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ABSTRACT 

Stabilizing large diameter natural gas pipelines on the 
seabed against extreme hydrodynamic loading conditions has 
proven to be challenging in the northwest of Australia. Tropical 
storms, which affect the area annually between November and 
April, can generate wave heights exceeding 30 m and storm 
steady state currents of 2 m/s or more. Consequently, in shallow 
water depths, typically less than 40 – 60 m, subsea pipelines 
can be subjected to very high hydrodynamic loads, potentially 
causing significant lateral movement. To mitigate the risk of the 
pipeline suffering mechanical damage due to excessive lateral 
movement, quarried and graded rock is often dumped over the 
pipeline as a secondary stabilization solution. 

In order to satisfy functional requirements, the rock berm 
must comprise of a sufficiently large rock grading size and 
berm volume to withstand the design hydrodynamic loading 
such that the pipeline cannot break out of the berm. The design 
of rock berms for pipeline secondary stabilization has 
traditionally followed a deterministic approach that uses 
empirical equations for preliminary rock sizing, followed by 
small-scale physical modeling for design verification and 
optimization. Whilst the traditional approach can be effective in 
producing a robust rock berm design, opportunities for further 
optimization are inhibited by a lack of available data and an 
imperfect understanding of the failure mechanisms.  

This paper presents an overview of an improved approach 
for rock berm design optimization. A general overview of rock 
berms, the design principles, benefits and risks are also 
presented. 

 

INTRODUCTION 

 Pipelines are typically the most effective method for 
transporting hydrocarbons from subsea wells to shore for 
processing. Extreme storm conditions and interference from 
shipping have resulted in numerous pipeline failures over the 
past few decades and must be carefully designed for.  

It is common practice in the offshore industry to apply a 
concrete weight coating (CWC) to the pipeline to increase its 
submerged weight for on-bottom stability. The concrete 
coating, which is typically a few inches thick, also provides 
some degree of mechanical protection to the pipeline. However, 
there is a practical limit to how much weight coating can be 
applied to a pipeline, due to either the tension or handling 
capacity of the pipeline installation vessel or the handling 
capacity at the coating plant. In cases where the maximum 
coating thickness cannot provide the pipeline with a sufficient 
level of safety, a secondary stabilization method may have to be 
adopted. 

One method for achieving pipeline secondary stabilization 
and/or accidental external impact protection is by dumping 
quarried rock over the pipeline. Depending on the water depth 
and armour rock grading size, a Side Dump Vessel (SDV) or 
Fall Pipe Vessel (FPV) is typically used to install a rubble 
mound near-bed structure that is commonly referred to as a 
rock berm. 

This paper presents an overview of the rock berm design 
concept, the analytical design methods, comparison of 
analytical method with physical model test results, and 
recommendations for design practice 



 

DES

Pipe

T
accep
may 

Whe
not c
given
form
loss 
exter

E
stabi
pipel
embe
pipel
the p
pipel
exce

Roc

I
must
berm
life-c
requi
and 
(OPE

C
numb
gradi
susce
Simi
smal
defor

M
drop
requi
main
consi
pipel
parti

Dam

A
accep
durin

T
calcu
topic
yet o

SIGN PRINCI

eline Limit S

The purpose 
ptable safety 
lead to exceed

ere the pipelin
considered to p
n failure mod

m of stabilisati
of pipeline o

rnal interferen

Excessive di
ility is conside
line stability,
edment such 
line do not ex
pipeline and p
line may break
ssive lateral d

ck Berm Des

In addition to
t also consider

m dimensions 
cycle cost wit
irements. The
installation 

EX).  

CAPEX is a 
ber of layers a
ing can be mu
eptible to i
ilarly, a rock b
ller rock quan
rmation that m

Maintenance w
s below the m
irements.. Th

ntenance work
idered in the d
line at risk, th
cular area and

mage Accept

An important 
ptance criteri
ng the design h

The CIRIA 
ulating damag
c of acceptanc
on which da

IPLES 

States 

of the rock 
margin again

dence of pipel

ne external co
provide an acc
de, rock berm
ion. The relev
on-bottom sta

nce. 

splacement c
ered a servicea
, the rock b
that the hydr
ceed the resist

pipe-rock frict
k-out of the b

displacement o

sign Require

o the integrity
r the stability 
should be op

thout sacrifici
e total life-cyc

costs (CAPE

function of 
and the require
uch cheaper to 
instability u

berm with very
ntity, but wil

may require ma

works may be
minimum leve
he decision o
ks is made by t
decision makin

he frequency o
d the remaining

tance Criteri

aspect of roc
a for the deg
hydrodynamic

Rock manua
ge levels for th
ce criteria it st
mage level s

berm design 
nst relevant f
line limit state

oncrete weigh
ceptable level 

ms may be use
vant pipeline 
ability and d

caused by lo
ability limit st
berm must p
rodynamic loa
tance provide
tional forces [
berm and poten
of the pipeline.

ements 

y of the pipe
of the rock be

ptimized to m
ing ability to 
cle cost comp
EX) and ma

armour rock 
ed rock quant
produce and i

under hydrod
y steep side slo
ll be more pr
aintenance wo

e required if th
el required to 
on whether o
the operator. F
ng process inc

of vessel move
g design life. 

ia 

k berm design
gree of berm
c conditions.  

al [1] provid
his type of str
ates “there is 
should be app

is to provid
failure modes 
es.  

ht coating alon
of safety agai

ed as a secon
failure modes
amage caused

oss of on-bo
tate (SLS) [2]
provide suffi
ads acting on
d by the weig

[2]. Otherwise
ntially resultin
. 

eline, the desi
erm structure.

minimize the 
satisfy the de

prises rock su
aintenance w

grading size
ity. A smaller 
install, but is m

dynamic load
opes will requ
rone to exces
orks (OPEX).

he berm crest 
satisfy the de
r not to per

Factors likely t
clude the leng
ement through

n is specifying
m damage allo

des guidance
ructure, but on
no strict guid

pplied in diffe

2

de an 
that 

ne is 
inst a 
ndary 
s are 
d by 

ottom 
. For 
cient 

n the 
ght of 
e, the 
ng in 

igner 
. The 
total 

esign 
upply 
works 

, the 
rock 

more 
ding. 
uire a 
ssive 

level 
esign 
rform 
to be 

gth of 
h that 

g the 
owed 

e on 
n the 

dance 
ferent 

sit
su
an
se

to 
sta
en
dr

St

da
im
a 
fre
in

ro
en
pe
sig
lif
be

no
is 
ex
be

In
ag
qu

arm
slo

 

arm
se
fo
red

tuations”. Th
ubject, which
nd experience 
veral major ga

In the absen
design a rock

able or dy
nvironmental l
rawbacks.  

tatic Stabilit

Statically s
amage is allow
mplies minima

berm cannot
equent or wid
stability does 

The armour
ck particles 

nvironmental l
eriod (RP) o
gnificant berm
fe is sufficient
e satisfied by a

A no-cover
ominal height 

level with th
xample of a t
erm.  

A no-cover
ncreasing the w
gainst hydrody
uantities.  

The require
mour grading
opes of 1v:3h 

 

FIGURE 1 T

A no-cover
mour rock gr
condary stabil
r water depth
duced rock gr

his paper aim
is based on a
designing se

as pipeline pro

nce of strict g
k berm that is

ynamically st
load. Each ap

ty Design Ap

stable structur
wed to under 
al movement o
t be consider
despread rollin
not reduce the

r rock grading
are virtually 
loading condi

of 100 years.
m degradation 
tly low, the p
a no-cover roc

r rock berm pr
to which rock

he crown of th
theoretical de

r rock berm 
width of the 

ynamic loadin

ed side slope 
g and hydro
have been use

TYPICAL NO-C

r rock berm pr
rading can pro
lization solutio

hs of less than
rading size do

Copyrig

ms to provid
a review of th
econdary stabi
ojects over the

guidance, the d
s considered t
table under 
pproach has i

pproach 

res are those 
design conditi

of individual s
red to be sta
ng of stones 
e height of the

g is sized suc
stable durin

ition, which ty
. By ensurin
occurring ove
ipeline stabili

ck berm profile

rofile can be 
k is placed adj
he pipeline. F

esign profile 

may have a 
berm provide
g at the expen

for stability 
dynamic load
ed successfully

COVER ROCK

rofile comprisi
oduce a robu
on. This appro
n 10 -15 mete
oes not offer s

ght © 2012 by

e guidance o
he relevant lit
ilization syste
e last decade. 

designer may 
to be either st

the charac
its own benef

where no or
ions. The term

stones. Conseq
atically stable 
occurs, even 

e berm   

ch that the ind
ng the charac
ypically has a
ng that the r
er the pipeline
ity requiremen
e.  

defined as wh
jacent to the p
Figure 1 prov
for a no-cove

defined crest 
es improved s
nse of increase

is a function
ding, howeve
y on past proje

K BERM DESIG

ing a statically
ust and cost-e
oach is  most s
ers, in cases w
significant ben

y ASME 

on this 
terature 
ems for 

choose 
tatically 
cteristic 
fits and 

r minor 
m static 
quently, 

where 
if such 

dividual 
cteristic 
a return 
risk of 

e design 
nts may 

here the 
pipeline 
vides an 
er rock 

width. 
stability 
ed rock 

n of the 
er, side 
ects.  

GN 

y stable 
ffective 
suitable 
where a 
nefits to 



 

the p
level
durat

I
show
must
route
addit
ensur
achie

T
sever
and 
perfo
than 
overd
the d
place
and 
selec

 

Dyn

D
move
loadi
profi
until 
level

A
an al
desig
wide
level
desig
may 

 
FIGU
 

A
gradi
(FPV
than 
loadi

project. A stat
l of berm degr
tion of storm e

It should be 
wn in Figure 
t be satisfied 
e. Due to in
tional quantity
re that the 
eved.  

The accuracy
ral factors suc
the seastate

ormed by a sid
20 m, the 

dumping can o
design berm p
ement has a s
installation 

ction process.  

amic Stabili

Dynamically s
ement of indiv
ing condition.
ile, with indiv

the transport
l such that an a

A key feature
llowable crest
gn dimensions
er crest level to
l drop. By inc
gn to allow fo
be reduced.   

URE 2 ROCK B

A potentially
ing size is to a

V), which gen
250 – 300 m

ing capacity a

tically stable d
radation is no
events over th

noted that the
1 represents 
over the app

accuracies of
y of rock must

minimum d

y of the rock
ch as the inst

e conditions. 
de dump vesse

quantity of 
often exceed t
profile. Cons

significant imp
and should 

ity Design A

stable rock be
vidual rock pa
. This results 

vidual rock par
t capacity alo
almost static p

 of a dynamic
t level drop t
s (Figure 2). 
o allow greate
corporating an
r some damag

BERM DESIGN

y significant 
allow berm ins
nerally are no
mm. As FPV’s
and dumping 

design is also 
ot sensitive to 
he design life.  

e theoretical 
a minimum d
plicable lengt
f offshore ro
t be allowed fo
design profile

k placement 
tallation vesse

Where berm
el (SDV) in w
f additional r
the theoretical
equently, the 
pact on the co
be considere

Approach 

erms are desig
articles during
in a develop

rticles displac
ong the profil
profile is reach

cally stable ro
that is built-in
The design m

er rolling of st
n additional ro
ge, the armour

N FOR DYNAM

benefit of re
stallation with
ot suitable for
s typically hav
accuracy than

robust in tha
the frequency

rock berm pr
design profile
th of the pip
ck placement

for overdumpin
e is consiste

is dependen
el, the water d
m installation
ater depths gr
rock allowed
l quantity base
accuracy of 

ost of rock su
ed in the de

gned for signif
g the character
pment of the b
ed by wave ac
le is reduced 
hed. 

ock berm desig
n to the minim
may also featu
tones without 
ock quantity in
r rock grading

MIC STABILITY

educing the 
h a Fall Pipe V
r rock sizes la
ve a much gr
n SDV’s, redu

3

at the 
y and 

rofile 
 that 
eline 
t, an 
ng to 
ently 

nt on 
depth 
n is 

reater 
d for 
ed on 
rock 

upply 
esign 

ficant 
ristic 
berm 
ction 
to a 

gn is 
mum 
ure a 
crest 
n the 

g size 

Y 

rock 
Vessel 

arger 
reater 
ucing 

the
red

siz
ro
is 
req

lev
fo
di
ph
po

DE

rel
de
tha
hy
qu
wa
lai
se

su
on
fo
pr
sta
wa

Cr

ro
co

the
no

W



e rock gradin
duce the cost 

An addition
ze is the redu
ck particles d

considered 
quired to abso

The main d
vel of uncerta
r a given hy
scussed in the

hysical model
otentially optim

ESIGN MET

Near-bed 
latively low c

epth of submer
at wave br

ydrodynamics 
uarried rock t
ater near the s
id in a trench
abed level. 

Compared t
ubmerged struc
n near-bed stru
rm the prim

rovides a brie
atically stable
aves and curre

ritical Shear

The traditio
ckfill is base

oncept propose

 The stabili
e value of 

ondimensional

.  

Where, 

   τ = bed sh

ρr = rock 

ρw = dens

g = gravit

wr( 





ng to within th
of installation

nal benefit of 
uced risk of p
during berm in

unacceptable,
orb impact ene

drawback of 
ainty in predi
ydrodynamic 
e following sec
l testing is ty
mize a prelimi

HODS 

structures are
crest height c
rgence of thes
reaking does

around the s
to be dumped
shore crossing
such that the b

to the stability
ctures, relative
uctures where

mary design l
f literature re
e and dynam
ents.  

r Method 

onal design m
ed on the in
ed by Shields 

ity of the rock
the Shield

lization of the 

 

 

 

hear stress 

particle densit

sity of seawate

tational consta

gD)

Copyrig

he limits of a 
n when overdu

reducing the 
pipeline damag
nstallation. In 
, a protectiv

ergy.  

this approach
cting the deg
loading cond

ction of the pa
ypically perfo
inary rock ber

e submerged
compared to t
se structures is
s not signif
structure. It is
d over a pipel
g, although the
berm crest is n

y of rock slope
ely scarce info

e currents and 
load. This se
eview of desig
mically stable

method for h
ncipient motio
[5]. 

k berm is ass
ds parameter,

shear stress an

  

ty 

er 

ant 

ght © 2012 by

FPV can sign
umping is facto

armour rock g
ge by falling 
cases where t

ve coating m

h is the consi
gree of berm d
dition. This w
aper.  For this 
ormed to veri
rm design.  

d structures 
the water dep
s sufficient to 
ficantly affe
s not uncomm
line in very s
e pipeline is ty
not above the 

es of breakwat
formation is av

non-breaking
ection of the
gn methods fo

e rock berms

hydraulic stab
on or critica

sessed by calc
, Ѱ, which
nd is given by

 (1) 

y ASME 

nificant 
ored in. 

grading 
armour 

this risk 
may be 

iderable 
damage 
will be 
reason, 
ify and 

with a 
th. The 
assume 

ect the 
mon for 
shallow 
ypically 
natural 

ters and 
vailable 
g waves 
e paper 
for both 
s under 

bility of 
l shear 

culating 
is a 

y Eq. 1 



 4 Copyright © 2012 by ASME 

D = rock particle diameter 

 

 

The incipient motion method is based on the premise that 
ovement of individual rock particles is initiated when the 
Shields parameter Ѱ, exceeds a critical value, Ѱcr.  

A pipeline designer can use this method to calculate the 
required stable rock particle size D for a given set of 
hydrodynamic loading conditions and rock density. To account 
for the fact that rock gradings produced in the quarry are not 
uniform, the characteristic rock particle size D in Shields’s 
formula is commonly taken as the median nominal diameter 
Dn50. This infers that the largest 50% of rock particles by mass 
will remain stable for design loading condition, whilst the 
smaller rock particles may experience some limited movement.  

This approach is an attractive method to use for 
preliminary rock sizing in design practice, because it provides a 
straightforward answer to the question of what rock grading 
size is required to ensure a stable rock berm design. However, 
the answer to this question is not so simple. The designer must 
decide on what value to assume for the critical Shields number, 
and how best to calculate the bed shear stress for a combination 
of waves and currents. 

A key assumption of the Shields approach assumes that 
there is a clear threshold of motion that can be expressed as a 
critical shear stress. In reality the boundary is not clearly 
defined due to the stochastic nature of bed shear stress, 
protrusion, interlocking and rock particle size. This poses a 
dilemma for designers because the selection of critical Shields 
parameter, bed shear stress equation and the design wave height 
will all have a significant effect on the calculated rock size for 
stability. To maximize confidence in the results, design 
engineers should select a combination that provides good 
correlation with scale model test results.  

CIRIA/CUR [1] recommends Ψcr = 0.03 when the shear 
stress is averaged over a full-wave period, and Ψcr = 0.056 
when the instantaneous maximum shear stress is used, in order 
to get good agreement with the results of a set of scale model 
test results performed by Rance and Warren [8] 

Van den Bos [6] conducted a comprehensive review of a 
number of analytical design methods for near-bed structures in 
waves and currents, including a quantitative analysis of the 
most promising methods against a dataset of scaled model tests. 
This included the critical shear stress method for a number of 
different wave-current interaction models and wave height 
parameters.  

Van den Bos [6] concluded from his analyses that the 
critical stability method is not the most suitable method, 
because the stability of a single stone could not be related to the 
stability of the structure as a whole. However, the critical 
stability approach can be used to provide a conservative 

estimate of the required rock size, provided that the 1%-
exceedence wave height, H1%, and peak period, Tp, is used to 
calculate the velocity at the berm crest. Use of the significant 
wave height, Hs, can seriously underestimate the governing 
shear stresses. A critical Shields parameter of Ѱcr = 0.030 
should be used in combination with the full wave period 
averaged shear stress, as per the recommendation by 
CIRIA/CUR [1].  

Damaged Based Methods 

An alternative approach to the critical shear method is to 
allow for a certain level of berm damage during extreme storm 
events, beyond which the pipeline may become unstable.  
Several equations have been proposed to calculate the damage 
to the structure as a function of the peak velocity (u), the weight 
of the stones and the number of waves (N). Most equations 
predict the damage in terms of the dimensionless erosion area 
S, which is expressed as the ratio between the eroded area Ae 
and the nominal stone diameter (Dn50).  

 
 

(2) 

 

Where, 

Ae is the erosion area of a cross-sectional berm profile 

Dn50 is the nominal rock particle size 

 

Van Gent and Wallast [7] performed scale model tests of 
the stability of near-bed structures under a combination of 
waves and currents. Analysis of the test results lead to the 
following formula: 

 
 

(3) 

 

Where,  

θ is a dimensionless mobility parameter, which is similar 
to the Shields parameter Ѱ but a function of velocity at the 
berm crest level rather than shear stress, and is given by: 
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facility, and by ensuring that all important design parameters 
have been scaled correctly.  

 
  

 

There exists several types of test facilities that may be used 
for physical modeling of near-bed structures under waves and 
currents. Each type of facility has unique benefits and 
limitations, which are best suited to different environmental 
conditions.  

A wave and current flume has traditionally been the most 
commonly used facility for this work [10]. It allows for quasi-
2D modeling of structures exposed to long-crested waves and a 
co-linear steady current. The orientation of the model rock 
berm is typically perpendicular to the direction of waves and 
currents. Some key advantages of using this type of facility are 
availability and ease of model set-up and testing. Limitations 
are scaling effects for all but the largest flumes as well as end 
effects due boundary conditions created by the walls of the test 
section. 

A wave basin has been utilized on several past projects for 
3D model testing of secondary stabilization designs [9]. Both 
complex local bathymetry and directional waves can be 
modeled to provide a more realistic representation of the 
prototype conditions. It is also possible to assess multiple 
designs in a single test run. Disadvantages of using this type of 
facility include scaling effects, increased model set-up time and 
difficult to model steady currents.  

DESIGN CASE STUDY 

The design outcomes from a recent project are presented in 
this section of the paper to provide an example of how pipeline 
designers may select a rock berm design for secondary 
stabilization. 

The preliminary berm designs were selected based on the 
empirical methods that have been discussed earlier in the paper. 
Physical modeling was performed to verify the preliminary 
designs and select a final design.  

The paper will also provide some discussion of the test 
results, which will be compared against the predictions from 
analytical design methods. 

Design Conditions 

To provide a summary of the extreme hydrodynamic 
loading conditions, the design values of the most relevant 
metocean parameters are listed in Table 1.  

 
TABLE 1: SUMMARY OF METOCEAN DESIGN VALUES 

Parameter Units 
Return Period (years) 

100 1,000 10,000 
Still Water level m 14.2 15.0 15.9 
Significant wave height m 6.5 6.9 7.3 

Peak wave period s 12.6 13.5 13.7 
Zero crossing period s 9.4 10.1 10.3 
Peak significant wave 
orbital velocity  

m/s 1.52 1.59 1.62 

Steady current velocity m/s 0.86 0.96 1.03 
 

Acceptance Criteria 

The following acceptance criteria were used for the rock 
berm model tests: 

• 100 year RP event – the crest level may not drop below 
the crown of the pipeline.  For the no-cover rock berm design, 
any crest level drop is unacceptable.  

• 1,000 year RP event – some crest level drop is acceptable. 
This may result in the entire crown of the pipeline being 
visible. Sufficient embedment and sheltering should be 
provided by the rock berm such that pipeline instability does 
not occur. 

Preliminary Berm Designs 

Two rock berm design options were selected based on the 
results of empirical design methods and previous project 
experience.  

A no-cover rock berm design, comprising a 300 mm D50 
rock grading, a berm crest height and width equal to the 
pipeline outer diameter, and side slopes of 1v:3h (Figure 1) was 
chosen as the base case design. The incipient motion approach 
was used to calculate the required rock grading for a statically 
structure under the 100 year return period tropical cyclonic 
conditions.  

A full-cover rock berm profile, with a significantly smaller 
armour rock grading size that could be installed using a fall 
pipe vessel, was selected as an alternative design. The design 
comprised a 175 mm D50 rock grading, a berm height of 2.1 m, 
crest width of 2.0 m and side slopes of 1v:2.5h (Figure 2). 
Results from damage based methods indicated that design 
would be dynamically stable, with any damage to the berm 
likely to be within acceptable limits. 

Physical Model Set-up 

The two preliminary rock berm designs were modelled in a 
wave/current flume at a length scale of 1:35. The flume is 30 m 
long, 1.0 m wide and 1.5 m deep. At one end is a wave 
generator capable of generating regular and irregular waves. At 
the opposite end is a parabolic “beach” to absorb wave energy 
and create as little wave reflections as possible in the flume. 
Three wave gauges were positioned in the flume to measure the 
surface elevation at three points. 

A 50 cm diameter return pipe, a flow impeller, and the 
various connections at either end created circulation flow in the 
flume/pipe system. With a flume water depth of 0.5 m, this 
system is capable of producing a current up to 60 cm/s. 
Currents were measured by an Acoustic Doppler Velocity 
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related factors such as the distance between site and rock load-
out, or the cost and limitations of available installation vessels.  

As a general rule, it is recommended that both statically 
stable and dynamically stable rock berm designs be considered 
in the design optimization process. The critical stability method 
can be used to determine the minimum armour rock grading 
size to ensure a statically stable rock berm with the minimum 
design height and width. A damage based method can be used 
to predict the required berm dimensions based on an armour 
rock grading size that is small enough to be reliably installed 
with a fall pipe vessel, and/or safely dumped on an unprotected 
pipeline. Both design methods should use the characteristic 
loading conditions with a return period of 100 years, as well as 
the minimum density of rock that can be expected from the 
quarry.  

This process may lead to two or three different rock berm 
designs, of which one should be selected on the basis of 
reliability and cost. Physical model testing is often a 
worthwhile undertaking to gain an increased understanding of 
the reliability of each design under different environmental 
conditions including wave height and water depth. It is 
generally recommended to perform physical model testing in 
order to verify that the structure responds acceptably to the 
design loading conditions. Scale model testing is also useful for 
investigating the sensitivity of the design to more onerous 
conditions and to different angles of wave attack. 

As part of the design selection process, the cost of rock 
supply, load-out and installation should be estimated for each 
rock berm design option. The total quantity of rock must be 
calculated by considering the minimum design volume, the 
necessary overdump allowance and the bulk density of the rock 
berm structure. Productivity rates are estimated based on 
expected values for the vessel loading capacity, rock dumping 
cycle time and expected standby time due to bad weather, crew 
change and breakdown.  

The cycle time for rock dumping should by estimated by 
considering the average time taken for each step in the 
installation cycle, as shown in Figure 7.  

 

 

 

 

FIGURE 7 FLOW CHART OF ROCK DUMPING CYCLE 
 
Information on vessel costs and productivity rates are 

based on past project experience and input from rock dumping 
contractors.  

 
 
 
 

 

OPPORTUNITIES FOR IMPROVEMENT 

Significant room for improvement remains for predicting 
the rock berm response to different environmental conditions, 
and for quantifying cost and risk to reach the optimal design. 

Opportunities for improvement are currently limited by 
lack of quality data from scale model tests, and more so from 
berms in the field.  

Damage based equations are still evolving with new 
research.  As new sets of test data become available, the model 
constants are likely to change and new parameters may be 
introduced. It is important to note that the equations are largely 
based on scale model tests rather than prototype 
tests/observations. It is understood that scaling factors tend to 
have a conservative influence on the results, but this is difficult 
to quantify. Additional prototype data would provide increased 
confidence in using these equations for design optimization.   

CONCLUSION 

This paper has provided guidance on designing rock berms 
for pipeline stability. Damage acceptance criteria have been 
suggested and the potential benefits of designing for both static 
stability and dynamic stability have been discussed.  

The most suitable design approach for a particular project 
will largely be governed by the relative influences of rock 
grading size and rock volume on the cost of rock supply and 
rock dumping. Consequently, the designer should identify step-
changes in the cost of rock installation with increasing armour 
rock grading size.  

Several empirical methods for preliminary rock sizing have 
been presented. It is important to consider the limitations of 
each empirical method, which are typically more applicable for 
either wave dominant or current dominant conditions. Given 
the limitations of empirical methods, it is generally 
recommended to perform physical model testing in order to 
qualitatively assess the design reliability. 
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