from the 
temporary storage yard for the installation of 
geotextile tube and reclamation of works 
platform (see Figure 4). 

Technical Properties of Geotextile 
Tube
The project specification for geotextile tube is 
based on tensile strength and sand tightness 
requirements. The geotextile tube fabric 
should have tensile strength of more than 204 
kN/m, tested according to JIS L 0221 or ASTM 
D4595 or equivalent test methods. The 
geotextile tube supplied to the project is 
fabricated from high tenacity woven 
polypropylene fabric. Typically, the geotextile 
tube has tensile strengths ranging between 
215 to 225 kN/m in the fabric machine 
direction and between 230 to 250 kN/m in 
the fabric cross direction. The pore size, O90, 
of the geotextile tube fabric ranges typically 
between 0.3 to 0.35 mm, tested according to 
ISO 12956. The strength retention after 500 
hours of exposure in the Xenon Arc 
accelerated UV testing chamber, tested 
according to ASTM D4355, is in excess of 
90%. Although this is generally considered 

very high, nonetheless, the geotextile tubes 
are expected to remain fully exposed up to 
five years as the issue of UV resistance and 
survivability of the geotextile became an 
important issue early on in the project. 

Works Platform
To allow bridge construction works to be 
carried out on dry land expediently two 
construction works platforms with 
approximate width of 26 m and 3.9 km in 
total length were reclaimed along the 
alignment of the bridge. Figure 7 shows the 
typical cross section of the construction works 
platform constructed using geotextile tubes as 
reclamation bunds. This construction 
technique is used for the first time in Vietnam 
but has been used widely in Korea in the past 
(Yee et al. 2007; Yee & Choi, 2008). The 
geotextile tubes were hydraulically filled with 
sand dredged offshore. About 27 km of 
geotextile tubes were used as reclamation 
bund, segmentally stacked up to five layers 
high over intertidal soft clay deposits for the 
construction of the platforms. The geotextile 
tubes used for the construction of the 
reclamation bund comprised of 
circumferences of 4.6, 6, 7.5 and 9.5 m, with 
typical lengths of 50 m. The works platform 
together with the geotextile tube reclamation 
bund will be embedded within a future land 
reclamation that would enlarge the Dinh Vu 
Development Area to approximately double its 
current size (see Figure 1). The installation of 

determine tensions and geometry of 
geotextile tube are available. Numerical 
analysis is based on the equilibrium of an 
encapsulating flexible shell filled with 
pressurized slurry. The fabric tensile strength 
requirement is typically specified based on the 
factored tensile force. Typically, a global factor 
of four to five to account for creep, 
construction damage, environmental damage, 
seam efficiency and such is not unusual. The 
fabric survivability requirement is typically 
specified based on the aggressiveness of the 
installation, exposure and environment. The 
fabric sand tightness requirement may be 
checked using the design criteria 
recommended by Bezuijen & Vastenburg 
(2013). For geotechnical stability checks, an 
equivalent rectangular section having the 
same height, contact width and weight as the 
analysed geotextile tube geometry may be 
adopted to simplify the analysis.  

Construction Advantages
Geotextile tube solutions can save money, 
construction time and carbon footprint, when 
compared with rockfill options. Yee et. al. 
(2013) reported a project savings of US$6.1 
million for the construction of a 
4 km polder dyke in Korea. Sand filled 
geotextile tube structures have also been 
found to generate smaller carbon footprints 
when compared with equivalent rockfill 
structures (Ter Harmsel et al. 2013; Yee et al. 
2013). Rockfill placement can induce high 
impact stresses and disturbance in soft ground 
conditions and this installation process can 
result in significant loss of material due to 
punching in of the rockfill into the soft clay 
seabed. The installation of a geotextile tube 
begins with laying of the tube onto the 
seabed and filling it hydraulically with sand, 
which is a more gentle installation process 
and results in less loss of construction material 
into the soft clay seabed.

WORKS PLATFORM, DREDGED 
SEDIMENT CONTAINMENT FACILITY 
AND TEMPORARY SAND STORAGE 
YARD
Sand Source, Dredging and Transport
Sand is dredged from the channels nearby 
and dredging is carried out using a suction 
dredger and placed inside a sand supply 
barge. When the sand supply barge is full it 
would sail to the unloading jetty for transfer 

Figure 7. Typical cross section of the temporary works platform constructed using geotextile tubes as reclamation bunds.



geotextile tubes began in July 2014 and was 
completed by December 2014. 

Dredged Sediment Containment 
Facility
The dredging works of the 1 km access 
channel were carried out using front arm 
excavators placed on a flat bottom barge. The 
dredged sediment is pumped to the dredged 
sediment containment facility. Geotextile tubes 
were used to construct the perimeter bund of 
the containment facility. The bund was 
constructed using geotextile tube with standard 
length of 15 m and circumference of 9.5 m. 
The bottom level consists of two units placed 
side by side and a top unit is then placed 
centrally above that. The containment facility 
has a storage capacity of more than 600,000 
m3. Figure 8(a) shows the cross section of the 
dredged sediment containment facility.

Temporary Sand Storage Yard
Geotextile tubes were used for containment 
and erosion protection of the temporary sand 
storage yard. This storage yard functions as a 
buffer storage of sand needed to install the 
geotextile tubes and as reclamation fill in the 

construction of the works platform and that 
needed the installation of geotextile tubes for 
the construction of the dredged sediment 
containment facility [see Figure 8(b) and 
Figure 9(a)]. This storage yard was 
constructed ahead of the other geotextile 
tube installations. One of the geotextile tubes 
at the temporary sand storage yard was used 
for the purpose of a trial installation exercise. 
This monitored full scale geotextile tube trial 
installation will be described in the following 
section. 

TRIAL INSTALLATION AND 
MONITORING WORKS
Purpose
The full scale geotextile tube trial installation 
was conducted on 15 August 2014. The 
purpose of conducting the full scale geotextile 
tube trial installation and monitoring works 
was firstly to test out the proposed 
installation methodology for the project as 
well as the suitability of selected materials 
and equipment. Secondly, the exercise 
allowed the determination of the fill material 
properties achieved through the installation 
methodology which then served as a 
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benchmark during the installation proper. 
Finally, this trial installation exercise also 
provided the opportunity for the construction 
team to gain experience. 

Materials
According to the Unified Soil Classification, 
the fill material is a well graded medium sand 
(SW) with a d90 value of 0.38 mm, tested 
according to AASHTO T 27 (see Figure 10). 
The specific gravity of the sand was 2.66, 
tested according to ASTM C128. The 
maximum dry density (MDD) is 1.63 g/m3 at 
the optimum moisture content (OMC) of 
16.4, tested according to AASHTO T 180. The 
geotextile tube used in the trial was a full size 
prototype of length 50.5 m and 
circumference 7.5 m.

Equipment
The primary equipment for the geotextile 
tube trial installation included amphibious 
excavator for feeding sand into steel tank and 
general works, bull dozer for moving sand, 
submersible sand pump (6 inches, 22 kW), 
submersible water pump (6 inches, 11 kW), 
generator set (220 kVA), steel tank for sand 

Figure 9. Photos of geotextile tube applications (a) temporary sand storage yard (b) works platform under construction (c) works platform progress westward (d) works platform 

progress eastward.

a b c d

Figure 8. Typical cross sections of other geotextile tube applications (a) dredged sediment containment facility (b) temporary sand storage yard.

a b



•  Levelling of ground (this will not be a 
necessary step for actual works)

•  Driving guide posts into the ground (see 
Figure 12a)

•  Laying of geotextile over prepared ground 
and anchoring edges with sand bags (see 
Figure 12b)

• Laying out geotextile tube over geotextile

•  Position steel gantry frame at location of 
intended filling positions (see Figure 12c)

•  Securing geotextile tube to guide posts; 
ropes are used to tie the loops at side of 
geotextile tube to the guide posts (see 
Figure 12c)

•  Placing submersible water pump into 
position

• Placing steel tank in position
•  Connecting flexible hose from water pump 

to steel tank
•  Placing submersible sand pump into steel 

tank
•  Connecting sand slurry delivery pipeline 

from steel tank to intended filling positions 
with filling elbow

•  Hanging filling elbow from steel gantry 
frame (see Figures 12d, 12e and 12f)

•  Initiating the filling process by starting the 
submersible sand pump and water pump; 
the rate of feeding of sand should be 
controlled

• Switching filling position when required 

Tube Height and Geometry Survey
Figure 13(a) shows the level survey of datum 
prior to the filling of the geotextile tube. 
Figure 13(b) shows the level survey of the top 
of a geotextile tube during the filling process. 
Figure 13(c) shows the digging of a small 
trench to obtain access to midway of the tube 
bottom for the purpose of level survey. Figure 
13(d) is a cross-section diagram of the filled 
geotextile unit showing the mode of 
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slurry preparation (5 x 2 x 2 m3), steel gantry 
frame for hanging filling pipe elbow, pipes and 
hoses. 

Installation
The geotextile tube installation sequence is 
given below:
• Setting out of geotextile tube position

Figure 10. Gradation curve of sand used for filling of trial installation geotextile tube (AASHTO T 27).

 Figure 11. Results of modified Proctor test (AASHTO T 180).

Figure 12. Installation of geotextile tube (a) installing guide posts (b) laying base geotextile (c) geotextile tube laid out (d) start of filling process (e) filling in progress (f) completion 

of filling.

a b c 

d e f 



MODELING THE LATERAL RESTRAINT 
PHENOMENON
The Fully Fluid Model
The method described by Timoshenko (1959) 
is based on the equilibrium of an encapsulating 
flexible shell filled with pressurised slurry, 
resulting in the tensile force being constant 
over the entire circumference of the geotextile 

measurement of levels and tube width. Figure 
14 shows the survey of top of geotextile tube 
level above datum with time. Measurements 
are taken at three locations; Point 1 is 5 m 
from the north end of the tube, Point 2 is in 
the middle of the tube and Point 3 is 5 m 
from the south end of the tube. Table 1 
summarises the levels, tube heights and 
widths for all three survey points. The one day 
consolidated geotextile tube height ranges 
from 1.36 m to 1.44 m with an average value 
of 1.4 m. The tube width is however 
consistent at 3.3 m, irrespective of the final 
tube height. 

Field Density Test
Table 2 shows the results of the field density 
test carried out just after installation and three 
days after installation. The soil sampling points 
correspond to the filling ports beside the survey 
points listed in Table 1. The compaction ratio 
achieved three days after installation ranges 
from 85 to 89% with an average of 87%.
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Figure 14. Level of top of geotextile tube versus time.

Survey point Top of tube 
level just 

after 
pumping 

shutdown 
minus level 

prior to 
filling (m) 

[A] Top of 
tube level  
1 day after 
pumping 
shutdown 

minus level 
prior to 

filling (m)

[B] Level of 
top of tube 
minus level 

of bottom of 
tube (m)

[B-A] Ground 
settlement at 
mid-section 
of tube (m)

Width of 
tube (m)

1 1.46 1.30 1.44 0.14 3.31

2 1.28 1.27 1.36 0.09 3.33

3 1.42 1.42 1.41 -0.01 3.31

Table 1. Level and tube width survey results

Table 2. Results of field density test (AASHTO T204)

Sa
m

p
lin

g
 

p
o

in
t

Test done just after installation
(15 Aug 2014)

Test done 3 days after installation
(18 Aug 2014)

Moisture 
content (%)

Dry density 
(m)

Compaction 
ratio (%)

Moisture 
content (%)

Dry density 
(m)

Compaction 
ratio (%)

1 23.3 0.949 58.2 5.8 1.418 87.0

2 25.6 0.931 57.1 8.3 1.458 89.4

3 24.8 1.000 61.3 7.9 1.395 85.6

MODELING THE LATERAL RESTRAINT PHENOMENON

Figure 13. Level and geometry survey of geotextile tube 

(a) datum prior to filling (b) top of tube (c) digging 

trench to midway of tube bottom (d) diagram showing 

mode of measurement.

b

c

a

d



the membrane shell. Consequently, the 
pressure in the geotextile tube is low, except 
during the final stages of filling of the 
geotextile tube. It should be noted that the 
deposition in pipeline flow is undesirable 
while deposition inside the geotextile tube is a 
prime objective. During initial stages of filling 
the geotextile tube is relatively flat due to the 
low pressure regime inside it. As more 
material is pumped into the tube, it will 
increase in height and narrow down in width 
as long as the material remains relatively fluid 
in nature, which is the basis of most of the 
currently available design tools. 

However, as deposition progresses inside the 
geotextile tube, this deposited layer will start 
acting as a lateral restraint to progressive 
narrowing down of the tube width associated 
with further filling of the tube. This happens 
when the deposited layer acts as saturated 
sand rather than as a sand slurry. The 
saturated sand layer provides passive 
resistance against attempt to progressive 
narrowing down of geotextile tube width 
associated with further filling of the geotextile 
tube. Figure 16(a) shows the geotextile tube 
geometrical response under a fully hydrostatic 
filling condition while Figure 16(b) shows the 

rolling along the bottom of the pipe. When 
pressure is further reduced a point is reached 
when the solids start to settle at the bottom 
of the pipe. A critical point is then reached 
whereby only the upper section of the pipe 
allows slurry flow and consequentially leads to 
flow resistance and increase in pressure loss. If 
this is allowed to continue, this would lead to 
a blocked pipeline when the energy 
requirements exceed the capacity of the 
pump. 

The sand slurry flow inside the incoming 
pipeline and inside the geotextile tube has a 
few key differences. Firstly, the circumference 
of the pipe is basically very small when 
compared with that of the geotextile tube. 
Secondly, the pipe section is generally rigid 
and remains relatively the same all the time 
while the geotextile tube section is flexible 
and the geometry changes with time or stage 
of deposition. Also, the geotextile tube cross 
sectional area increases with increase in tube 
height. Thirdly, the walls of the pipe is 
impermeable and thus there is no pressure 
loss resulting from seepage through the pipe 
walls. However, the membrane shell of the 
geotextile tube is permeable and there is 
pressure loss as a result of seepage through 

tube. This method is used for various design 
software (GeoCoPS, SOFFTWIN, Deltares, 
Geotube® Simulator, etc.) that will determine 
the tensile force and geometry of the 
geotextile tube (Leschinsky & Leshchinsky, 
1995; Leshchinsky et al, 1996; Palmerton, 
1998, 2002; Bezuijen & Vastenburg, 2013; 
Plaut & Suherman, 1998). They are typically 
based on the assumptions that the geotextile 
tubes are made from an inextensible fabric 
and installed over an unyielding flat ground 
surface. Some analytical formulations can 
account for yielding ground surface 
(Kazimierowicz, 1994; Plaut & Suherman, 
1998; Guo et al. 2011) while some analytical 
formulations take into account the 
extensibility of the geotextile tube (Cantré & 
Saathoff, 2011; Yee, 2012). 

Sand Flow Hydraulics and Deposition
The basic principles of pipeline delivery of 
sand slurry are best explained in stages, 
starting with the pumping of clean water. In 
order to move the water through the pipeline, 
pressure is required and this is provided by the 
dredging pump. At the pipe outlet there is 
velocity but no pressure, thus pressure loss is 
encountered along the length of the pipe. The 
water head or pressure is potential energy 
that is expensed in overcoming the frictional 
resistance offered by the pipeline wall over 
the entire length of the pipe as a result of 
creating velocity of the pumped water. 
Pressure loss increases in direct relation to 
water velocity and inverse relation to pipe 
diameter. For the pipeline to deliver sand 
slurry, the pressure loss curve deviates from 
that of pumping water. Figure 15 shows a 
typical pipe pressure versus flow velocity 
relationship of water and sand slurry in 
pipeline flow. 

Firstly, the pressure/velocity curve trends 
above that for pumping water, due to higher 
density of sand slurry over water. The curve 
can also be subdivided into three flow types 
i.e. homogenous pipe flow, layer or depth 
graduated pipe flow and partial upper section 
flow over lower section deposited solids. 
When the pressure is high enough a 
homogenous pipe flow condition will occur. 
When pressure is reduced, the flow velocity 
reduces to a point when the solids start 
concentrating near the bottom of the pipe 
with flow partly in suspension and partly 
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Figure 15. Typical pipe pressure versus flow velocity relation ship for water and sand slurry in pipeline flow (adapted 

from Bray et al. 2001).



restraint phenomenon i.e. horizontal distance 
between Point S1 and Point S2 is kept 
constant and the top arc length between 
Point S1 and Point S2 elongates 
proportionately to further increase in pressure 
of the slurry at the top of tube, Pt.

DISCUSSIONS
Analysed and Measured Tube 
Geometry
Figure 18 shows the surveyed points at Point 
3 of the monitored trial installation geotextile 
tube (see Figure 14) compared against the 
DMEM analysed geometries according to the 
following analyses:
•  fully fluid filled condition without fabric 

extensibility
•  fully fluid filled condition with fabric 

extensibility
•  lateral restraint condition with fabric 

extensibility

All the analysed upper third tube profiles 
agreed very well with the surveyed points. 
However, the lower third tube profiles 
obtained from the fully fluid condition 
analyses (for both with and without fabric 
extensibility) did not agree well with the 
surveyed points. The analysed tube overall 
geometry agreed well with the surveyed 

SOFFTWIN and Geotube® Simulator 
programmes currently available for the 
analysis of the fully fluid filled geotextile tube. 
However, currently available softwares are 
unable to model the lateral restraint 
phenomenon in design. 

DMEM was used to incorporate the lateral 
restraint phenomenon in design. The 
modelling of geotextile tube with lateral 
restraint phenomenon involves two analytical 
stages. The first analytical stage involves using 
DMEM to analyse the stage geometry under 
fully fluid filled condition. The width of the 
tube in stage 1 analysis is assumed as the 
lateral restrained width (see Figure 17). In 
stage 2 analysis the top fabric portion is taken 
as a flexible canopy with its ends attached to 
two fixed points (Point S1 and Point S2) 
uplifted hydraulically by pressurised slurry. The 
sand deposit in the bottom section is assumed 
to be fully bonded with the geotextile tube 
fabric that is in contact. The geometry of this 
bottom section and the tensions developed in 
the membrane in contact with this bonded 
and laterally restrained bottom section 
remains constant and unaffected by the 
second stage filling. DMEM is also used for 
the second analytical stage. The appropriate 
boundary conditions that reflect the lateral 

effect of the lateral restraint phenomenon on 
the geotextile tube geometrical response. Yee 
et al. (2010) reported observation of this 
lateral restraint phenomenon during the 
installation of geotextile tube with a 
circumference of 15.7 m were filled with 
coarse sand. When the lateral restraint 
phenomenon takes hold, further tube height 
gain is largely due to fabric elongation in 
response to tension build up in the fabric. The 
pressure inside the geotextile tube will 
gradually build up as the flow sectional area is 
reduced with the progress of deposition. This 
will continue until a stage when very little 
gain in geotextile tube height is achieved over 
time with the pressure increasing 
exponentially. A point will then be reached 
when the structural integrity of the geotextile 
tube will be compromised. 

Modelling of Geotextile Tube with 
Lateral Restraint Phenomenon using 
DMEM
The graphical solution using Discrete 
Membrane Elements Method (DMEM) was 
developed by Yee (2012) for the analysis of 
the fully fluid filled geotextile tube. The paper 
(Yee, 2012) may be referred to for full 
formulation details. The solution using DMEM 
agrees almost perfectly with GeoCoPs, 
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Figure 17. Two staged analysis to account for lateral restraint phenomenon (a) stage 1 analysed under fully fluid filled condition (b) stage 2 analysed with fixed width of tube.

a b

a b

Figure 16. Geotextile tube geometry response (a) under fully fluid filling condition (b) under influence of the lateral 

restraint phenomenon (adapted from Yee et al, 2010).
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can be achieved for the analysis with fully 
fluid filled condition but when tube restraint 
phenomenon is taken into account the tube 
height increase with tube pressure will be very 
small over the range of tube height of 1.2 to 
1.4 m. The analysis with lateral restraint 
phenomenon and fabric extensibility 
accounted for thus seems to predict an 
inflation refusal height that agrees better with 
reality.
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to understand why this is taking place the 
relationship between tube height and tube 
pressure is studied. 

Figure 19 shows the plot of tube height, h, 
versus pressure at top of tube, Pt, from the 
analyses using DMEM. It can be seen that the 
analysis with fully fluid filled condition 
(irrespective of whether fabric extensibility is 
considered or ignored) generally overestimates 
the inflation refusal height. Figure 14 shows 
the inflation refusal height detected in the 
field trial to be about 1.3 to 1.4 m. Figure 19 
shows that a tube height of over two metres 

points when lateral restraint phenomenon and 
fabric extensibility are both accounted for.
 
Inflation Refusal Height 
Looking at Figure 14, it should be noted that 
during the pumping process tube height 
increased steadily initially but began slowing 
down after the tube reached about one metre 
in height. When the tube reached about 1.3 m 
it was increasingly more difficult to achieve 
further height increase. Inflation height refusal 
may be defined as the state whereby very 
little tube height increase is seen even at 
relatively high tube pressures. In an attempt 

Figure 19. Plot of tube height versus pressure at top of tube analysed with and without lateral restraint phenomenon accounted for.

Figure 18. Comparison of surveyed points against analysed geometry.
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CONCLUSIONS

A case study involving the use of 
geotextile tubes for the construction of 
the longest sea crossing bridge in 
Vietnam has been presented.  
A monitored full scale geotextile tube 
trial installation was conducted before 
major construction took place. The 
geometry of the monitored geotextile 
tube deviated from the tube geometry 
derived assuming a fully fluid filled 
condition and ignoring fabric 
extensibility, an approach adopted by 
available design software. Such design 
software also tends to overestimate the 
inflation refusal height. A solution using 
DMEM that can account for lateral 
restraint phenomenon and fabric 
extensibility has been presented. The 
solution predicted a tube geometry and 
inflation refusal height that agreed well 
with the monitored geotextile tube. 
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MODELLING THE EFFECT OF WATER DEPTH 
ON ROCK CUTTING PROCESSES WITH THE 
USE OF DISCRETE ELEMENT METHOD

RUDY HELMONS, SAPE ANDRIES MIEDEMA AND CEES VAN RHEE

complex compared to dry, land-based 
excavations due to the fact that in dredging 
the rock is most often cut under water. The 
water that is present in the pores of the rock 
and surrounding it can have a major influence 
on the rock cutting process by increasing the 
required cutting forces. Therefore, this paper 
focuses on the effects that arise due to the 
presence of a fluid (seawater) on the rock 
cutting process, especially the effect of the 
fluid pressure in the pores of the rock and 
surrounding the rock.

The basic physical phenomena that occur 
during rock cutting are fracturing and 
fragmentation of the rock due to the 
mechanical action of the cutting tool.  
The rock failure mechanism during cutting 
depends on many factors, especially the type 
of rock and rock properties, tool geometry 
and its position with respect to the rock. In 
addition, depending on the type of rock, rock 
properties and the conditions of the rock, 
distinction can be made between brittle and 
ductile failure. Rock chips are formed and 
separated due to the combined action of 
shear and tensile fracture, which is initiated in 
a crushed zone (cataclasis) near the tool tip and 
transmitted into the intact rock (see Figure 1).

Optimisation of the rock cutting equipment 
requires knowledge about the cutting process, 

successful in the modelling of rock cutting 
processes for dry, land-based operations. In 
order to make the DEM useful for underwater 
excavations, it has been extended with a fluid 
coupling. The results of this extension with 
respect to the effect of water depth will be 
presented. A clear distinction between shallow 
water (brittle) and deep water cutting (ductile) 
has been observed. The newly developed 
method will give more insight in the physical 
processes that occur during cutting and it can 
help to improve the design and operational 
guidelines of the cutting equipment and 
processes.

INTRODUCTION

A variety of rock cutting works are carried out 
in dredging engineering by means of different 
machines and cutting tools. Whether it is for 
the construction of ports on new locations, 
the widening of canals through mountainous 
terrain or deep sea mining, efficient rock 
cutting is still one of the challenges that the 
dredging industry is facing. The rock cutting 
process for dredging purposes is even more 

ABSTRACT

This paper won the IADC Young Author 2015 
award and was published in the Proceedings 
of CEDA Dredging Days in November 2015. It 
is reprinted here in an adapted version with 
permission.

Whether it is for the construction of ports on 
new locations, the widening of canals through 
mountainous terrain or deep sea mining, 
efficient rock cutting is still one of the 
challenges that the dredging industry is 
facing. This gets more challenging since rock 
cutting in dredging is most of the time an 
underwater process. The water surrounding 
and in the pores of the rock can have a major 
influence on the rock cutting process by 
increasing the required cutting forces

During cutting, the rock matrix deforms and 
as a result local fluid pressure differences will 
occur. The magnitude of these pressure 
differences and its effect on the cutting 
process depends on the water depth and the 
cutting velocity. As a result, rock that is brittle 
under atmospheric conditions will behave 
more ductile in larger water depths. This 
paper focuses on the effect that the water 
depth can have on the cutting process.

The Discrete Element Method (DEM) has been 

Above: Rock cutting in dredging is mostly an 

underwater process. The water surrounding and in the 

pores of the rock can influence the cutting process.



which can be obtained not only from 
experiments and field measurements, but also 
by simulations. The cutting process is 
influenced by four different groups of factors:

• Properties of rock and rock mass
• Design of the cutting tool
•  Operational parameters such as cutting 

depth, cutting speed, line spacing, etc.
•  Environmental parameters such as dry, 

submerged, water depth, etc.
All these factors influence the performance 
and efficiency of the cutting process. 

Different models have been used to predict 
cutting force for a given cutting tool and rock 
properties. These models are based on 
experimental, analytical and numerical 
approaches. Experimental studies of rock 
cutting enabled better understanding of rock-
tool interaction and provided information 
necessary for theoretical modelling. Simple 
analytical models have been created in 
attempt to describe the cutting processes. 
One of the earliest models is a 2D model 
developed by Evans (1965) for rock cutting 
with drag picks. In this model it is assumed 
that the breakage mechanism is essentially 
tensile and occurs along the failure surface, 
which approximates a circular arc. Another 2D 
model has been developed by Nishimatsu 
(1972) who assumed that failure is purely due 
to shear and occurs along a plane. Miedema 
(2014) adapted the Nishimatsu model, such 
that it is able to deal with tensile and shear 
failures. Although these rock cutting models 
are quite effective to predict the cutting 
forces, they are limited in their level of detail 

on the rock cutting process.

The rock failure process during cutting can be 
traced in more detail by using appropriate 
numerical models. A number of numerical 
studies of rock cutting use the finite element 
method (FEM). However, the FEM is based on 
continuum mechanics theory of material 
modelling. Thus, the FEM has serious issues in 
representing the discontinuities that occur 
during cutting. Special formulations are 
necessary to introduce the possibility of dis-
continuum analysis of rock fracture. In many 
cases, analysis of rock cutting by FEM is 
limited to the initial stage of major chip 
formation since the utilised formulation does 
not allow for the continuation of the analysis 
in the post-failure stage in which the process 
goes through the transition of rock mechanics 
to granular flow.

The discrete element method (DEM) can take 
into account most kinds of discontinuities and 
material failure characterised with multiple 
fractures, which makes it a suitable tool to 
study rock cutting. The discrete element was 
successfully applied to simulation of rock 
cutting by Huang (1999); Huang et al. (2013) 
and Rojek et al. (2011). A 3D DEM model of 
rock cutting with conical picks was developed 
by Su and Akcin (2011). Several attempts have 
been done to model the rock cutting process 
for (oil and/or gas) drilling. For instance, the 
model of Huang was used by Lei and Kaitkay 
(2003) to study rock cutting under a high 
confining pressure. Mendoza Rizo (2013) used 
another formulation to define the effect of a 
hydrostatic pressure and compared his results 

with those of Lei and Kaitkay. Although the 
approaches of Lei and Kaitkay (2003) and 
Mendoza Rizo (2013) are able to mimic the rock 
cutting process under a high pressure, they 
both neglected the effects of pore pressures 
and fluid velocity (hydraulic conductivity).

CONFINING AND EFFECTIVE STRESS
The flow of fluid in and surrounding a rock is 
the main phenomenon that controls the 
effective stress in a rock. These mechanisms 
have long been recognised to cause the 
difference in strain-rate dependency of the 
rock strength for dry and saturated rock 
samples. Pore pressures work as a 
counteracting effect on the normal stress 
within a rock, which is expressed by Terzaghi’s 
law of effective stress [Terzaghi (1943)].

of the analysis in the post-failure stage in which the process goes through the transition of rock mechanics to
granular flow.

The discrete element method (DEM) can take into account most kinds of discontinuities and material failure
characterized with multiple fractures, which makes it a suitable tool to study rock cutting. The discrete element
was successfully applied to simulation of rock cutting by Huang (1999); Huang et al. (2013) and Rojek et al.
(2011). A 3D DEM model of rock cutting with conical picks was developed by Su and Akcin (2011). Several
attempts have been done to model the rock cutting process for (oil/gas) drilling. For instance, the model of Huang
was used by Lei and Kaitkay (2003) to study rock cutting under a high confining pressure. Mendoza Rizo (2013)
used another formulation to define the effect of a hydrostatic pressure and compared his results with those of Lei
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porosity n, fluid compressibility Cf and intrinsic permeability κ, in m2. According to Detournay and Atkinson
(2000), three different regimes can be distinguished
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Detournay and Atkinson (2000) based their definitions on the application of drilling (small cutting thicknesses,
in the order of mm’s or smaller). A somewhat similar definition is used by van Kesteren (1995) for dredging
purposes (large cutting thicknesses, in the order of several to tens of cm’s). Except in these definitions, the
regimes are divided in ξPe < 1, 1 < ξPe < 10 and 10 < ξPe. The difference between the defined drained and
transitional regimes is most likely due to differences in their applications, being a large difference in hydrostatic
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When cutting saturated rock, dilative and compactive effects occur simultaneously, which makes it difficult to
distinguish these effects and their influences during cutting. In uni-axial and tri-axial tests these effects are easier
to distinguish. The most profound phenomena that occur in the transient and high speed regime are:

• Compactive weakening (Swan et al. (1989))

• Dilative strengthening (often erroneously referred to as dilation hardening) (Brace and Martin III (1968),
Swan et al. (1989))

Compactive weakening is related to the compression of the pore bodies in the rock. When these are being
compressed, their volume decreases, resulting in an increase in pore pressure. This increase results in a larger
pressure gradient through the rock, which ’helps’ in the deformation of the rock as an additional load, see figure 2
for a schematic overview. The compactive weakening effect is also noted in single cutter tests of Zijsling (1987)
on Pierre shale.

During dilation due to the creation of new and the extension of existing microcracks, the porosity of the rock
increases and the pore pressure of an effectively undrained sample locally drops. This results in an increase of
the effective stress and thus an increase in apparent strength. A schematic overview of dilatancy strengthening is
shown in figure 3.
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increases and the pore pressure of an effectively undrained sample locally drops. This results in an increase of
the effective stress and thus an increase in apparent strength. A schematic overview of dilatancy strengthening is
shown in figure 3.
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•  Low speed regime 

of the analysis in the post-failure stage in which the process goes through the transition of rock mechanics to
granular flow.

The discrete element method (DEM) can take into account most kinds of discontinuities and material failure
characterized with multiple fractures, which makes it a suitable tool to study rock cutting. The discrete element
was successfully applied to simulation of rock cutting by Huang (1999); Huang et al. (2013) and Rojek et al.
(2011). A 3D DEM model of rock cutting with conical picks was developed by Su and Akcin (2011). Several
attempts have been done to model the rock cutting process for (oil/gas) drilling. For instance, the model of Huang
was used by Lei and Kaitkay (2003) to study rock cutting under a high confining pressure. Mendoza Rizo (2013)
used another formulation to define the effect of a hydrostatic pressure and compared his results with those of Lei
and Kaitkay. Although the approaches of Lei and Kaitkay (2003) and Mendoza Rizo (2013) are able to mimic
the rock cutting process under a high pressure, they both neglected the effects of pore pressures and fluid velocity
(hydraulic conductivity).

2 CONFINING AND EFFECTIVE STRESS

The flow of fluid in and surrounding a rock is the main phenomenon that controls the effective stress in a rock.
These mechanisms have long been recognized to cause the difference in strain-rate dependency of the rock strength
for dry and saturated rock samples. Pore pressures work as a counteracting effect on the normal stress within a
rock, which is expressed by Terzaghi’s law of effective stress (Terzaghi (1943)):

σ = σ′ + p (1)

with total stress σ, effective stress σ′ and pore pressure p. However, this generalization of Terzaghi’s law is
only applicable in quasi-static processes, where the local variations in pore pressure are negligible. This can be
estimated with the pore Peclet number, which can be interpreted as the ratio of deformation rate over the pore
pressure dissipation rate. In case of rock cutting, different definitions of the pore Peclet number exist. According
to Detournay and Atkinson (2000), the pore Peclet number ξPe is given by
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with cutting velocity vc, cutting thickness tc, pore pressure diffusivity coefficient D, dynamic fluid viscosity µ,
porosity n, fluid compressibility Cf and intrinsic permeability κ, in m2. According to Detournay and Atkinson
(2000), three different regimes can be distinguished

• Low speed regime (0 < ξPe < 0.001): the rock responds in a drained manner during failure and ∆p � 0.

• Transient regime (0.001 < ξPe < 10): pore pressure and rock deformation are weakly coupled.

• High speed regime (ξPe > 10): pore pressure and rock deformation are strongly coupled, during failure the
rock responds in an undrained manner.

Detournay and Atkinson (2000) based their definitions on the application of drilling (small cutting thicknesses,
in the order of mm’s or smaller). A somewhat similar definition is used by van Kesteren (1995) for dredging
purposes (large cutting thicknesses, in the order of several to tens of cm’s). Except in these definitions, the
regimes are divided in ξPe < 1, 1 < ξPe < 10 and 10 < ξPe. The difference between the defined drained and
transitional regimes is most likely due to differences in their applications, being a large difference in hydrostatic
pressures (in the order of several bars for dredging applications and up to tens of MPa’s for drilling applications).

When cutting saturated rock, dilative and compactive effects occur simultaneously, which makes it difficult to
distinguish these effects and their influences during cutting. In uni-axial and tri-axial tests these effects are easier
to distinguish. The most profound phenomena that occur in the transient and high speed regime are:

• Compactive weakening (Swan et al. (1989))

• Dilative strengthening (often erroneously referred to as dilation hardening) (Brace and Martin III (1968),
Swan et al. (1989))

Compactive weakening is related to the compression of the pore bodies in the rock. When these are being
compressed, their volume decreases, resulting in an increase in pore pressure. This increase results in a larger
pressure gradient through the rock, which ’helps’ in the deformation of the rock as an additional load, see figure 2
for a schematic overview. The compactive weakening effect is also noted in single cutter tests of Zijsling (1987)
on Pierre shale.

During dilation due to the creation of new and the extension of existing microcracks, the porosity of the rock
increases and the pore pressure of an effectively undrained sample locally drops. This results in an increase of
the effective stress and thus an increase in apparent strength. A schematic overview of dilatancy strengthening is
shown in figure 3.
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characterized with multiple fractures, which makes it a suitable tool to study rock cutting. The discrete element
was successfully applied to simulation of rock cutting by Huang (1999); Huang et al. (2013) and Rojek et al.
(2011). A 3D DEM model of rock cutting with conical picks was developed by Su and Akcin (2011). Several
attempts have been done to model the rock cutting process for (oil/gas) drilling. For instance, the model of Huang
was used by Lei and Kaitkay (2003) to study rock cutting under a high confining pressure. Mendoza Rizo (2013)
used another formulation to define the effect of a hydrostatic pressure and compared his results with those of Lei
and Kaitkay. Although the approaches of Lei and Kaitkay (2003) and Mendoza Rizo (2013) are able to mimic
the rock cutting process under a high pressure, they both neglected the effects of pore pressures and fluid velocity
(hydraulic conductivity).
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The flow of fluid in and surrounding a rock is the main phenomenon that controls the effective stress in a rock.
These mechanisms have long been recognized to cause the difference in strain-rate dependency of the rock strength
for dry and saturated rock samples. Pore pressures work as a counteracting effect on the normal stress within a
rock, which is expressed by Terzaghi’s law of effective stress (Terzaghi (1943)):
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with total stress σ, effective stress σ′ and pore pressure p. However, this generalization of Terzaghi’s law is
only applicable in quasi-static processes, where the local variations in pore pressure are negligible. This can be
estimated with the pore Peclet number, which can be interpreted as the ratio of deformation rate over the pore
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to Detournay and Atkinson (2000), the pore Peclet number ξPe is given by
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with cutting velocity vc, cutting thickness tc, pore pressure diffusivity coefficient D, dynamic fluid viscosity µ,
porosity n, fluid compressibility Cf and intrinsic permeability κ, in m2. According to Detournay and Atkinson
(2000), three different regimes can be distinguished

• Low speed regime (0 < ξPe < 0.001): the rock responds in a drained manner during failure and ∆p � 0.

• Transient regime (0.001 < ξPe < 10): pore pressure and rock deformation are weakly coupled.

• High speed regime (ξPe > 10): pore pressure and rock deformation are strongly coupled, during failure the
rock responds in an undrained manner.

Detournay and Atkinson (2000) based their definitions on the application of drilling (small cutting thicknesses,
in the order of mm’s or smaller). A somewhat similar definition is used by van Kesteren (1995) for dredging
purposes (large cutting thicknesses, in the order of several to tens of cm’s). Except in these definitions, the
regimes are divided in ξPe < 1, 1 < ξPe < 10 and 10 < ξPe. The difference between the defined drained and
transitional regimes is most likely due to differences in their applications, being a large difference in hydrostatic
pressures (in the order of several bars for dredging applications and up to tens of MPa’s for drilling applications).

When cutting saturated rock, dilative and compactive effects occur simultaneously, which makes it difficult to
distinguish these effects and their influences during cutting. In uni-axial and tri-axial tests these effects are easier
to distinguish. The most profound phenomena that occur in the transient and high speed regime are:

• Compactive weakening (Swan et al. (1989))

• Dilative strengthening (often erroneously referred to as dilation hardening) (Brace and Martin III (1968),
Swan et al. (1989))

Compactive weakening is related to the compression of the pore bodies in the rock. When these are being
compressed, their volume decreases, resulting in an increase in pore pressure. This increase results in a larger
pressure gradient through the rock, which ’helps’ in the deformation of the rock as an additional load, see figure 2
for a schematic overview. The compactive weakening effect is also noted in single cutter tests of Zijsling (1987)
on Pierre shale.

During dilation due to the creation of new and the extension of existing microcracks, the porosity of the rock
increases and the pore pressure of an effectively undrained sample locally drops. This results in an increase of
the effective stress and thus an increase in apparent strength. A schematic overview of dilatancy strengthening is
shown in figure 3.
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of the analysis in the post-failure stage in which the process goes through the transition of rock mechanics to
granular flow.

The discrete element method (DEM) can take into account most kinds of discontinuities and material failure
characterized with multiple fractures, which makes it a suitable tool to study rock cutting. The discrete element
was successfully applied to simulation of rock cutting by Huang (1999); Huang et al. (2013) and Rojek et al.
(2011). A 3D DEM model of rock cutting with conical picks was developed by Su and Akcin (2011). Several
attempts have been done to model the rock cutting process for (oil/gas) drilling. For instance, the model of Huang
was used by Lei and Kaitkay (2003) to study rock cutting under a high confining pressure. Mendoza Rizo (2013)
used another formulation to define the effect of a hydrostatic pressure and compared his results with those of Lei
and Kaitkay. Although the approaches of Lei and Kaitkay (2003) and Mendoza Rizo (2013) are able to mimic
the rock cutting process under a high pressure, they both neglected the effects of pore pressures and fluid velocity
(hydraulic conductivity).

2 CONFINING AND EFFECTIVE STRESS

The flow of fluid in and surrounding a rock is the main phenomenon that controls the effective stress in a rock.
These mechanisms have long been recognized to cause the difference in strain-rate dependency of the rock strength
for dry and saturated rock samples. Pore pressures work as a counteracting effect on the normal stress within a
rock, which is expressed by Terzaghi’s law of effective stress (Terzaghi (1943)):

σ = σ′ + p (1)

with total stress σ, effective stress σ′ and pore pressure p. However, this generalization of Terzaghi’s law is
only applicable in quasi-static processes, where the local variations in pore pressure are negligible. This can be
estimated with the pore Peclet number, which can be interpreted as the ratio of deformation rate over the pore
pressure dissipation rate. In case of rock cutting, different definitions of the pore Peclet number exist. According
to Detournay and Atkinson (2000), the pore Peclet number ξPe is given by
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vctc
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with cutting velocity vc, cutting thickness tc, pore pressure diffusivity coefficient D, dynamic fluid viscosity µ,
porosity n, fluid compressibility Cf and intrinsic permeability κ, in m2. According to Detournay and Atkinson
(2000), three different regimes can be distinguished

• Low speed regime (0 < ξPe < 0.001): the rock responds in a drained manner during failure and ∆p � 0.

• Transient regime (0.001 < ξPe < 10): pore pressure and rock deformation are weakly coupled.

• High speed regime (ξPe > 10): pore pressure and rock deformation are strongly coupled, during failure the
rock responds in an undrained manner.

Detournay and Atkinson (2000) based their definitions on the application of drilling (small cutting thicknesses,
in the order of mm’s or smaller). A somewhat similar definition is used by van Kesteren (1995) for dredging
purposes (large cutting thicknesses, in the order of several to tens of cm’s). Except in these definitions, the
regimes are divided in ξPe < 1, 1 < ξPe < 10 and 10 < ξPe. The difference between the defined drained and
transitional regimes is most likely due to differences in their applications, being a large difference in hydrostatic
pressures (in the order of several bars for dredging applications and up to tens of MPa’s for drilling applications).

When cutting saturated rock, dilative and compactive effects occur simultaneously, which makes it difficult to
distinguish these effects and their influences during cutting. In uni-axial and tri-axial tests these effects are easier
to distinguish. The most profound phenomena that occur in the transient and high speed regime are:

• Compactive weakening (Swan et al. (1989))

• Dilative strengthening (often erroneously referred to as dilation hardening) (Brace and Martin III (1968),
Swan et al. (1989))

Compactive weakening is related to the compression of the pore bodies in the rock. When these are being
compressed, their volume decreases, resulting in an increase in pore pressure. This increase results in a larger
pressure gradient through the rock, which ’helps’ in the deformation of the rock as an additional load, see figure 2
for a schematic overview. The compactive weakening effect is also noted in single cutter tests of Zijsling (1987)
on Pierre shale.

During dilation due to the creation of new and the extension of existing microcracks, the porosity of the rock
increases and the pore pressure of an effectively undrained sample locally drops. This results in an increase of
the effective stress and thus an increase in apparent strength. A schematic overview of dilatancy strengthening is
shown in figure 3.
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of the analysis in the post-failure stage in which the process goes through the transition of rock mechanics to
granular flow.

The discrete element method (DEM) can take into account most kinds of discontinuities and material failure
characterized with multiple fractures, which makes it a suitable tool to study rock cutting. The discrete element
was successfully applied to simulation of rock cutting by Huang (1999); Huang et al. (2013) and Rojek et al.
(2011). A 3D DEM model of rock cutting with conical picks was developed by Su and Akcin (2011). Several
attempts have been done to model the rock cutting process for (oil/gas) drilling. For instance, the model of Huang
was used by Lei and Kaitkay (2003) to study rock cutting under a high confining pressure. Mendoza Rizo (2013)
used another formulation to define the effect of a hydrostatic pressure and compared his results with those of Lei
and Kaitkay. Although the approaches of Lei and Kaitkay (2003) and Mendoza Rizo (2013) are able to mimic
the rock cutting process under a high pressure, they both neglected the effects of pore pressures and fluid velocity
(hydraulic conductivity).

2 CONFINING AND EFFECTIVE STRESS

The flow of fluid in and surrounding a rock is the main phenomenon that controls the effective stress in a rock.
These mechanisms have long been recognized to cause the difference in strain-rate dependency of the rock strength
for dry and saturated rock samples. Pore pressures work as a counteracting effect on the normal stress within a
rock, which is expressed by Terzaghi’s law of effective stress (Terzaghi (1943)):

σ = σ′ + p (1)

with total stress σ, effective stress σ′ and pore pressure p. However, this generalization of Terzaghi’s law is
only applicable in quasi-static processes, where the local variations in pore pressure are negligible. This can be
estimated with the pore Peclet number, which can be interpreted as the ratio of deformation rate over the pore
pressure dissipation rate. In case of rock cutting, different definitions of the pore Peclet number exist. According
to Detournay and Atkinson (2000), the pore Peclet number ξPe is given by

ξPe =
vctc
4D

=
vctcnµCf

4κ
(2)

with cutting velocity vc, cutting thickness tc, pore pressure diffusivity coefficient D, dynamic fluid viscosity µ,
porosity n, fluid compressibility Cf and intrinsic permeability κ, in m2. According to Detournay and Atkinson
(2000), three different regimes can be distinguished

• Low speed regime (0 < ξPe < 0.001): the rock responds in a drained manner during failure and ∆p � 0.

• Transient regime (0.001 < ξPe < 10): pore pressure and rock deformation are weakly coupled.

• High speed regime (ξPe > 10): pore pressure and rock deformation are strongly coupled, during failure the
rock responds in an undrained manner.

Detournay and Atkinson (2000) based their definitions on the application of drilling (small cutting thicknesses,
in the order of mm’s or smaller). A somewhat similar definition is used by van Kesteren (1995) for dredging
purposes (large cutting thicknesses, in the order of several to tens of cm’s). Except in these definitions, the
regimes are divided in ξPe < 1, 1 < ξPe < 10 and 10 < ξPe. The difference between the defined drained and
transitional regimes is most likely due to differences in their applications, being a large difference in hydrostatic
pressures (in the order of several bars for dredging applications and up to tens of MPa’s for drilling applications).

When cutting saturated rock, dilative and compactive effects occur simultaneously, which makes it difficult to
distinguish these effects and their influences during cutting. In uni-axial and tri-axial tests these effects are easier
to distinguish. The most profound phenomena that occur in the transient and high speed regime are:

• Compactive weakening (Swan et al. (1989))

• Dilative strengthening (often erroneously referred to as dilation hardening) (Brace and Martin III (1968),
Swan et al. (1989))

Compactive weakening is related to the compression of the pore bodies in the rock. When these are being
compressed, their volume decreases, resulting in an increase in pore pressure. This increase results in a larger
pressure gradient through the rock, which ’helps’ in the deformation of the rock as an additional load, see figure 2
for a schematic overview. The compactive weakening effect is also noted in single cutter tests of Zijsling (1987)
on Pierre shale.

During dilation due to the creation of new and the extension of existing microcracks, the porosity of the rock
increases and the pore pressure of an effectively undrained sample locally drops. This results in an increase of
the effective stress and thus an increase in apparent strength. A schematic overview of dilatancy strengthening is
shown in figure 3.

: pore 
pressure and rock deformation are strongly 
coupled, during failure the rock responds in 
an undrained manner.
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of the analysis in the post-failure stage in which the process goes through the transition of rock mechanics to
granular flow.

The discrete element method (DEM) can take into account most kinds of discontinuities and material failure
characterized with multiple fractures, which makes it a suitable tool to study rock cutting. The discrete element
was successfully applied to simulation of rock cutting by Huang (1999); Huang et al. (2013) and Rojek et al.
(2011). A 3D DEM model of rock cutting with conical picks was developed by Su and Akcin (2011). Several
attempts have been done to model the rock cutting process for (oil/gas) drilling. For instance, the model of Huang
was used by Lei and Kaitkay (2003) to study rock cutting under a high confining pressure. Mendoza Rizo (2013)
used another formulation to define the effect of a hydrostatic pressure and compared his results with those of Lei
and Kaitkay. Although the approaches of Lei and Kaitkay (2003) and Mendoza Rizo (2013) are able to mimic
the rock cutting process under a high pressure, they both neglected the effects of pore pressures and fluid velocity
(hydraulic conductivity).

2 CONFINING AND EFFECTIVE STRESS

The flow of fluid in and surrounding a rock is the main phenomenon that controls the effective stress in a rock.
These mechanisms have long been recognized to cause the difference in strain-rate dependency of the rock strength
for dry and saturated rock samples. Pore pressures work as a counteracting effect on the normal stress within a
rock, which is expressed by Terzaghi’s law of effective stress (Terzaghi (1943)):

σ = σ′ + p (1)

with total stress σ, effective stress σ′ and pore pressure p. However, this generalization of Terzaghi’s law is
only applicable in quasi-static processes, where the local variations in pore pressure are negligible. This can be
estimated with the pore Peclet number, which can be interpreted as the ratio of deformation rate over the pore
pressure dissipation rate. In case of rock cutting, different definitions of the pore Peclet number exist. According
to Detournay and Atkinson (2000), the pore Peclet number ξPe is given by

ξPe =
vctc
4D

=
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4κ
(2)

with cutting velocity vc, cutting thickness tc, pore pressure diffusivity coefficient D, dynamic fluid viscosity µ,
porosity n, fluid compressibility Cf and intrinsic permeability κ, in m2. According to Detournay and Atkinson
(2000), three different regimes can be distinguished

• Low speed regime (0 < ξPe < 0.001): the rock responds in a drained manner during failure and ∆p � 0.

• Transient regime (0.001 < ξPe < 10): pore pressure and rock deformation are weakly coupled.

• High speed regime (ξPe > 10): pore pressure and rock deformation are strongly coupled, during failure the
rock responds in an undrained manner.

Detournay and Atkinson (2000) based their definitions on the application of drilling (small cutting thicknesses,
in the order of mm’s or smaller). A somewhat similar definition is used by van Kesteren (1995) for dredging
purposes (large cutting thicknesses, in the order of several to tens of cm’s). Except in these definitions, the
regimes are divided in ξPe < 1, 1 < ξPe < 10 and 10 < ξPe. The difference between the defined drained and
transitional regimes is most likely due to differences in their applications, being a large difference in hydrostatic
pressures (in the order of several bars for dredging applications and up to tens of MPa’s for drilling applications).

When cutting saturated rock, dilative and compactive effects occur simultaneously, which makes it difficult to
distinguish these effects and their influences during cutting. In uni-axial and tri-axial tests these effects are easier
to distinguish. The most profound phenomena that occur in the transient and high speed regime are:

• Compactive weakening (Swan et al. (1989))

• Dilative strengthening (often erroneously referred to as dilation hardening) (Brace and Martin III (1968),
Swan et al. (1989))

Compactive weakening is related to the compression of the pore bodies in the rock. When these are being
compressed, their volume decreases, resulting in an increase in pore pressure. This increase results in a larger
pressure gradient through the rock, which ’helps’ in the deformation of the rock as an additional load, see figure 2
for a schematic overview. The compactive weakening effect is also noted in single cutter tests of Zijsling (1987)
on Pierre shale.

During dilation due to the creation of new and the extension of existing microcracks, the porosity of the rock
increases and the pore pressure of an effectively undrained sample locally drops. This results in an increase of
the effective stress and thus an increase in apparent strength. A schematic overview of dilatancy strengthening is
shown in figure 3.
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with cutting velocity vc, cutting thickness tc, pore pressure diffusivity coefficient D, dynamic fluid viscosity µ,
porosity n, fluid compressibility Cf and intrinsic permeability κ, in m2. According to Detournay and Atkinson
(2000), three different regimes can be distinguished

• Low speed regime (0 < ξPe < 0.001): the rock responds in a drained manner during failure and ∆p � 0.

• Transient regime (0.001 < ξPe < 10): pore pressure and rock deformation are weakly coupled.

• High speed regime (ξPe > 10): pore pressure and rock deformation are strongly coupled, during failure the
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Detournay and Atkinson (2000) based their definitions on the application of drilling (small cutting thicknesses,
in the order of mm’s or smaller). A somewhat similar definition is used by van Kesteren (1995) for dredging
purposes (large cutting thicknesses, in the order of several to tens of cm’s). Except in these definitions, the
regimes are divided in ξPe < 1, 1 < ξPe < 10 and 10 < ξPe. The difference between the defined drained and
transitional regimes is most likely due to differences in their applications, being a large difference in hydrostatic
pressures (in the order of several bars for dredging applications and up to tens of MPa’s for drilling applications).

When cutting saturated rock, dilative and compactive effects occur simultaneously, which makes it difficult to
distinguish these effects and their influences during cutting. In uni-axial and tri-axial tests these effects are easier
to distinguish. The most profound phenomena that occur in the transient and high speed regime are:

• Compactive weakening (Swan et al. (1989))

• Dilative strengthening (often erroneously referred to as dilation hardening) (Brace and Martin III (1968),
Swan et al. (1989))

Compactive weakening is related to the compression of the pore bodies in the rock. When these are being
compressed, their volume decreases, resulting in an increase in pore pressure. This increase results in a larger
pressure gradient through the rock, which ’helps’ in the deformation of the rock as an additional load, see figure 2
for a schematic overview. The compactive weakening effect is also noted in single cutter tests of Zijsling (1987)
on Pierre shale.

During dilation due to the creation of new and the extension of existing microcracks, the porosity of the rock
increases and the pore pressure of an effectively undrained sample locally drops. This results in an increase of
the effective stress and thus an increase in apparent strength. A schematic overview of dilatancy strengthening is
shown in figure 3.
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bars for dredging applications and up to tens 
of MPa’s for drilling applications).
When cutting saturated rock, dilative and 
compactive effects occur simultaneously, 
which makes it difficult to distinguish these 
effects and their influences during cutting. In 
uni-axial and tri-axial tests these effects are 
easier to distinguish. The most profound 
phenomena that occur in the transient and 
high speed regime are:
• Compactive weakening [Swan et al. (1989)]
•  Dilative strengthening (often erroneously 

referred to as dilation hardening) [Brace and
Martin III (1968), Swan et al. (1989)].

Compactive weakening is related to the 
compression of the pore bodies in the rock. 
When these pore bodies are compressed, their 
volume decreases, resulting in an increase in 
pore pressure. This increase results in a larger 
pressure gradient through the rock, which 
’helps’ in the deformation of the rock as an 

additional load, as shown in Figure 2. The 
compactive weakening effect is also noted in 
single cutter tests of Zijsling (1987) on Pierre 
shale.

During dilation due to the creation of new 
and the extension of existing microcracks, the 
porosity of the rock increases and the pore 
pressure of an effectively undrained sample 
locally drops. This results in an increase of the 
effective stress and thus an increase in 
apparent strength. A schematic overview of 
dilatancy strengthening is shown in Figure 3.
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Figure 3. Dilative strengthening, based on Brace and Martin III (1968)

Below a critical strain rate ε̇cr, there is no significant effect of the pore fluid on the failure of the rock. At strain
rates above ε̇cr, the apparent strength of a rock increases more compared to that of a drained or dry sample.
However, the strengthening effect is limited by cavitation.

In case of cavitation, the pressure in the dilative zone drops below the vapour pressure of the fluid, causing the
pore fluid to evaporate. As a result the pressure in the pores can hardly drop and the bulk compressibility of the
fluid increases several orders of magnitude. As a result, ∆p is limited. The maximum achievable ∆p, and thus
the maximum dilative strengthening, increases linearly with the hydrostatic pressure.

3 METHOD
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In DEM, the solid material is represented as a collection of particles (these can be any arbitrarily shape, most often
spheres in 3D or discs with unit thickness in 2D are used for the sake of simplicity) that have mutual interactions
in normal and tangential directions. This paper gives the description and results in 2D. The translational and
rotational motion of a particle is governed by the standard equations of rigid body mechanics

mi�ai = �Fi (3)

Ii�αi = �Ti (4)

�F and �T are the sums of all forces and moments applied to the particle i due to external loading, contact inter-
actions with neighboring objects and from damping in the system. Due to the high computational effort that is
needed to calculate the forces acting on the particles, the equations of are integrated with an explicit multi-step
time integration scheme, i.e. the velocity Verlet scheme.
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Figure 3. Dilative strengthening, based on Brace and Martin III (1968)

Below a critical strain rate ε̇cr, there is no significant effect of the pore fluid on the failure of the rock. At strain
rates above ε̇cr, the apparent strength of a rock increases more compared to that of a drained or dry sample.
However, the strengthening effect is limited by cavitation.

In case of cavitation, the pressure in the dilative zone drops below the vapour pressure of the fluid, causing the
pore fluid to evaporate. As a result the pressure in the pores can hardly drop and the bulk compressibility of the
fluid increases several orders of magnitude. As a result, ∆p is limited. The maximum achievable ∆p, and thus
the maximum dilative strengthening, increases linearly with the hydrostatic pressure.
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more compared to that of a drained or dry 
sample. However, the strengthening effect is 
limited by cavitation.
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In case of cavitation, the pressure in the 
dilative zone drops below the vapour pressure 
of the fluid, causing the pore fluid to 
evaporate. As a result, the pressure in the 
pores can hardly drop and the bulk 
compressibility of the fluid increases several 
orders of magnitude. As a result, is limited. 
The maximum achievable , and thus the 
maximum dilative strengthening, increases 
linearly with the hydrostatic pressure.
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directions. This paper gives the description 
and results in 2D. The translational and 
rotational motion of a particle is governed by 
the standard equations of rigid body 
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Figure 3. Dilative strengthening, based on Brace and Martin III (1968)

Below a critical strain rate ε̇cr, there is no significant effect of the pore fluid on the failure of the rock. At strain
rates above ε̇cr, the apparent strength of a rock increases more compared to that of a drained or dry sample.
However, the strengthening effect is limited by cavitation.

In case of cavitation, the pressure in the dilative zone drops below the vapour pressure of the fluid, causing the
pore fluid to evaporate. As a result the pressure in the pores can hardly drop and the bulk compressibility of the
fluid increases several orders of magnitude. As a result, ∆p is limited. The maximum achievable ∆p, and thus
the maximum dilative strengthening, increases linearly with the hydrostatic pressure.
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Figure 3. Dilative strengthening, based on Brace and Martin III (1968)

Below a critical strain rate ε̇cr, there is no significant effect of the pore fluid on the failure of the rock. At strain
rates above ε̇cr, the apparent strength of a rock increases more compared to that of a drained or dry sample.
However, the strengthening effect is limited by cavitation.

In case of cavitation, the pressure in the dilative zone drops below the vapour pressure of the fluid, causing the
pore fluid to evaporate. As a result the pressure in the pores can hardly drop and the bulk compressibility of the
fluid increases several orders of magnitude. As a result, ∆p is limited. The maximum achievable ∆p, and thus
the maximum dilative strengthening, increases linearly with the hydrostatic pressure.
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Figure 3. Dilative strengthening, based on Brace and Martin III (1968)

Below a critical strain rate ε̇cr, there is no significant effect of the pore fluid on the failure of the rock. At strain
rates above ε̇cr, the apparent strength of a rock increases more compared to that of a drained or dry sample.
However, the strengthening effect is limited by cavitation.

In case of cavitation, the pressure in the dilative zone drops below the vapour pressure of the fluid, causing the
pore fluid to evaporate. As a result the pressure in the pores can hardly drop and the bulk compressibility of the
fluid increases several orders of magnitude. As a result, ∆p is limited. The maximum achievable ∆p, and thus
the maximum dilative strengthening, increases linearly with the hydrostatic pressure.
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 are the sums of all forces and 
moments applied to the particle 

originally developed by Lucy (1977). DEM and SP work in a co-located fashion, meaning that both methods use
the same discretisation points.

In the DEM-SP model, the discretized particles are taken from a particle size distribution and randomly stacked
together. The unstructured positions and random size (and thus mass) of the particles can easily result in
numerical instabilities and inaccuracies. To adjust for the random size and positioning of the particles, the
Corrective Smoothed Particle Approach (CSPM) is used (Chen et al. (1999)).

In CSPM, the kernel interpolation of a field quantity A (which can be any arbitrary parameter) is calculated by

A (�ri) =

∑
j AjmjW (�ri − �rj , h)∑
j mjW (�ri − �rj , h)

(15)

with particle mass m, kernel function W , position r, smoothing length h, index i for particle under consideration
and index j for neighboring particles (including particle i). In a similar fashion, the first order derivative of a
function A is determined by

∇iA (�ri) =

∑
j (Ai −Aj)mj∇W (�ri − �rj , h)∑
j (�ri − �rj)mj∇W (�ri − �rj , h)

(16)

where ∇i is the gradient with respect to particle i. Higher order derivatives cannot be calculated directly. The
first derivative is necessary to determine the volumetric strain rate in equation (3.2),

ε̇v = ∇ · �v =
∂vx
∂x

+
∂vy
∂y

(17)

Here the Wendland C2 kernel function is used Wendland (1995)

W =

{
7
π2 (1−R)

4
(4R+ 1) if R ≤ 1

0 if R > 1
(18)

where

R =
||�ri − �rj ||

h
(19)

To calculate the diffusive term in (3.2), we make use of the results of Cleary and Monaghan (1999):

∇ · κ∇p =
∑
j

mj (κi + κj)

ρi
(pi − pj)

�nij · ∇W (�ri − �rj , h)

||�ri − �rj ||
(20)

where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.

Two way coupling is applied every timestep. DEM is advanced half a timestep, based on the intermediate velocities
the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
timestep in a forward Euler scheme. The local pressure gradient of the fluid is calculated based on the new pore
pressure distribution. The pressure gradient is then added as an interaction force to the sum of forces acting on the
particles through

�F = −∇p
πd2p
4

w (21)

with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
pressure by having fluid flow towards the cavitated zone, so if

pi < pmin then pi = pmin and
∂pi
∂t

= max

(
∂pi
∂t

, 0

)
(22)
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external loading, contact interactions with 
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the system. Due to the high computational 
effort that is needed to calculate the forces 
acting on the particles, the equations of are 
integrated with an explicit multi-step time 
integration scheme, i.e. the velocity Verlet 
scheme.
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Figure 3. Dilative strengthening, based on Brace and Martin III (1968)

Below a critical strain rate ε̇cr, there is no significant effect of the pore fluid on the failure of the rock. At strain
rates above ε̇cr, the apparent strength of a rock increases more compared to that of a drained or dry sample.
However, the strengthening effect is limited by cavitation.

In case of cavitation, the pressure in the dilative zone drops below the vapour pressure of the fluid, causing the
pore fluid to evaporate. As a result the pressure in the pores can hardly drop and the bulk compressibility of the
fluid increases several orders of magnitude. As a result, ∆p is limited. The maximum achievable ∆p, and thus
the maximum dilative strengthening, increases linearly with the hydrostatic pressure.
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It needs mentioning that It needs mentioning that �Fn+1 is actually a function of �rn+1 and �vn+1/2. Because of the use of an explicit
scheme, there is a limitation on the size of the timestep to ensure a stable solution, meaning ∆t ≤ ∆tcr. ∆tcr is
approximated by the highest of natural frequencies of a contact pair.

The interaction force between a pair of particles can either consist of a collision type or a bond type of interaction.
In both cases the force is composed of normal and tangential components, with

�F = �Fn + �Ft = �nFn + �tFt (9)

where �n is the unit vector normal to the particle surface at the point of interaction. The contact forces Fn and
Ft are determined with a constitutive model for the interaction. At the beginning of each simulation, a bond
is installed between neighboring particles. These bonds are defined by a linear elastic perfect brittle model
(see figure 4), meaning that a bond breaks immediately when its strength is exceeded. Note that a bond can
break either in normal (tension) or in tangential (shear) direction and not in compressive direction (macroscopic
compressive failure is considered as a localization of many micro-shear and tensile failures). After a bond is
broken, the bond will be removed from the simulation. Besides bonds, there are also collisional interactions. In
these interactions the normal force is only active in compressive direction and the tangential force can be either
static or dynamic friction.

Figure 4. Linear elastic perfect brittle bond model: (left) normal direction, (middle) shear direction with contact after failure and (right) shear
direction without contact after failure

To reach a quasi-static equilibirum, it is necessary that the kinetic energy dissipates. Especially since the DEM
is a highly dynamics approach, damping is required. This is done by application of numerical damping, as in
Potyondy and Cundall (2004) and is often used in DEM-applications for rock. The damping force is in the form
of

�Fd = −αd||
∑

�F ||sign(�v) (10)

with damping coefficient αd.
The DEM can be regarded as a micromechanical model, with the contact and bond model parameters being
microparameters. It is assumed that with the adequate micromechanical parameters macroscopic rock properties
are obtained, of which the Young’s modulus E, Poisson ratio ν, and compressive and tensile strengths σc and
σt are the most relevant. These properties will be used in calibrating the micromechanical model to sufficiently
mimic the macroscopic rock mechanics.

3.2 Fluid pressure
The effect of a rapidly changing effective stress is modeled with the use of a pore pressure diffusion equation, as
in Coussy (2004). This equation is based on the combination of mass conservation, Darcy flow and a constitutive
equation for the compressibility of the pore fluid, given respectively by

Dζ

Dt
+∇ · �u = 0 (11)
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µ
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p = M (ζ − αεv) (13)

which through substitution results in the pore pressure diffusion equation given by
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with pressure p, fluid bulk modulus M , intrinsic permeability κ, dynamic fluid viscosity µ, effective stress
coefficient α and volumetric strain εv .

The coupling of the discrete data obtained from the DEM computations with the pore pressure diffusion equation
(3.2) is obtained by using a Smoothed Particle (SP) approach. SP is a kernel interpolation technique that is
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To reach a quasi-static equilibirum, it is necessary that the kinetic energy dissipates. Especially since the DEM
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The DEM can be regarded as a micromechanical model, with the contact and bond model parameters being
microparameters. It is assumed that with the adequate micromechanical parameters macroscopic rock properties
are obtained, of which the Young’s modulus E, Poisson ratio ν, and compressive and tensile strengths σc and
σt are the most relevant. These properties will be used in calibrating the micromechanical model to sufficiently
mimic the macroscopic rock mechanics.
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with damping coefficient αd.
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originally developed by Lucy (1977). DEM and 
SP work in a co-located fashion, meaning that 
both methods use the same discretisation 
points.

In the DEM-SP model, the discretized particles 
are taken from a particle size distribution and 
randomly stacked together. The unstructured 
positions and random size (and thus mass) of 
the particles can easily result in numerical 
instabilities and inaccuracies. To adjust for the 
random size and positioning of the particles, 
the Corrective Smoothed Particle Approach 
(CSPM) is used [Chen et al. (1999)].
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In CSPM, the kernel interpolation of a field quantity A (which can be any arbitrary parameter) is calculated by
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∑
j AjmjW (�ri − �rj , h)∑
j mjW (�ri − �rj , h)

(15)

with particle mass m, kernel function W , position r, smoothing length h, index i for particle under consideration
and index j for neighboring particles (including particle i). In a similar fashion, the first order derivative of a
function A is determined by

∇iA (�ri) =

∑
j (Ai −Aj)mj∇W (�ri − �rj , h)∑
j (�ri − �rj)mj∇W (�ri − �rj , h)

(16)

where ∇i is the gradient with respect to particle i. Higher order derivatives cannot be calculated directly. The
first derivative is necessary to determine the volumetric strain rate in equation (3.2),

ε̇v = ∇ · �v =
∂vx
∂x

+
∂vy
∂y

(17)

Here the Wendland C2 kernel function is used Wendland (1995)

W =

{
7
π2 (1−R)

4
(4R+ 1) if R ≤ 1

0 if R > 1
(18)

where

R =
||�ri − �rj ||

h
(19)

To calculate the diffusive term in (3.2), we make use of the results of Cleary and Monaghan (1999):

∇ · κ∇p =
∑
j

mj (κi + κj)

ρi
(pi − pj)

�nij · ∇W (�ri − �rj , h)

||�ri − �rj ||
(20)

where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.

Two way coupling is applied every timestep. DEM is advanced half a timestep, based on the intermediate velocities
the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
timestep in a forward Euler scheme. The local pressure gradient of the fluid is calculated based on the new pore
pressure distribution. The pressure gradient is then added as an interaction force to the sum of forces acting on the
particles through

�F = −∇p
πd2p
4

w (21)

with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
pressure by having fluid flow towards the cavitated zone, so if

pi < pmin then pi = pmin and
∂pi
∂t

= max

(
∂pi
∂t

, 0

)
(22)
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where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.
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the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
timestep in a forward Euler scheme. The local pressure gradient of the fluid is calculated based on the new pore
pressure distribution. The pressure gradient is then added as an interaction force to the sum of forces acting on the
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
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first derivative is necessary to determine the volumetric strain rate in equation (3.2),

ε̇v = ∇ · �v =
∂vx
∂x

+
∂vy
∂y

(17)

Here the Wendland C2 kernel function is used Wendland (1995)

W =

{
7
π2 (1−R)

4
(4R+ 1) if R ≤ 1

0 if R > 1
(18)

where

R =
||�ri − �rj ||

h
(19)

To calculate the diffusive term in (3.2), we make use of the results of Cleary and Monaghan (1999):

∇ · κ∇p =
∑
j

mj (κi + κj)

ρi
(pi − pj)

�nij · ∇W (�ri − �rj , h)

||�ri − �rj ||
(20)

where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
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where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.
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the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
pressure by having fluid flow towards the cavitated zone, so if
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where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.

Two way coupling is applied every timestep. DEM is advanced half a timestep, based on the intermediate velocities
the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
timestep in a forward Euler scheme. The local pressure gradient of the fluid is calculated based on the new pore
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
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pi < pmin then pi = pmin and
∂pi
∂t

= max

(
∂pi
∂t

, 0

)
(22)

 is determined by

originally developed by Lucy (1977). DEM and SP work in a co-located fashion, meaning that both methods use
the same discretisation points.

In the DEM-SP model, the discretized particles are taken from a particle size distribution and randomly stacked
together. The unstructured positions and random size (and thus mass) of the particles can easily result in
numerical instabilities and inaccuracies. To adjust for the random size and positioning of the particles, the
Corrective Smoothed Particle Approach (CSPM) is used (Chen et al. (1999)).

In CSPM, the kernel interpolation of a field quantity A (which can be any arbitrary parameter) is calculated by

A (�ri) =

∑
j AjmjW (�ri − �rj , h)∑
j mjW (�ri − �rj , h)

(15)

with particle mass m, kernel function W , position r, smoothing length h, index i for particle under consideration
and index j for neighboring particles (including particle i). In a similar fashion, the first order derivative of a
function A is determined by

∇iA (�ri) =

∑
j (Ai −Aj)mj∇W (�ri − �rj , h)∑
j (�ri − �rj)mj∇W (�ri − �rj , h)

(16)

where ∇i is the gradient with respect to particle i. Higher order derivatives cannot be calculated directly. The
first derivative is necessary to determine the volumetric strain rate in equation (3.2),

ε̇v = ∇ · �v =
∂vx
∂x

+
∂vy
∂y

(17)

Here the Wendland C2 kernel function is used Wendland (1995)

W =

{
7
π2 (1−R)

4
(4R+ 1) if R ≤ 1

0 if R > 1
(18)

where

R =
||�ri − �rj ||

h
(19)

To calculate the diffusive term in (3.2), we make use of the results of Cleary and Monaghan (1999):

∇ · κ∇p =
∑
j

mj (κi + κj)

ρi
(pi − pj)

�nij · ∇W (�ri − �rj , h)

||�ri − �rj ||
(20)

where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
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where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.
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the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
timestep in a forward Euler scheme. The local pressure gradient of the fluid is calculated based on the new pore
pressure distribution. The pressure gradient is then added as an interaction force to the sum of forces acting on the
particles through

�F = −∇p
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
pressure by having fluid flow towards the cavitated zone, so if
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liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
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It needs mentioning that �Fn+1 is actually a function of �rn+1 and �vn+1/2. Because of the use of an explicit
scheme, there is a limitation on the size of the timestep to ensure a stable solution, meaning ∆t ≤ ∆tcr. ∆tcr is
approximated by the highest of natural frequencies of a contact pair.

The interaction force between a pair of particles can either consist of a collision type or a bond type of interaction.
In both cases the force is composed of normal and tangential components, with

�F = �Fn + �Ft = �nFn + �tFt (9)

where �n is the unit vector normal to the particle surface at the point of interaction. The contact forces Fn and
Ft are determined with a constitutive model for the interaction. At the beginning of each simulation, a bond
is installed between neighboring particles. These bonds are defined by a linear elastic perfect brittle model
(see figure 4), meaning that a bond breaks immediately when its strength is exceeded. Note that a bond can
break either in normal (tension) or in tangential (shear) direction and not in compressive direction (macroscopic
compressive failure is considered as a localization of many micro-shear and tensile failures). After a bond is
broken, the bond will be removed from the simulation. Besides bonds, there are also collisional interactions. In
these interactions the normal force is only active in compressive direction and the tangential force can be either
static or dynamic friction.

Figure 4. Linear elastic perfect brittle bond model: (left) normal direction, (middle) shear direction with contact after failure and (right) shear
direction without contact after failure

To reach a quasi-static equilibirum, it is necessary that the kinetic energy dissipates. Especially since the DEM
is a highly dynamics approach, damping is required. This is done by application of numerical damping, as in
Potyondy and Cundall (2004) and is often used in DEM-applications for rock. The damping force is in the form
of

�Fd = −αd||
∑

�F ||sign(�v) (10)

with damping coefficient αd.
The DEM can be regarded as a micromechanical model, with the contact and bond model parameters being
microparameters. It is assumed that with the adequate micromechanical parameters macroscopic rock properties
are obtained, of which the Young’s modulus E, Poisson ratio ν, and compressive and tensile strengths σc and
σt are the most relevant. These properties will be used in calibrating the micromechanical model to sufficiently
mimic the macroscopic rock mechanics.

3.2 Fluid pressure
The effect of a rapidly changing effective stress is modeled with the use of a pore pressure diffusion equation, as
in Coussy (2004). This equation is based on the combination of mass conservation, Darcy flow and a constitutive
equation for the compressibility of the pore fluid, given respectively by
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µ
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p = M (ζ − αεv) (13)

which through substitution results in the pore pressure diffusion equation given by
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(14)

with pressure p, fluid bulk modulus M , intrinsic permeability κ, dynamic fluid viscosity µ, effective stress
coefficient α and volumetric strain εv .

The coupling of the discrete data obtained from the DEM computations with the pore pressure diffusion equation
(3.2) is obtained by using a Smoothed Particle (SP) approach. SP is a kernel interpolation technique that is
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originally developed by Lucy (1977). DEM and SP work in a co-located fashion, meaning that both methods use
the same discretisation points.

In the DEM-SP model, the discretized particles are taken from a particle size distribution and randomly stacked
together. The unstructured positions and random size (and thus mass) of the particles can easily result in
numerical instabilities and inaccuracies. To adjust for the random size and positioning of the particles, the
Corrective Smoothed Particle Approach (CSPM) is used (Chen et al. (1999)).

In CSPM, the kernel interpolation of a field quantity A (which can be any arbitrary parameter) is calculated by
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with particle mass m, kernel function W , position r, smoothing length h, index i for particle under consideration
and index j for neighboring particles (including particle i). In a similar fashion, the first order derivative of a
function A is determined by

∇iA (�ri) =
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where ∇i is the gradient with respect to particle i. Higher order derivatives cannot be calculated directly. The
first derivative is necessary to determine the volumetric strain rate in equation (3.2),

ε̇v = ∇ · �v =
∂vx
∂x

+
∂vy
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(17)

Here the Wendland C2 kernel function is used Wendland (1995)
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To calculate the diffusive term in (3.2), we make use of the results of Cleary and Monaghan (1999):
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where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.

Two way coupling is applied every timestep. DEM is advanced half a timestep, based on the intermediate velocities
the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
timestep in a forward Euler scheme. The local pressure gradient of the fluid is calculated based on the new pore
pressure distribution. The pressure gradient is then added as an interaction force to the sum of forces acting on the
particles through

�F = −∇p
πd2p
4

w (21)

with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
pressure by having fluid flow towards the cavitated zone, so if

pi < pmin then pi = pmin and
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)
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where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.

Two way coupling is applied every timestep. DEM is advanced half a timestep, based on the intermediate velocities
the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
timestep in a forward Euler scheme. The local pressure gradient of the fluid is calculated based on the new pore
pressure distribution. The pressure gradient is then added as an interaction force to the sum of forces acting on the
particles through
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
pressure by having fluid flow towards the cavitated zone, so if
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numerical instabilities and inaccuracies. To adjust for the random size and positioning of the particles, the
Corrective Smoothed Particle Approach (CSPM) is used (Chen et al. (1999)).
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where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
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together. The unstructured positions and random size (and thus mass) of the particles can easily result in
numerical instabilities and inaccuracies. To adjust for the random size and positioning of the particles, the
Corrective Smoothed Particle Approach (CSPM) is used (Chen et al. (1999)).
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where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.

Two way coupling is applied every timestep. DEM is advanced half a timestep, based on the intermediate velocities
the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
timestep in a forward Euler scheme. The local pressure gradient of the fluid is calculated based on the new pore
pressure distribution. The pressure gradient is then added as an interaction force to the sum of forces acting on the
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
pressure by having fluid flow towards the cavitated zone, so if
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numerical instabilities and inaccuracies. To adjust for the random size and positioning of the particles, the
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where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.
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the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
timestep in a forward Euler scheme. The local pressure gradient of the fluid is calculated based on the new pore
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
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where �nij is the normal unit vector of the neighboring particle centers. Note that here κ is a property of the
particles and thus that it can differ throughout the rock sample. In our case, it is assumed that κ is constant.

Two way coupling is applied every timestep. DEM is advanced half a timestep, based on the intermediate velocities
the volumetric strain rate is calculated with SP. This is then used to advance the pore pressure diffusion one
timestep in a forward Euler scheme. The local pressure gradient of the fluid is calculated based on the new pore
pressure distribution. The pressure gradient is then added as an interaction force to the sum of forces acting on the
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with particle diameter dp and unit thickness w. Finally the DEM is advanced the second half timestep. See figure
5 for the flowchart of this coupling scheme.
It is possible that the fluid pressure drops below the vapour pressure during simulations. When this happens, the
liquid will vaporize. As a result, the compressibility of the fluid of increases with several orders of magnitude.
In the simulations, this is modeled through a simplified approach. When the pressure drops below the pressure
minimum, the pressure value is fixed at the minimum pressure. From thereon it is only possible to increase the
pressure by having fluid flow towards the cavitated zone, so if
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Boundary Conditions
In DEM-SP, boundary conditions have to be 
applied for both the rock and fluid phase. In 
the case of rock this is done by restricting or 
prescribing the motion of specific particles or 
walls. In case of the fluid pressure, the 
boundary conditions are somewhat harder to 
set. The SP discretisation of (14) in itself 
automatically applies Neumann boundary 
condition (zero gradient), meaning that it 
allows no fluid flow across the boundaries of 
the rock. This is applicable in the case where 
equipment is moving through the rock 
(cutting teeth, compressive tests, splitting 
tests, etc.). In case of a rock boundary that is 
in contact with clear fluid, such as the top 
layer of the seabed, a Dirichlet boundary 
condition (fixed value, such as hydrostatic 
pressure) is applied. However, the boundaries 
of the rock may change during the simulation. 
Therefore, it is necessary to use a method to 
determine what particles are part of the rock 
boundary. To determine this, we make use of 
the divergence of position, as suggested by 
Muhammad et al. (2013).
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Figure 5. Flowchart of the DEM-SP method

3.3 Boundary conditions
In DEM-SP, boundary conditions have to be applied for both the rock and fluid phase. For rock this is done by
restricting or prescribing the motion of specific particles or walls. In case of the fluid pressure, the boundary
conditions are somewhat harder to set. The SP discretisation of (3.2) in itself automatically applies Neumann
boundary condition (zero gradient), meaning that it allows no fluid flow across the boundaries of the rock. This
is applicable in the case where equipment is moving through the rock (cutting teeth, compressive tests, splitting
tests, etc.). In case of a rock boundary that is in contact with clear fluid, like the top layer of the seabed, a Dirichlet
boundary condition (fixed value, such as hydrostatic pressure) is applied. However, the boundaries of the rock
may change during the simulation. Therefore it is necessary to use a method to determine what particles are part
of the rock boundary. To determine this, we make use of the divergence of position, as suggested by Muhammad
et al. (2013).

∇ · �r =
∂x

∂x
+

∂y

∂y
= 2 (23)

This is applied to the standard Smoothed Particle approach of Lucy (1977), because otherwise the CSPM in
equation (3.2) automatically corrects for the particle deficiency, always setting at a value of 2.

∇iA (�ri) =
∑
j

mj
Aj

ρj
∇W (�ri − �rj , h) (24)

In the interior domain of the rock, equation (3.3) is valid. However, at the boundaries this value differs due to
particle deficiency, see figure 6. Here, particles with ∇ · �r ≤ 1.5 are considered to be part of the boundary. With
this technique, the particles that require a Dirichlet boundary condition can now be identified.

4 RESULTS

The input and output parameters of the simulated rock are shown in table 1. For this paper, the parameters were
chosen to represent a weak sandstone with a relatively high permeability.

A set of cutting simulations has been performed with varying water depth. Simulations have run at depths of 0,
10, 40, 100, 250, 1000 and 2000 meters. All other parameters have been kept constant. The larger water depths
are simulated to investigate what differences there might be between dredging (< 30 m) and deep sea mining
applications. In these simulations, rock is cut with a chisel at a 60 deg angle, a cutting depth of 0.02 meter, a
cutting velocity of 1 m/s. Furthermore, it is assumed that the pore pressure is initially equal to the hydrostatic
pressure. These conditions are chosen to cover both dredging and deep sea mining applications. Although the
cutting velocity and the cutting depth are smaller than often used for dredging purposes, here it is chosen to do it
at lower values for academic purposes.
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3.3 Boundary conditions
In DEM-SP, boundary conditions have to be applied for both the rock and fluid phase. For rock this is done by
restricting or prescribing the motion of specific particles or walls. In case of the fluid pressure, the boundary
conditions are somewhat harder to set. The SP discretisation of (3.2) in itself automatically applies Neumann
boundary condition (zero gradient), meaning that it allows no fluid flow across the boundaries of the rock. This
is applicable in the case where equipment is moving through the rock (cutting teeth, compressive tests, splitting
tests, etc.). In case of a rock boundary that is in contact with clear fluid, like the top layer of the seabed, a Dirichlet
boundary condition (fixed value, such as hydrostatic pressure) is applied. However, the boundaries of the rock
may change during the simulation. Therefore it is necessary to use a method to determine what particles are part
of the rock boundary. To determine this, we make use of the divergence of position, as suggested by Muhammad
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In the interior domain of the rock, equation (3.3) is valid. However, at the boundaries this value differs due to
particle deficiency, see figure 6. Here, particles with ∇ · �r ≤ 1.5 are considered to be part of the boundary. With
this technique, the particles that require a Dirichlet boundary condition can now be identified.

4 RESULTS

The input and output parameters of the simulated rock are shown in table 1. For this paper, the parameters were
chosen to represent a weak sandstone with a relatively high permeability.

A set of cutting simulations has been performed with varying water depth. Simulations have run at depths of 0,
10, 40, 100, 250, 1000 and 2000 meters. All other parameters have been kept constant. The larger water depths
are simulated to investigate what differences there might be between dredging (< 30 m) and deep sea mining
applications. In these simulations, rock is cut with a chisel at a 60 deg angle, a cutting depth of 0.02 meter, a
cutting velocity of 1 m/s. Furthermore, it is assumed that the pore pressure is initially equal to the hydrostatic
pressure. These conditions are chosen to cover both dredging and deep sea mining applications. Although the
cutting velocity and the cutting depth are smaller than often used for dredging purposes, here it is chosen to do it
at lower values for academic purposes.
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3.3 Boundary conditions
In DEM-SP, boundary conditions have to be applied for both the rock and fluid phase. For rock this is done by
restricting or prescribing the motion of specific particles or walls. In case of the fluid pressure, the boundary
conditions are somewhat harder to set. The SP discretisation of (3.2) in itself automatically applies Neumann
boundary condition (zero gradient), meaning that it allows no fluid flow across the boundaries of the rock. This
is applicable in the case where equipment is moving through the rock (cutting teeth, compressive tests, splitting
tests, etc.). In case of a rock boundary that is in contact with clear fluid, like the top layer of the seabed, a Dirichlet
boundary condition (fixed value, such as hydrostatic pressure) is applied. However, the boundaries of the rock
may change during the simulation. Therefore it is necessary to use a method to determine what particles are part
of the rock boundary. To determine this, we make use of the divergence of position, as suggested by Muhammad
et al. (2013).

∇ · �r =
∂x

∂x
+

∂y

∂y
= 2 (23)

This is applied to the standard Smoothed Particle approach of Lucy (1977), because otherwise the CSPM in
equation (3.2) automatically corrects for the particle deficiency, always setting at a value of 2.

∇iA (�ri) =
∑
j

mj
Aj

ρj
∇W (�ri − �rj , h) (24)

In the interior domain of the rock, equation (3.3) is valid. However, at the boundaries this value differs due to
particle deficiency, see figure 6. Here, particles with ∇ · �r ≤ 1.5 are considered to be part of the boundary. With
this technique, the particles that require a Dirichlet boundary condition can now be identified.

4 RESULTS

The input and output parameters of the simulated rock are shown in table 1. For this paper, the parameters were
chosen to represent a weak sandstone with a relatively high permeability.

A set of cutting simulations has been performed with varying water depth. Simulations have run at depths of 0,
10, 40, 100, 250, 1000 and 2000 meters. All other parameters have been kept constant. The larger water depths
are simulated to investigate what differences there might be between dredging (< 30 m) and deep sea mining
applications. In these simulations, rock is cut with a chisel at a 60 deg angle, a cutting depth of 0.02 meter, a
cutting velocity of 1 m/s. Furthermore, it is assumed that the pore pressure is initially equal to the hydrostatic
pressure. These conditions are chosen to cover both dredging and deep sea mining applications. Although the
cutting velocity and the cutting depth are smaller than often used for dredging purposes, here it is chosen to do it
at lower values for academic purposes.
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that require a Dirichlet boundary condition 
can now be identified.

RESULTS
The input and output parameters of the 
simulated rock are shown in Table 1. For this 
paper, the parameters were chosen to 
represent a weak sandstone with a relatively 
high permeability.

A set of cutting simulations were performed 
with varying water depths. These simulations 
were run at depths of 0, 10, 40, 100, 250, 
1000 and 2000 m. All other parameters were 
kept constant. The larger water depths were 
simulated to investigate the differences that 
might be between dredging (< 30 m) and 
deep sea mining applications. In these 
simulations, rock was cut with a chisel at a 60 
degree angle, a cutting depth of 0.02 m, a 
cutting velocity of 1 m/s. Furthermore, it was 
assumed that the pore pressure is initially 
equal to the hydrostatic pressure. These 
conditions were chosen to cover both 
dredging and deep sea mining applications. 
Although the cutting velocity and the cutting 
depth were smaller than what are often used 
for dredging purposes, for academic purposes, 
lower values were chosen for the simulations. 

The resulting averaged cutting forces are 
shown in Figure 8 (see next page). Note that 
the vertical force was directed such that the 
tool had to be pushed into the rock 
(downwards). In some areas where the 
average pore pressure was calculated – the 
locations of these areas are shown in Figure 7 

and they moved along with the movement of 
the chisel. The averaged results of these 
pressure measurements are shown in Figures 
9 and 10, here referred to as P1 , P2 and P3 . 
All nodes cover the same size, an area of 2.5 
mm in width and height. Node 1 was located 
exactly at the tool tip, node 2 was 12.5 mm in 
front and 10 mm above the tool tip and node 
3 was 30 mm in front of the tool tip. The 
position of the nodes were kept the same for 
all simulations.

Different types of behaviour were noted – at 
shallow water depths the cutting process was 
dominated by tensile failures (see Figure 11) 
whereas for deep sea applications, the rock 
cutting process was dominated by shear 
failures (see Figure 12).

DISCUSSION
A clear distinction was observed between low 
and high hydrostatic pressures. At low 
hydrostatic pressures, the cutting process was 
dominated by the occurrence of large chips. 
Those chips occur when the cutting process is 

dominated by tensile failures. At high 
hydrostatic pressures, the cutting process was 
dominated by shear failures. Chips still 
seemed to occur in hyperbaric conditions, but 
these were significantly smaller, as can be 
seen in Figures 11 and 12. The transition 
between the two regimes is at a water depth 
of 300 m, based on the operating conditions 
as in Table 1.

The vertical cutting force was also significantly 
lower than the horizontal force, which did not 
correspond to what was derived from 
previous experiments. Such an effect was also 
noted in the DEM-simulations of dry rock 
cutting by Rojek et al. (2011). They noted that 
the vertical cutting force in 2D is strongly 
underestimated, while in 3D simulations this

force is in the same range as in practice. Rojek 
et al. (2011) argue that this difference is 
caused by the lack of geometric information 
in 2D simulations, which seems valid 
considering that the 2D simulations are an 
approximation of plane strain.

At several points relative to the tool, the 
average pore pressures were measured. The 
averaged pore pressure at the tip of the chisel 
(P1) shows no dependence on the hydrostatic 
pressure. This corresponds with the effective 
stress theory, initially the pore and hydrostatic 
pressures are in equilibrium and in the 
crushed zone, the deformation is always 
dominated by compression, leading to an 
increased pore pressure.

The averaged pore pressure measurements in 
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Table 1. Input and output parameters of simulated rock

Model input Model output Geometry
Kn 10 GPa UCS 13.8 MPa Block height 0.1 m
Ks 25 GPa BTS 2.55 MPa Block width 0.2 m
Tn 10 kNm-1 E 5.5 GPa Cutting depth 0.02 m
Ts 20 kNm-1 ν 0.22 Tool angle 60 deg
µgrain 1 Tool width 0.02 m
R 0.0002− 0.0004 mm Water depth 0− 2000 m
α 0.5 Cutting velocity 1 m/s
κ 1 · 10−14m2

n 0.18
ρgrain 2800 kgm-3

h 0.0015 m
M 2 GPa
µfluid 0.001 Pas

The resulting averaged cutting forces are shown in figure 8. Note that the vertical force is directed such that the
tool has to be pushed into the rock (downwards). In some areas, the average pore pressure is calculated, the
locations of these areas are shown in figure 7 and move along with the movement of the chisel. The averaged
results of these pressure measurements are shown in figures 9 and 10, here referred to as P1, P2 and P3. All nodes
cover the same size, an area of 2.5 mm in width and height. Node 1 is located exactly at the tool tip, node 2 is
12.5 mm in front and 10 mm above the tool tip and node 3 is 30 mm in front of the tool tip. The position of the
nodes is kept the same for all simulations.
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front of the chisel (P2, P3) both showed a 
transition from a pressure increase to a 
pressure drop (see Figure 10). This can be 
explained as that the rock deformation is 
dominated by compression in shallow water 
depths and that it is dominated by dilation at 
large water depths. The positive averaged 
pressure difference noted in shallow waters 
was caused by the brittle behaviour of the 
cutting process. Before a chip can occur, the 
tool first needs to build up pressure to reach a 
stress condition where the rock starts to fail 
by the occurrence of macro-cracks. However, 
the exact location of these cracks always 
differed and they are often outside the 
pressure averaging areas. In that sense, the 
average pressure measured at P4 and P4 is 
often that of the pore pressure in an ’intact’ 
chip. At large water depths, the rock failure is 
dominated by shear failures, resulting in 
dilation. As a result, the pressure dropped in 

the dilative zone and the fluid had to flow 
towards it. In these water depths, the rock 
cutting process seems similar compared with 
the cutting of sand [which is also noted by 
Miedema and Zijsling (2012)].
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Different types of behavior are noted, for shallow water depths the cutting process is dominated by tensile failures
(see figure 11), for deep sea applications, the rock cutting process is dominated by shear failures (see figure 12).

5 DISCUSSION

A clear distinction is observed between low and high hydrostatic pressures. At low hydrostatic pressures, the
cutting process is dominated by the occurrence of large chips. Those chips occur when the cutting process is dom-
inated by tensile failures. At high hydrostatic pressures, the cutting process is dominated by shear failures. Chips
still seem to occur in hyperbaric conditions, but these are significantly smaller, as can be seen in figures 11 and 12.
The transition between the two regimes is at a water depth of 300 m, based on the operating conditions as in table 1.

Also notice that the vertical cutting force is significantly lower than the horizontal force, which does not
correspond with experience from experiments. Such an effect is also noted in the DEM-simulations of dry rock
cutting by Rojek et al. (2011). They noted that the vertical cutting force in 2D is strongly underestimated, while
in 3D simulations this force is in the same range as in practice. Rojek et al. (2011) argue that this difference
is caused by the lack of geometric information in 2D simulations, which seems valid considering that the 2D
simulations are an approximation of plane strain.

At several points relative to the tool, the average pore pressures have been measured. The averaged pore
pressure at the tip of the chisel (P1) shows no dependence on the hydrostatic pressure. This corresponds with the
effective stress theory, initially the pore and hydrostatic pressures are in equilibrium and in the crushed zone, the
deformation is always dominated by compression, leading to an increased pore pressure.
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Different types of behavior are noted, for shallow water depths the cutting process is dominated by tensile failures
(see figure 11), for deep sea applications, the rock cutting process is dominated by shear failures (see figure 12).

5 DISCUSSION

A clear distinction is observed between low and high hydrostatic pressures. At low hydrostatic pressures, the
cutting process is dominated by the occurrence of large chips. Those chips occur when the cutting process is dom-
inated by tensile failures. At high hydrostatic pressures, the cutting process is dominated by shear failures. Chips
still seem to occur in hyperbaric conditions, but these are significantly smaller, as can be seen in figures 11 and 12.
The transition between the two regimes is at a water depth of 300 m, based on the operating conditions as in table 1.

Also notice that the vertical cutting force is significantly lower than the horizontal force, which does not
correspond with experience from experiments. Such an effect is also noted in the DEM-simulations of dry rock
cutting by Rojek et al. (2011). They noted that the vertical cutting force in 2D is strongly underestimated, while
in 3D simulations this force is in the same range as in practice. Rojek et al. (2011) argue that this difference
is caused by the lack of geometric information in 2D simulations, which seems valid considering that the 2D
simulations are an approximation of plane strain.

At several points relative to the tool, the average pore pressures have been measured. The averaged pore
pressure at the tip of the chisel (P1) shows no dependence on the hydrostatic pressure. This corresponds with the
effective stress theory, initially the pore and hydrostatic pressures are in equilibrium and in the crushed zone, the
deformation is always dominated by compression, leading to an increased pore pressure.
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Different types of behavior are noted, for shallow water depths the cutting process is dominated by tensile failures
(see figure 11), for deep sea applications, the rock cutting process is dominated by shear failures (see figure 12).

5 DISCUSSION

A clear distinction is observed between low and high hydrostatic pressures. At low hydrostatic pressures, the
cutting process is dominated by the occurrence of large chips. Those chips occur when the cutting process is dom-
inated by tensile failures. At high hydrostatic pressures, the cutting process is dominated by shear failures. Chips
still seem to occur in hyperbaric conditions, but these are significantly smaller, as can be seen in figures 11 and 12.
The transition between the two regimes is at a water depth of 300 m, based on the operating conditions as in table 1.

Also notice that the vertical cutting force is significantly lower than the horizontal force, which does not
correspond with experience from experiments. Such an effect is also noted in the DEM-simulations of dry rock
cutting by Rojek et al. (2011). They noted that the vertical cutting force in 2D is strongly underestimated, while
in 3D simulations this force is in the same range as in practice. Rojek et al. (2011) argue that this difference
is caused by the lack of geometric information in 2D simulations, which seems valid considering that the 2D
simulations are an approximation of plane strain.

At several points relative to the tool, the average pore pressures have been measured. The averaged pore
pressure at the tip of the chisel (P1) shows no dependence on the hydrostatic pressure. This corresponds with the
effective stress theory, initially the pore and hydrostatic pressures are in equilibrium and in the crushed zone, the
deformation is always dominated by compression, leading to an increased pore pressure.

Figure 8. Cutting force vs hydrostatic pressure Figure 9. Averaged pressure difference in node 1 vs 

hydrostatic pressure, based on operating conditions as 

in Table 1

Figure 10. Averaged pressure difference in nodes 2 and 

3 vs hydrostatic pressure, based on operating conditions 
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The averaged pore pressure measurements in front of the chisel (P2, P3) both show a transition from a pressure
increase to a pressure drop (see figure 10). This can be explained as that the the rock deformation is dominated
by compression in shallow water depths and that it is dominated by dilation at large water depths. The fact that
a positive averaged pressure difference is noted in shallow waters is caused by the brittle behavior of the cutting
process. Before a chip can occur, the tool first needs to build up pressure to reach a stress condition where the
rock starts to fail by the occurrence of macro-cracks. However, the exact location of these cracks always differs
and those are often outside the pressure averaging areas. In that sense, the average pressure measured at P4 and
P4 is often that of the pore pressure in an ’intact’ chip. At large water depths, the rock failure is dominated by
shear failures, resulting in dilation. As a result, the pressure drops in the dilative zone and the fluid has to flow
towards it. In these water depths, the rock cutting process seems similar compared with the cutting of sand (which
is also noted by Miedema and Zijsling (2012)).

6 CONCLUSION

The DEM has been often used to simulate rock cutting processes of dry rock. An extension of DEM with SP
to model the pore pressure effects gives promising results concerning the cutting of saturated rock. Two cutting
regimes can be distinguished relative to the water depth, the tensile failure dominated regime for shallow water
depths and the shear failure dominated regime for large water depths.
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The averaged pore pressure measurements in front of the chisel (P2, P3) both show a transition from a pressure
increase to a pressure drop (see figure 10). This can be explained as that the the rock deformation is dominated
by compression in shallow water depths and that it is dominated by dilation at large water depths. The fact that
a positive averaged pressure difference is noted in shallow waters is caused by the brittle behavior of the cutting
process. Before a chip can occur, the tool first needs to build up pressure to reach a stress condition where the
rock starts to fail by the occurrence of macro-cracks. However, the exact location of these cracks always differs
and those are often outside the pressure averaging areas. In that sense, the average pressure measured at P4 and
P4 is often that of the pore pressure in an ’intact’ chip. At large water depths, the rock failure is dominated by
shear failures, resulting in dilation. As a result, the pressure drops in the dilative zone and the fluid has to flow
towards it. In these water depths, the rock cutting process seems similar compared with the cutting of sand (which
is also noted by Miedema and Zijsling (2012)).

6 CONCLUSION

The DEM has been often used to simulate rock cutting processes of dry rock. An extension of DEM with SP
to model the pore pressure effects gives promising results concerning the cutting of saturated rock. Two cutting
regimes can be distinguished relative to the water depth, the tensile failure dominated regime for shallow water
depths and the shear failure dominated regime for large water depths.

CONCLUSIONS
 
The DEM has often been used to 
simulate rock cutting processes of dry 
rock. An extension of DEM with SP to 
model the pore pressure effects gives 
promising results concerning the cutting 
of saturated rock. Two cutting regimes 
can be distinguished relative to the 
water depth, the tensile failure 
dominated regime for shallow water 
depths and the shear failure dominated 
regime for large water depths. Though 
the results of the method correspond 
with observations in experiments and 
literature, more quantitative validation 
will be needed. This will be done in 
future work by comparing the simulations 
with cone indention tests, rock cutting 
tests and (oil/gas) drilling tests.
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FAIR CONTRACT CONDITIONS  
AND COMPETITION

 

ABSTRACT

One of the aims of the International 
Association of Dredging Companies (IADC) as 
espoused on its website is “to promote fair 
contract conditions and fair competition 
within the dredging markets”. FIDIC published 
a set of contract conditions for use by its 
members in construction works. One of 
FIDIC’s objectives is to “promote and enhance 
the leading position of FIDIC’s Forms of 
Contract”. The FIDIC Conditions of Contract 
of the future – based on using a fair and 
reasonable risk allocation – will become 
essential as increasingly complex contracts will 
be needed to tackle global macro-economic 
issues.

INTRODUCTION

One of the aims of the IADC as espoused on 
its website is “to promote fair contract 
conditions and fair competition within the 
dredging markets”. This notable aim is 
specified in the articles of association 
establishing the IADC back in 1965 with the 
stated goal of “the advancement of 
straightforward work conditions”. It is in line 
with subsequent policies of both the World 
Bank and the World Trade Organisation 
(WTO), which are concerned with reducing 

trade barriers so that organisations can 
compete on a level playing field on a global 
basis. Fair contract conditions and competition 
by means of open tendering process is at the 
cornerstone of that aim. 

The present-day dredging industry is mainly 
underpinned by six primary economic drivers 
namely the exponential growth in world 
trade, increasing population growth, energy 
demand with increasing need for coastal 
protection due to climate change as well as 
the rise in tourism and environmental projects. 
However, looking back to the time when 
IADC was founded in 1965, the world was a 
much different place. The WTO reports that 
international trade after World War II entered 
a long period of record expansion with world 
trade rising by more than eight per cent per 
annum in real terms over the 1950-73 period. 
This growth, however, was from a small base 
and the consumption was largely domestic, as 
the major economies such as the USA, Europe 
and Japan rebuilt after WWII, rather than 
from external, export markets using seaborne 

trade. World trade was hampered by 
restricted practices, ‘closed economies’ and 
trade barriers in one form or another. 

THE PAST
The world dredging market in the 1960s was 
subject to substantial trade barriers and closed 
markets in many parts of the world. The 
world was in the grip of the ‘Cold War’. 
Countries that may have sought to open their 
infrastructure markets were in an East-West 
divide where political interests kept the status-
quo and disallowed any foreign contractors 
from entering national markets. The vast 
majority of the worlds’ ports were seen as a 
country’s strategic asset and were largely 
owned by state entities, which employed  
their own dredging vessels to carry out 
infrastructure tasks. The result was little to  
no competition. This was the world in which 
the IADC was born.

Closed versus open markets
Despite the multilateral free trade agreements 
created by the General Agreement on Tariffs 
and Trade (GATT) established in 1948, which 
was superseded by the WTO agreements in 
1995, the market share of dredging closed to 
international tenders is still substantial with 
China and the US effectively closed to foreign 
contractors. In contrast, US and Chinese 
contractors have access to and are indeed 
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Above: FIDIC Contract: A cargo ship sailing along the 

Port of Savannah. The dredging industry is underpinned 

by several drivers including world (seaborne) trade and 

future FIDIC Conditions of Contracts will be necessary 

for fair and reasonable risk allocation.
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communications, urban water supply and 
sanitation increased steadily from US$39 
billion in 1994, to US$88 billion in 1998, and 
to US$123 billion (about 8.7% of GDP) in 
2003 (Wassink, 2011).
 
Fédération Internationale des 
Ingénieurs-Conseils (FIDIC)
With the entrance of foreign contractors into 
a previously closed market, the often state-
owned employer was faced with a particular 
issue – in order to attract foreign investment, 
funding had to be acquired through an open 
tender process. Also, a set of ‘balanced’ 
contract conditions had to be stipulated. 
For this, foreign contractors and various 
consulting firms from developed nations such 
as the UK, USA, France and the Netherlands 
were able to tender for projects for the first 
time. Many of these firms were affiliated 
members of Fédération Internationale des 
Ingénieurs-Conseils (FIDIC) which published a 
set of contract conditions for use by its 
members in construction works. 

One of FIDIC’s objectives is to “promote and 
enhance the leading position of FIDIC’s Forms 
of Contract”. FIDIC provides many 
publications including procurement and 
contract guides as well as organises many 
seminars together with Cornerstone Seminars 
and industry experts. The organisation is also 
involved in many initiatives as reflected on its 
mission statement. “To improve the business 
climate and promote the interests of 
consulting engineering firms globally and 
locally consistent with the responsibility to 
provide quality services for the benefit of 
society and the environment”. 

The first edition of FIDIC’s Conditions of 
Contract (International) for Works of Civil 
Engineering Construction also known as the 
Red Book due to its cover was published in 
1957. It was the first contract specifically 
prepared to govern international contracts. It 
was based on an English domestic standard 
form of contract for civil engineering works as 
published by the UK’s Institution of Engineers 
(ICE) Form of Contract. This was eventually 
superseded by the second edition in 1969 
with little change in style or format, but with 
an additional section (Part III) to deal with 
dredging and reclamation projects. FIDIC 
President, Julian S. Tritton, stated in the 

over six per cent per year since 2000 (World 
Trade Report 2014). 
Infrastructure development is recognised as 
one of the key factors in driving the economic 
growth of a country, this is particularly so in 
emerging markets and developing countries 
as access to markets and trade is viewed as 
the best way to lift people out of poverty. 
Direct investment in infrastructure creates new 
transportation facilities and stimulates 
economic activity by reducing transaction and 
trade costs whilst improving competitiveness 
for the export of products into global markets 
(IADC, 2011). 

The container revolution
World trade is also underpinned by the use of 
containers. The container was invented in the 
US in 1956. The Vietnam War aided its use 
and as more ports adapted to the containers, 
shipping was revolutionised. In 1980 the 
largest vessel could ship 4,100 twenty-foot 
equivalent unit (TEU). This jumped to 6,400 
TEU in 1996 and 15,000 TEU in 2012. As of 
2013 Maersk’s 18,000 TEU vessels have been 
delivered and are sailing main routes with 
deepened ports and both the Panama and 
Suez Canals have been expanded to cope 
with larger and increasing numbers of vessels. 

In China, annual capital expenditures for 
transportation (including harbours and coastal 
ports), electricity, piped gas, tele-

increasingly active in the infrastructure 
markets of both the developing and 
developed economies. In China, only very few 
projects are open for international tenders. In 
the US, the market is completely closed to 
foreign entrants by virtue of the Jones Act, 
which makes it impossible for non-US owned 
and controlled contractors to import non-US 
vessels to undertake dredging activities. 

According to IADC’s Dredging in Figures 
2014, globally, the market share of the open 
markets was estimated at € 6.415 billion for 
2014 (see turnover figure). However, the 
market share of closed markets in the 1960s – 
although not reported at the time – was likely 
to be almost double today’s market share, 
with independent dredging contractors largely 
operating in their own national markets. This 
changed somewhat during the 1970s to the 
1990s; the fall of the Berlin Wall also 
hastened this change. Markets gradually 
opened to foreign entrants in resource-rich 
countries in the Middle East as well as the 
emerging economies of India, South-East Asia, 
Korea, Brazil, Latin America, Russia and 
Eastern Europe. 

In addition, emerging economies have been 
able to harness globalisation to achieve 
unheard-of rates of economic growth – with 
eleven economies, representing half the 
world’s population, growing collectively at 

Dredging in Figures 2014



Fair Contract Conditions and Competition  27

different circumstances surrounding dredging 
and reclamation works. Following the 
publication of the Rainbow Suite, the IADC 
Secretariat contacted FIDIC about the 
possibility of a separate FIDIC ‘Dredger’s 
Contract’ meeting the specific needs of 
employers and contractors alike. A task group 
was set up by FIDIC in which IADC 
representatives were involved which reported 
to FIDIC’s Contract Committee. 

The chosen format of the now titled FIDIC 
Form of Contract for Dredging and 
Reclamation Works was based on the FIDIC 
Short Form of Contract (Green Book) with the 
major difference from the Short Form is that 
the role of the engineer was re-introduced. 
The now named Blue Book was published by 
FIDIC as a test edition in June 2001. The test 
edition was reviewed in Terra et Aqua, 
Number 85, December 2001. The author, 
Constantijn Dolmans, stated: “The FIDIC Form 
of Contract for Dredging and Reclamation 
Works creates a fair and balanced legal 
framework for the optimal execution of 
dredging and dredging related projects”. The 
formal first edition of the Blue Book was to be 
published the following year, taking into 
consideration industry comments about the 
test edition.

However, the Blue Book remained as a test 
edition for the next five years. In the 
intervening time, the fact that the contract 
was a test edition put potential users off. It 
was also clear that the dredging industry was 
confused that FIDIC had not followed up on 
the test edition to publish final version. In the 
years following the publication of the test 
edition, it was rarely used, if at all, in the 
international arena. This, however, changed 
from 2006 onwards when the Form of 
Contract for Dredging and Reclamation Works 
(1st Edition Blue-Green Book) was published. 
Now, it is more commonly referred to as the 
Blue Book.

From 2007 onwards, the use of this book by 
both employers and contractors has increased 
to the present day. Feedback from some IADC 
members seemed to indicate that a significant 
portion of tenders in the ‘free’ market has 
used the FIDIC Blue Book in one form or 
another with the FIDIC 1999 Red and Yellow 
Contracts being used for more complex 

make it suitable for dredging and reclamation 
projects. It proved a popular contract and 
during the 1990s was increasingly used in the 
emerging markets of Latin America, India and 
South-East Asia. It did, however, draw some 
criticism from employers in civil law 
jurisdictions as being too Anglo-Saxon biased. 
It was translated by FIDIC into a number of 
languages including French, Spanish and 
Arabic. In a number of countries in South 
Asia, the Middle East, Africa and Latin 
America, the book is still used when drawing 
up construction contracts although this is now 
tailing off with the introduction by FIDIC of its 
new contracts.

FIDIC’S RAINBOW SUITE
The next significant update of the FIDIC 
Conditions of Contract came in 1999 with the 
publication of the First Edition Rainbow Suite 
of Contracts. The Contracts Committee of 
FIDIC headed by John Bowcock carried out a 
root and branch review and redrafted the 
Rainbow Suite (Red, Yellow, Silver and Green) 
following some of the principles of the New 
Engineering Contract (NEC) from the UK but 
moving away from the Anglo-Saxon model 
and language. Three editions of the NEC had 
been published – the first in 1993, the second 
in 1995, and the most recent in 2005. Clearly, 
the drafting style and language of the NEC 
had an influence on the language of the 
Rainbow Suite of 1999. 

One of the biggest differences between the 
fourth edition of the Red Book and FIDIC’s 
1999 Suite of Contracts was that the latter 
had clear contract documents with a 
straightforward language and structure that 
could be easily understood by a non-native 
English speaker with no legal training. Also, 
the clauses were reduced down from the 
previously unwieldy 72 clauses to just 20 and 
legal terms were reduced to an absolute 
minimum and otherwise defined. To aid all 
users of its contracts, the 20 clauses were 
standardised in the three new major forms 
(Red, Yellow and Silver). Also, besides the 
essential differences, the definitions, layout, 
clause numbering, and clause wording were 
identical over the Rainbow Suite.

The IADC was not represented on the FIDIC 
Contracts Committee for the Rainbow Suite 
so no special attention was given to the 

introduction of Conditions of Contract in 
1957 that “FIDIC published the first edition of 
the Conditions of Contracts of which the 
purpose was the fair allocation of risks 
between the Contractor and the Employer" 
(Turegun, Dr. Jur.Tunay Koksal, 2011). 

In the late 1970s, given the booming 
dredging market, employers in the Gulf states 
largely used the third edition of the book 
(1977), which had retained the Part III section 
of the second edition specifying various 
exceptions for dredging contracts such as no 
defects liability period and no vesting of plant. 
It came as quite a blow to the dredging 
contractors when the fourth edition (1987) of 
the Red Book was published in which the 
FIDIC contract committee did away with the 
Part III exceptions. This was lamented in an 
article in Terra et Aqua Nr 36 - A first 
impression of the 4th edition of the FIDIC 
Conditions of Contract (Goudsmit, J.J.). 
Interestingly, both the Kingdom of Bahrain 
and the Sultanate of Oman both have their 
own standard conditions of contract that have 
a style and format that follows the format of 
the third edition of the 1970s. This 
presumably is a format which is known and 
accepted by both employers and contractors 
alike in these countries.

The fourth edition, however, by not dealing 
with the dredging provisions, did create issues 
for both employers and contractors who 
wished to use the contract for dredging and 
reclamation works. In 1990, in cooperation 
with FIDIC, the IADC published a Users' Guide 
to the Fourth Edition. This provided a valuable 
guide on how to amend the fourth edition to 
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Ministry of Works of both countries are willing 
to explore new contract forms and enter into 
long-term maintenance arrangements once 
the project is completed.

The major IADC members have identified and 
placed increasing focus on multifaceted 
projects which are typified by an increasingly 
complex working environment and detailed 
employer requirements. This trend is no doubt 
set to continue in the coming years and the 
nature of the contracts required to facilitate 
such projects will also have to adapt. 

Employers have no doubt benefited from 
utilising FIDIC conditions where potential 
bidders are from different countries. In such 
cases the bidders will perceive the use of the 
familiar FIDIC conditions as providing a 
balanced risk allocation between employer 
and contractor. This translates into lower 

encounter FIDIC Conditions of Contract. Legal 
advisors to both employers and contractors 
are also very familiar with the FIDIC provisions 
having worked regularly on many projects. 
Whilst bespoke forms of contract are still 
used, they are often reviewed against the 
benchmark of the FIDIC provisions. 

From 2000 onwards, new construction 
markets such as offshore wind farms have 
developed the use of FIDIC’s Conditions of 
Contract for Plant and Design-Build Contract 
Yellow Book; it has become the default choice 
of contract for these multifaceted marine 
projects. Contract users have recognised this 
contract as ideal to allocate the risk between 
employer and contractor on these high value 
and complex projects.

Currently, the total free dredging market size 
is approximately 6-7 Billion euros (Dredging in 
Figures 2014) and dominated by the big four 
Benelux based dredging and marine 
contractors (Van Oord, Royal Boskalis, DEME 
and Jan de Nul) who collectively have a 
70-80% share of the ‘open market’ (Boskalis, 
2015). 

These contractors benefit from an active 
home infrastructure market that can be the 
test bed for innovative forms of contracts such 
as the Delta Plan/Delta Project started in 1954 
with the Storm Surge Barrier on Hollandse 
Ijssel. It formally came to an end with the 
completion of the Oosterschelde Barrier in 
1988 to the more recent Betuwe Route, Sand 
Motor and Maasvlaakte 2 projects, as well as 
the works on the Scheldt river and the major 
environmental remediation projects (AMORAS) 
of the Antwerp region in Belgium. The 

projects. Some parties have also taken the 
step of translating this book into the native 
languages of emerging market countries such 
as Brazil and Russia with the aim of increasing 
its acceptance and usage in the same manner 
as the Red Book (fourth edition) in the 1990s. 
FIDIC discontinued this with the Rainbow 
Suite, despite that the clear and simple 
language of the FIDIC Blue Book does make 
translations a viable option. Perhaps, FIDIC 
should consider this in future.

PRESENT DAY
Currently, in the global infrastructure market 
there is a wide range of factors which 
influence how an infrastructure project is 
ultimately awarded and performed. Major 
factors include financing of a project, the 
procurement procedures and use of 
standardised contract forms, export credit 
insurance and the removal of barriers of entry 
for non-national contractors. Today, export 
credit agreements (ECAs) are collectively 
amongst the largest sources of public financial 
support for foreign corporate involvement in 
industrial projects in emerging markets and 
the developing world. According to the ECA 
Watch website, for example, ECAs are 
estimated to support twice the amount of oil, 
gas and mining projects as do all Multilateral 
Development Banks (MDBs) such as the World 
Bank Group. 

The FIDIC Rainbow Suite of Contracts has 
become the default choice over any national 
standard contract conditions and now covers 
a wide range of project types and methods of 
procurement. It is quite likely that any 
international contractor or consultant working 
in the international arena will frequently 

FIDIC books: Green, Red, Silver and Yellow (Rainbow Suite)

The Blue Book
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Brazil and India have seen the benefits of the 
entrance of non-national contractors into the 
marine infrastructure market. Given that their 
port expansion projects could not be met by 
the nationalised dredging companies, a direct 
result has been a growth in competition that 
inevitably led to lower prices for projects. 
The FIDIC Forms of Contract play a key role in 

FUTURE
It remains to be seen whether the process of 
deregulation of ‘closed’ markets which has 
occurred from the 1960s onwards will 
continue apace or stagnate through strong 
political opposition and lobbying. In 2001, 
China became a member of the World Trade 
Organization (WTO), yet the results are mixed. 
Although the Chinese port construction 
market is opening up and transforming as 
decentralisation measures have been enacted, 
the Chinese government has intervened with 
more regulations that makes entry of foreign 
contractors almost impossible. Due to the 
Chinese legal system with its taxes and license 
arrangements, foreign marine contractors still 
have great difficulty participating in a 
profitable project (Wassink, 2011). 

Yet, the CEO of China Communications 
Construction Company (CCCC) has made 
clear the organisation’s plans to enter the 
global dredging market. So far, the CCCC’s 
non-Chinese sales have been limited, but the 
Chinese government is increasing its economic 
and political influence in Africa, Brazil and the 
Middle East, which could lead to dredging 
orders for CCCC in the coming years 
(Rabobank, 2013). In the US market, the 
Jones Act is an effective barrier to a foreign 
company –vessel building and ownership 
restrictions for non-US firms remain 
steadfastly in place. 

Previously closed markets such as Russia, 

priced tenders as the contract risks are fairly 
allocated and better understood by the 
potential bidders. 

The FIDIC for MDBs
In 2005, FIDIC published the Construction 
Contract MDB Harmonised Ed book also 
referred as the Pink Book; it cemented the 
relationship that banking organisations have 
with FIDIC. Prior to the publication of this 
book, the MDBs were originally utilising a 
FIDIC contract for the projects they were 
funding with amended general conditions. As 
a result of negotiations between FIDIC and 
the MDBs, the book was drafted, which 
incorporated the amendments that were 
commonly inserted by the MDBs.

FIDIC is conscious that its standard contract 
forms have to keep pace with developments 
and feedback from the contract users. In the 
intervening 15 years since the last major 
publication, disputes have arisen between 
contracting parties and FIDIC’s contract terms 
and conditions have come under increased 
scrutiny and subject to new case law when 
such disputes are brought to the courts. At 
present, FIDIC’s Contract Committees are 
preparing updates to the Rainbow Suite 
including the Blue Book and it is anticipated 
that updated contract forms will be published 
in 2016. 

The FIDIC Gold Book
The FIDIC Design, Build and Operate Projects 
(DBO) Contract Guide (Gold Book) was 
published in 2011 following extensive input 
from industry stakeholders including those 
from the water sector but not from the 
maritime sector. Under the Gold Book the 
contractor must operate and maintain the 
completed project on behalf of the employer 
for a period of typically 20 years from the 
date of the Commissioning Certificate, which 
is issued at completion of construction of the 
project. During this 20-year period the 
contractor must meet certain targets and, at 
the end of this period, the project must be 
returned to the employer in an agreed 
condition. The DBO element is a new concept 
in the marine infrastructure sector. It will be 
interesting to see if this form of contract is 
taken up for complex projects such as 
offshore windfarms, coastal protection or 
long-term maintenance dredging projects.

Dredging in Figures 2013
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DREDGING IN FIGURES 2013
From 2000 to the present, the global dredging 
turnover has more than doubled. Not all regional 
markets, however, have developed at the same 
pace, as is illustrated in the figure at the right, in 
which “others” reflects China, North America and 
India (closed markets).

The market share of dredging closed to 
international tenders is still substantial, with 
China as number 1 and the USA as number 2. In 
China, a few projects are open for international 
tenders. The USA market is closed to foreign 
competition by the Jones Act, which makes it 
impossible for non-USA owned and controlled 
contractors to undertake dredging activities. In 
India, state-owned Dredging Company of India 
(DCI) has a preferred position in public tendering, 
although upon occasion foreign companies have 
been awarded large dredging contracts. Globally, 
the market share of these closed markets was 
45% in 2013 (2012: 46%).

When considering only open markets with free 
access, the IADC members represent a total of 
87% market share in 2013, a clear increase since 
2000 (2000 = 75%). 

DEVELOPMENT TURNOVER IN € MLN PER REGION

(Source: IADC)

OPEN/CLOSED MARKETS

(Source: IADC)
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DEVELOPMENT TURNOVER PER DRIVER IN € MLN

(Source: IADC)
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DEMOGRAPHICS AND 
URBAN DEVELOPMENT 
Population growth across the globe has 
increased the pressure on various factors – 
housing, industrial areas and recreation. 
According to the UN Department of Economic 
and Social Affairs (UN DESA), the current world 
population of 7.3 billion is expected to reach 8.5 
billion by 2030 and to reach 9.7 billion by 2050. 
The need for more land has increased the need 
for reclamation, which is a major driver for 
dredging. Dredging projects can include building 
new land adjacent to existing urban areas or 
islands near the coast. 

The Environment can be recognised as a 
separate driver but most often is part of one of 
the other drivers. Remediation of contaminated 
sediments at historically contaminated industrial 
sites, i.e., areas where heavy industries were 
formerly (or still) located, are primarily initiated 
as part of a larger project. Restoration of habitats 
is almost always part of a larger project and thus 
the turnover is based on one of the other drivers. 
In the case of dedicated remediation projects, the 
dredging turnover can be a relatively small part 
of the overall remediation costs. 
For these reasons the turnover related to 
environment is difficult to determine and as such, 
not shown in the table on page 7. 

The World Urbanization Prospects: The 2014 
Revision report states that 54% of the world’s 
population is living in urban areas. With the 
overall increase in world population, another 
2.5 billion people is projected to be added to 
urban populations by 2050, especially with close 
to 90% of the increase concentrated mainly in 
Asia and Africa. Currently, Asia is home to 53% 
of the world’s urban population followed by 
Europe at 14% and the Caribbean at 13%. As 
such, a substantial shortage of land is already 
apparent. 

The largest proportion of these new city dwellers 
will live in vulnerable floodplains and estimates 
indicate that by 2050, half the world’s population 
will be living within 100 kilometres from a coast 
(Adger et al., 2005).

PERCENTAGE OF THE POPULATION RESIDING IN 
URBAN AREAS, 1950, 2014 AND 2050

The boundaries and names shown and the designations used on this map do not imply official 
endorsement or acceptance by the United Nations.

(Source: UN World Urbanization Prospects 2014)
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project funders are a prerequisite.
Win-win situations will arise on projects 
provided all contractual partners and 
stakeholders work for the project’s inception 
with a common interest – as if they are in a 
joint venture, with shared risks and shared 

setting out the allocation of risk between the 
parties and are recommended for use by the 
majority of the global and regional lending 
agencies. In a capital-intensive industry such 
as dredging, cooperative agreements between 
the employer, contractor, consultants and the 

benefits. The relative success of the Alliance/
Private-Public Partnerships (PPPs) type projects 
that have been used on infrastructure projects 
are a testimony to this.

CONCLUSIONS
 
Internationally recognised standard form of 
construction contracts such as FIDIC the 
Rainbow Suite, with the support of project 
funders like the World Bank and various 
MDBs have set the benchmark for fair 
contract conditions. Conditions that allocate 
risks fairly to the party that is best able to 
bear and control that risk. However, the 
management of this risk distribution does 
differ depending on the chosen form of 
contract. 

In looking back at how far the marine 
infrastructure and dredging industries have 
come over the past 50 years, the continuing 
development of fair contract conditions as 
espoused by the IADC does bid well for the 
future. It is likely that future WTO trade 

agreements will set a level playing field for 
international contractors and unfair 
procurement barriers will face increasing 
scrutiny and must inevitably be lifted if a 
balanced playing field is to be achieved. 
 
The macro economic trends identified by 
the World Bank indicate continuing growth 
in world trade, the United Nations expects 
that the world population will go up from 
nearly 7.7bn in 2020 to 8.3bn in 2030 and  
9.3bn in 2050 with much of the growth in 
Asian coastal areas (See graph on urban 
population). Preventive coastal protection 
initiatives will certainly be needed 
worldwide to combat the predictions for sea 
level rise of 0.5 m up to 1 m until 2100 
according to a report from National 
Academy of Sciences issued in 2011. Thus, 
both global project funding and 

international expertise will be essential to 
take on such projects. It could anticipated 
that in certain instances PPPs between 
employer, project funder and contractors 
may be the best contractual mechanism to 
take on complex projects. At present there 
is no standard form of contract for such 
projects. However, this may change in the 
future.

The FIDIC Conditions of Contract of the 
future that are based on using a fair and 
reasonable risk allocation will be key as 
increasingly complex contracts will be 
needed in order to tackle the global macro-
economic issues. Co-operative agreements 
between contractors, employers, 
consultants, legal advisers and public 
authorities will be needed more than ever.
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ANTI-SEDIMENTATION 
SYSTEMS FOR MARINAS 
AND YACHT HARBOURS
PIANC / The World Association 
for Waterborne Transport 
Infrastructure. By RecCom 
Working Group in cooperation 
with ICOMIA. 2015. € 90. 79 pp.

Maintenance dredging can be 
expensive and marinas and yacht 
harbours are increasingly paying 
higher costs to do this for their 
basins and approaches. The 
report gives an insight into 
focusing efforts in reducing 

sedimentation rates through different specifically designed schemes. 
The comprehensive report is also meant to give practical support to 
engineers and stakeholders in the industry of recreational navigation. 

When looking into the techniques, the report suggests to focus on the 
different conditions of a specific problem such as tidal or non-tidal 
environment, coastal or riverine installations. There are also two issues 
to consider when handling sedimentation rate. The first is when 
locating a new marina , one must avoid an environment of intense 
sediment transport because no matter the measures, the amount of 
sediments transported close to the marina will eventually be trapped 
and settled in it. The second is to focus on proper orientation and 
layout of a marina when making new designs. The report looks into 
the possibility for a coastal marina’s placement offshore of the 
sediment transport zone in order to minimise the potential sediment 
entrainment through the marina entrance. The two main issues would 
aid in controlling the planning of an anti-sedimentation scheme. 

The report is divided into several chapters: following the introduction, 
the second chapter gives an insight into sedimentation processes such 
as general sediment properties, sources of sediments such as through 
waterborne and Aeolian transport and coastal sediment transport. 
Sedimentation in basins and approach channels are dealt with 
separately, as well as in coastal and riverside installations in the 
chapter. Chapters 3 and 4 discuss optimising a new marina design and 
impact of a marina on its adjacent cost. Chapter 5 deals with anti-
sedimentation schemes through proposing technical measures for 
sediment control outside the marina while chapter 6 talks about 
maintenance dredging and related sediment handling in small craft 
harbours. Another chapter delves into the numerical and physical 
modelling of sedimentation processes such as what tools to adopt for a 
particular case. 

For more information:
www.pianc.org or http://www.pianc.org/technicalreportsbrowseall.php 

URBAN QUAY WALLS: 
MARITIME STRUCTURES
Published by CRC Press (Taylor & 
Francis Group). 2016. Item no: 
695.15. € 88 (excl. VAT). 212 pp.

Quay walls are essential 
structures and since the 
thirteenth century countless have 
been built in the Netherlands in 
urban environments. Over time 
many of these quay walls have 
become structurally unsound and 
require more maintenance and 
revisions to ensure that they are 
safe. In some cases they need to 

be demolished and completely rebuilt.

Urban Quay Walls gives a comprehensive look into these structures in 
the Netherlands and the management and maintenance of them. It 
serves as a handbook for managers of municipal quay walls, designers, 
and implementers at commissioners, consultants and contractors. 
Furthermore, it offers guidelines to all parties involved in designing, 
construction, management and maintenance of the structures. 

The book highlights safety protocols and a standardised methodical 
approach on inspecting, designing and maintaining quay walls in the 
country. Urban Quay Walls is divided into several chapters; after the 
introduction, the second chapter delves into management, 
maintenance and inventory of quay walls such as technical and 
functional management, inspecting and testing and even damage 
settlement. Chapter 3 looks into detail inspecting quay walls that 
includes a detailed inspection plan, different measuring equipment and 
technical inspection methods. Chapter 4 discusses testing methods and 
their criteria and norms. Detailed graphs and calculation methods have 
been included in this part. 

Chapter 5 discusses in detail redesigning and re-dimensioning when 
decision has been made to repair or completely build a new quay wall. 
The topics under this chapter include reliability assessment and 
mathematical models. 

The last chapter is dedicated to the topic of construction of quay walls 
and highlights the different types of contracts for the client and 
contractor to choose from. This chapter also looks into detail the 
different construction aspects and risks of building a quay wall. 
Furthermore, the book discusses the disruptions caused by constructing 
this structure and measures to mitigate the problems. 

This book is part of the Maritime structures series, which also includes 
the handbook, Quay Walls - Second edition.

For more information:
www.sbrcurnet.nl 
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SEDIMENT MATTERS 
Published by Springer. Edited by 
Peter Heininger and Johannes 
Cullmann. € 83.29 (E-book). 
Hardcover prices differ for 
countries. 2015. 247 pp. 99 
illustrations. 

The book is instructive in its view 
on different sediment issues and 
highlights the latest monitoring 
and management concepts 
regarding sedimentation. 
Sediment Matters also showcases  
practical case studies and findings 
from operational research. 

Erosion, sedimentation process and the management of the problem is 
of vital importance. This book provides insight into the different aspects 
related to sedimentation and its management such as drivers, boundary 
conditions, processes of erosion and sediment transport. Sediment 
Matters also highlights the complex processes controlling sediment 
behaviour in river basins and the latest development in integrated 
sediment management concepts. 

Research findings presented at the 6th International Conference on 
Water Resources and Environment Research in Koblenz, Germany in 
June 2013, have been included in this book. 

This book is divided into five parts and consists of 12 technical articles. 
Part I explains about sediment transport processes that includes a case 
study from the Czech Republic about aspects of sediment transport. 
Part II talks about modelling sediment transfer in rivers with three 
papers that includes “Challenges in modelling sediment matters” and 
“Suspended sediment estimation using an artificial intelligence 
approach”. 

Part III of the book delves in the topic of sediment quality and 
management. It highlights case studies from India and Germany – the 
Brahmaputra basin and the impact of agricultural land use and 
contamination of sediments in German North Sea estuaries. Sediment 
Monitoring is discussed in Part IV with two papers, one of which 
highlights a new monitoring strategy and analysis concept in Austrian 
rivers. The last chapter delves into sediment managing in river basins 
that uses examples such as the Mekong river basin and the river Elbe. 

For more information:
www.springer.com/shop 
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ONLINE AND 
INTERACTIVE:
FACTS ABOUT SOIL 
IMPROVEMENT 

Soil improvement is 
implemented for diverse 
reasons in the dredging 
industry. They range from 
preventing excessive 
settlement of reclaimed land 
when being used for 
construction purposes to 
immobilising or stabilising 

contaminants in dredged soil in order to mitigate and preferably 
eliminate environmental impacts. 

The latest Facts About gives a detailed and informative look into 
different types of soil improvement techniques, their usage and 
the differences between them. The methods vary depending on 
the characteristics of the soils and subsoils – consolidation 
techniques for cohesive soils (clay, silt) and compaction 
techniques used to solidy granular soils. 

Consolidation has become an essential part of soil improvement 
and various methods have been developed to stabilise new 
ground such as preloading or surcharging the area that is subject 
to consolidation with a temporary load of sand, using 
Prefabricated Vertical Drains (PVDs), sand drains and a system 
known variously as BeauDrain, Intensive Forced Compaction 
(IFCO) or Press-To-Drain (PTD).

Compaction is done through other techniques such as High 
Energy Impact Compaction (HEIC), or Dynamic Compaction (DC) 
– also known as heavy tamping – or Rapid Impact Compactors
(RIC) and vibroflotation. The different methods have their own
advantages and disadvantages and specialist contractors can help
evaluate a project and assess the soil conditions.

Facts About is a series of concise, easy-to-read online brochures 
which give an effective overview of essential facts about specific 
dredging and maritime construction subjects. Each brochure 
provides a 'management summary' for stakeholders seeking basic 
knowledge of a particular issue. These brochures are part of the 
IADC's on-going efforts to support clients, consultants and 
others in understanding the fundamental principles of dredging 
and maritime construction.

To download Facts About or subscribe: 
https://www.iadc-dredging.com/en/84/dredging/facts-about/ 

INTERNATIONAL ASSOCIATION OF DREDGING COMPANIES

FACTS ABOUT
An Information Update from the IADC

SOIL IMPROVEMENT
WHAT IS SOIL IMPROVEMENT?
In the dredging industry soil improvement is typically 
implemented to: 
-   prevent excessive settlement of reclaimed land when it is 

being used for construction purposes (roads, airports, 
bridge and other foundations); 

-   enhance the soil stiffness and density to prevent liquefaction 
which can lead to damage to structures in earthquake-
sensitive regions;

-   improve the shear strength of the soil to prevent slip failure 
and increase the bearing capacity of the soil; 

-   immobilise or stabilise contaminants in dredged soil in order 
to mitigate and preferably eliminate environmental impacts.

Soil improvement techniques vary depending on the 
characteristics of the soils and subsoils. Some techniques are 
applied to consolidate existing loose subsoils and some are 
specifically for compaction of newly reclaimed soil. 

WHY IS SOIL IMPROVEMENT IMPORTANT?
Typically, potential reclamation sites are shallow coastal zones 
or marshy lowlands. The soil in these areas often consists of 
thick layers of soft clay or silts. Reclamation work increases 
the load on these soft layers, causing widespread settling.
 Waiting for the natural settlement of this land is time-
consuming and thus costly and may put a project in jeopardy 
if it cannot be accomplished in a designated period of time.  
To accelerate the settlement process, dredging contractors 
have developed specialised solutions to consolidate these soft 
soils. In addition, newly reclaimed soil is often in a loose state 
and may not meet the demands of the planned infrastructure 
and therefore needs to be improved.

WHAT IS THE DIFFERENCE BETWEEN 
CONSOLIDATION AND COMPACTION?
A distinction is made between consolidation techniques for 
cohesive soils (clay, silt) and compaction techniques used to 

Above: Wick drains are used to hasten the removal of water 
from reclaimed land. A stitching rig is being filled with a new 
reel of wick drain. The wick anchor plates in the ground mark 
the location of each wick prior to installation. 

solidify granular soils. The consolidation phase has become an 
essential part of soil improvement and several techniques 
have been developed to stabilise new ground. Amongst these 
are preloading or surcharging the area that is subject to 
consolidation with a temporary load of sand, using 
Prefabricated Vertical Drains (PVDs), sand drains and a 
system known variously as BeauDrain, Intensive Forced 
Compaction (IFCO) or Press-To-Drain (PTD) as well as 
vacuum consolidation. These are all methods in which soil 
improvement takes place over a longer period of time. 
Compaction is done by methods such as smooth rollers, High 
Energy Impact Compaction (HEIC), or Dynamic Compaction 
(DC) – also known as heavy tamping – or Rapid Impact 
Compactors (RIC) and vibroflotation.

WHAT IS DYNAMIC COMPACTION?
Dynamic Compaction (DC) is a method in which a heavy 
weight, known as a pounder, is suspended from a crane and is 
dropped to the ground. It is usually used for deep compaction. 
The treatment depth is generally up to about 12 metres and is 
related to the soil type, the weight of the pounder (from 8 to 
35 tonnes) and the drop height (from 7 to 30 metres). 

WHAT IS RAPID IMPACT COMPACTION?
Rapid Impact Compaction (RIC) takes place on the surface of 
the reclamation area and involves a hydraulic hammer 
attached to a crane. The hammer is dropped frequently, about 
one hit per second, and its weight (anywhere between 9 and 
18 tonnes) causes the material to compact to a depth of up to 
about 5 metres.

WHAT IS HIGH ENERGY IMPACT COMPACTION?
The High Energy Impact Compaction (HEIC), used to 
compact the upper 2 or 3 metres of newly reclaimed land, 
consists of a non-circular, asymmetric compactor module 
towed along the ground by a tractor. In every rotation, the 
module rises up on its contact point with ground and drops to 
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IAPH MID-TERM CONFERENCE 
MAY 10-13, 2016
PANAMA CITY, PANAMA

The International Association of Ports and Harbours (IAPH) will meet in 
Panama City, Panama, for its mid-term conference. It is hosted by the 
Panama Maritime Authority. As the conference will coincide with the 
completion of the Panama Canal Expansion, it will provide an 
excellent platform to discuss the effects of the expanded Canal on 
world maritime trade. 

The four-day conference will showcase different meetings – the first 
two days includes a IAPH Officers Meeting, Technical Committee 
Meeting, Women’s Forum Meeting and a Board of Directors Meeting. 
On the third day, there is a conference opening, working sessions and 
a gala dinner. The last day is a highlight with a technical visit to 
Manzanillo International Terminal and the Panama Canal. 

For more information: 
Email: info@iaphworldports.org 
http://www.iaphworldports.org/ 
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IADC SEMINAR ON DREDGING AND RECLAMATION
APRIL 11-15, 2016
PANAMA MARRIOT HOTEL, PANAMA CITY, PANAMA 

Aimed at (future) decision makers and their advisors in 
governments, port and harbour authorities, off-shore companies 
and other organisations that have to execute dredging projects, the 
International Seminar on Dredging and Reclamation has been 
organised by the International Association of Dredging Companies 
(IADC) in various locations since 1993. 

Often presented in co-operation with local technical universities, the 
IADC Seminar provides a week-long seminar especially developed 
for professionals in dredging-related industries. In the past this 
intensive course has been successfully presented in the Netherlands, 
Singapore, Indonesia, Dubai, Argentina, Abu Dhabi, Bahrain and 
Brazil.

According to the American Society of Civil Engineers, Panama Canal 
is one of the seven wonders of the modern world. The Panama 
Canal is being expanded and more projects are being planned for 
the near future in the area.

The Organization of American States (OAS) and the Inter-American 
Committee on Ports (CIP) together with other interested parties has 
asked the IADC to organise a Seminar for the first time in Panama. 
The Seminar will be held at the Panama Marriott Hotel in Panama 
City. 

Highlights of the programme
To optimise the chances of a successful completion of a project, 
stakeholders, from the start, need to fully understand the 
requirements of a dredging project. The five-day course strives to 
provide an understanding through lectures and workshops. The 
in-depth lectures are given by dredging experts from IADC member 
companies. Some of the subjects covered include:
•  overview of the dredging industry and the development of new 

ports and maintenance of existing ports;

• project phasing (identification, investigation, feasibility studies);
• descriptions of types of dredging equipment;
• site and soil investigations,
•  costing of projects and types of contracts such as charter, unit 

rates, lump sum and risk-sharing assessments
•  latest dredging and reclamation techniques including 

environmental issues

The course also includes an on-site visit to a dredging project being 
executed in the area to give participants the opportunity to see 
dredging equipment in action and learn about a dredging operation. 

There will also be plenty of time to network and interact, especially 
with a mid-week dinner where participants, lecturers and other 
IADC member company representatives will attend.

Each participant will receive a set of comprehensive proceedings at 
the end of the week along with extensive reference list of relevant 
literature. Participants who have fully completed the coursework will 
receive a Certificate of Achievement in recognition. The seminar 
starts on Monday, 11 April 2016 at 8:45 hours, and ends Friday, 15 
April 2016 at 17:30 hours. 

Costs
The fee for the week-long seminar is € 3,100 (approx. US$3,127). 
This includes all tuition, seminar proceedings, workshops and a 
special participants’ dinner. It excludes travel costs and 
accommodation. Assistance with finding hotel accommodation in 
Panama can be given. A group discount of € 500 (approx. US$504) 
per person is applicable for groups and organisations wishing to 
register two or more delegates.

For more information, contact:
Jurgen Dhollander
PR & Project Manager
International Association of Dredging Companies (IADC) 
Email: dhollander@iadc-dredging.com
Tel: +31 (0)70 352 3334 
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6TH IAHR INTERNATIONAL JUNIOR RESEARCHER 
AND ENGINEER WORKSHOP ON HYDRAULIC 
STRUCTURES (IJREWHS) 2016
MAY 30 - JUNE 1, 2016
LÜBECK, GERMANY

Hydraulic engineering is one of the most challenging fields in civil or 
environmental engineering and is of increasing importance. IJREWHS 
brings together young scientists and engineers to discuss hydraulic 
structure designs, new research investigations, and practical solutions. It is 
also an opportunity for young researchers (typically graduate students) 
and for young engineers to present and discuss their research and works.

This workshop is the sixth in a successful series organised by the IAHR 
Hydraulic Structures Committee. Regular registration for the workshop 
is between March 16 till April 30, 2016.

For more information and registration:
Tel: +49 451 300-5154
http://ijrewhs2016.de/  

IADC SEMINAR ON DREDGING AND LAND 
RECLAMATION
JUNE 20-24, 2016
UNESCO-IHE, DELFT, THE NETHERLANDS

The five-day seminar will take place in UNESCO-IHE in Delft, where it 
has been annual event for many years. The course will include lectures, 
workshops and a site visit to a nearby dredging project to give 
participants the opportunity to see dredging equipment in action and 
learn about a dredging operation. The lectures will be conducted by 
subject matter experts from IADC member companies. 

Topics for the course will include: 
• overview of the dredging market; 
• descriptions of types of dredging equipment; 
•  site and soil investigations, designing and estimating from the 

contractor’s view; 
• Early Contractor Involvement (ECI). 

The fee for the week-long seminar is € 3,100 (approx. US$3,127).  
This includes all tuition, seminar proceedings, workshops and a special 
participants’ dinner. It excludes travel costs and accommodation. 
Assistance with finding hotel accommodation in Delft can be given. 

For more information, contact:
Jurgen Dhollander
PR & Project Manager
International Association of Dredging Companies (IADC) 
Email: dhollander@iadc-dredging.com
Tel: +31 (0)70 352 3334 

WODCON XXI 
JUNE 13-17, 2016 
HYATT REGENCY HOTEL MIAMI, FLORIDA, USA 

World Dredging Congresses (WODCONs) are organised once every 
three years by WODA, the World Organization of Dredging 
Associations, which is comprised of the Central Dredging Association 
(CEDA), Eastern Dredging Association (EADA) and Western Dredging 
Association (WEDA), each representing the dredging industry in their 
respective regions. First organised in 1967 in New York and held 
throughout the world since, this series of congresses has become the 
most important event for dredging professionals worldwide. WODCON 
XXI with the theme “Innovation in Dredging” will showcase some 120 
technical papers over three days covering all aspects of dredging and 
maritime construction. 

The International Association of Dredging Companies(IADC) will also 
present its Young Author Award to an author under the age of 35 for 
an outstanding contribution to the literature. The winner receives € 
1,000 and a certificate of recognition and the paper may then be 
published in Terra et Aqua, IADC’s quarterly journal. 
The Congress will also feature a technical exhibition and technical visits. 
These technical programme elements will ensure a complete learning 
process, while various social events will allow participants to meet 
fellow professionals from all over the world in a friendly and inspiring 
atmosphere. 

For more information, contact: 
• Email: info@weste rndredging.org 
www.westerndredging.org

3RD EUROPEAN CONFERENCE ON FLOOD RISK 
MANAGEMENT
OCTOBER 17-21, 2016
LYON, FRANCE

The FLOODrisk 2016 conference will be held in the Centre des 
Congrès, Lyon, France. It will bring together researchers, policy makers 
and practitioners from across the world to share experiences and 
progress made in flood risk research, policy and management practice.

The programme includes a variety of topics in the subject areas of flood 
risk management and flood event management. These topics will be 
addressed through thematic or special sessions and interactive 
workshops during the three-day conference. Some of the topics include 
characterising the flood risk (vulnerability and societal resilience, risk 
perception and communication), flood event management (civil 
contingency planning, forecasting and warning) and decision making, 
policy and governance. 

For more information: 
www.floodrisk2016.net 
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