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For different reasons oil/gas pipelines or parts of oil/gas pipelines have to be covered with rubble mounds. The 
question is then what the size of the stones/gravel in the mound should be to withstand waves and currents of the 
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INTRODUCTION 
For different reasons, oil/gas pipelines or parts of oil/gas pipelines have to be covered with rubble 

mounds. The question is then what the size of the stones/gravel in the mound should be to withstand 
waves and currents of the area. Typical design significant wave heights and mean wave periods for 
North Sea conditions are Hs ≈ 10-15 m and Tm ≈ 10-15 s. Typical pipeline diameters are d = 20-40 
inches and typical height of the mound could be up to (h-hc) = 1.5-2.0 m. Typical slopes of the mound 
are 1:2-1:3 and typical mean stone “diameter” in the mound has been D50 = 50-100 mm for North Sea 
wave and current conditions for water depth h = 40-70 m.   

In order to obtain more information on the stability of gravel mounds over pipelines, laboratory 
tests in a wave/current flume have been carried out and are summarized herein. In addition, data from 
other similar investigations elsewhere are discussed. A brief analysis of the stability of a flat gravel bed 
subjected to irregular waves has also been included, using the concept of the statistical distribution of 
the bed shear stress. 

PREVIOUS WORK 
There have been some previous studies on the stability of near-bed gravel structures and bed 

gravel protection. It has been customary to use a non-dimensional damage S to define the damage on a 
gravel or rock structure.  
 

 
 
Figure 1. Definition sketch showing damage A to the mound. 

 
With reference to Figure 1, S is defined as: 
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where A is the cross-sectional damage area and Dn50 = (W50/ρs)

1/3. Typical test slopes have been 1:10 < 
tg < 1:1. 

Vidal et al. (1998), (2002), (2007) carried out laboratory as well as full scale tests on near bed 
structures and sewage outfall protection structures exposed to waves. They analyzed their test data in 
different ways: damage vs. a stability number Ns= (H/Dn50), damage vs. Morison force, damage vs. a 

A (hatched area) 
hc h Current 



Waves

Bed 
protection 



 

mobility parameter  = bm/(gDn50), where the maximum sea bed shear stress bm was calculated 
using Eq. (5). In the analysis of their first tests, (1998) and (2002), they used the water particle 
velocity on the top of the mound, calculated using linear wave theory as if the water depth was hc. In 
their (2007) paper they found the water particle velocity above the mound using a numerical model and 
applied the maximum water particle velocity at the rear edge of the mound when calculating the 
mobility parameter. 

Lomonaco et al. (2003) discuss further the water particle velocity above the mound. Based on field 
measurements, they recommend that the water particle velocities as obtained from linear wave theory 
and with the water depth equal to the water depth above the mound are enhanced by a factor 1.41.  

Lomonaco (1994) carried out tests on the stability of gravel mounds of different heights, in 
relation to water depth, and shape. He analyzed his data in different ways similar to Vidal et al. 
Lomonaco included also current in some of his tests. 

Van Gent and Wallast (2001) carried out similar tests and in the same wave flume as Lomonaco 
(1994) on the stability of gravel mounds. They also analyzed their data in different ways, but arrived at 
the recommendation that the damage S should be set equal to: 

 
 S  0.2M p

3N 0.5  (2) 

where M p 
um

2

gDn50

 is a mobility parameter where um 
Hs

Tm

1

cosh kchc 
, and where kc is the wave 

number calculated using linear wave theory with wave period equal to Tm and local water depth equal 
to  hc. The number of waves was typically N = 2000. 

Figure 2 shows van Gent and Wallast’s results for all their tests, including currents and some of 
Lomonaco’s (1994) data. Eq. (2) is also included in Figure 2. van Gent and Wallast stated that the 
influence from the current can be neglected when U/um  < 2.2 for 0.15 < Mp < 3.5.   

 

 
Figure 2. S / N  as a function of the mobility parameter Mp. Tests with and without a current. After van Gent 
and Wallast (2001). 

 
It is noted that there is inherent scatter of the data. This is normally the case when testing the 

stability of granular material (breakwaters, etc), but it could also reflect an improper model for the 
analysis. It is also noted that for small values of the mobility parameter (less than 1.0), Eq. (2) could 
under-predict the damage.  

It is this method of van Gent and Wallast (2001) that is recommended in the newly published rock 
manual CIRIA, CUR, CETMEF (2007). The following is quoted from this manual, with referenced 
equation and figures from this present paper: 

“Eq. (2) is the best fit on the measured values from model tests. Spreading exists around the 
predicted values, see Figure 2. The difference between the predictions of S / N  and existing data are 
characterized by a standard deviation of σ = 1.54 for conditions with waves only and σ = 1.58 for 
conditions with waves in combination with a current.” … “A way to take the spreading into account 
for design purposes is by using an additional factor, α, with a value of α = 3.0 in Eq. (2)” giving: 
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As for mounds covering oil and gas pipelines the acceptable damage S should be rather low,  

S < 50 or S / N  ≈ 1.0 assuming N = 2000. Hence the results for small values of the mobility 
parameter are of main interest. Eqs. (2) and (3) may not be adequate for the lower range of the mobility 
parameter Mp. This issue will be addressed later. 

TESTS AT NTNU (2007) 

Test set-up 
In view of the diverging results from previous investigations it was decided to carry out additional 

tests and analysis at NTNU on the stability of rock mounds over pipelines in fairly deep water. The 
objective of the investigation was to arrive at improved design tools for the design of “near-bed-
structures”. The results of the tests may be a basis for probabilistic or performance design analysis of 
gravel fill over pipelines. However, such analysis has not been carried out within this project.  

Details of the tests and data analysis are found in Tørum, Kuester and Arntsen (2008). The tests 
were carried out in a wave/current flume shown schematically in Figure 3. The flume is 26.5 m long, 
0.60 m wide and 0.70 m deep. The water depth during the tests was 0.50 m. 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 a 
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 meter. 
The given current U in this paper is a cross-sectional average without waves.  

The setup for these tests included two model mounds tested concurrently. They were spaced 
approximately 5 meters apart near the center of the flume, with one wave gauge before the first mound, 
one between the mounds, and one after the second. The mounds were built trapezoidal in section, with 
heights of (h-hc) = 5 cm and flat tops B = 7.5 cm wide. The first mound had slopes of tg=1:3 and the 
second mound has slopes of tg= 1:2. The profiles of the mounds were measured with a laser system, 
guided on a track above at various cross-sections. The ratio of the mound crest height and the water 
depth, (h-hc)/h, is 5/50 = 0.1. Coarse sand with sieve diameter D50 = 1.9 mm with gradation factor fg = 
D85/D15 ≈ 3.1 was used as mound material. D50 corresponds approximately to 1.2·Dn50. The mass 
density of the stones was measured to ρs = 2800 kg/m3. 

 

 
 
Figure 3. The wave/current flume, elevation and plan view, schematically shown. The mounds were located 5 
m apart. WG = wave gauge 

ANALYSIS RESULTS AND DISCUSSIONS 

Analysis of mound data 
The data analysis was performed to compare the data obtained in these tests to the data obtained 

by van Gent and Wallast (2001). It was noted that damage occurred only when a current was present, 
except one test. This is somewhat contradictory to the statement of van Gent and Wallast (2001) that 
the current had no significant influence on the damage. The damage parameter S / N  vs. the mobility 
parameter Mp is shown in Figure 4. Data from van Gent and Wallast (2001) tests are also included in 
Figure 4. Eq. (3) is also shown in the same figure. In Figure 5, data for the “No current” cases are 



 

shown. The Lomonaco (1994) data are for Structures No. 4 and 6 with height 0.05 and 0.125 m 
respectively. 
 

 
 

Figure 4. Damage as function of the mobility parameter. The damage parameter is S / N  (van Gent and 
Wallast’s definition). Own data and data from van Gent and Wallast (2001). 

 

 
 
Figure 5. Damage as function of the mobility parameter. The damage parameter is S / N  (van Gent and 
Wallast’s definition). No current. Own data and data from Lomonaco (1994) and from van Gent and Wallast 
(2001). 

 
The tests with rather high velocity, U = 30 cm/s, show a rather high damage. This is because the 

current alone is then nearly able to move the stones. The waves will then tend to stir up the grains and 
the current is then more easily able to move them. The ratio of the current velocity U and the wave 
induced water particle velocity amplitude um  is then U/um  = 2.41 and is outside the range where van 
Gent and Wallast stated that the influence from the current is negligible. Also, as shown in Table 1 (see 
later), U/um  = 2.41 is much higher than will be the case for “deep” North Sea conditions. Hence for 
“deep” North Sea design conditions the test results with the high velocities can be discarded. Tests 
with U = 50 cm/s showed considerable damage with the current alone. 

It is interesting to note the significant differences of van Gent and Wallast’s results for slope 
tg = 1:8, D50 = 3.1 mm and slope tg = 1:3, D50 = 7.2 mm. This is an indication that the analysis 
method should be revisited. 

Other data was included by van Gent and Wallast (2001), see Figure 2. An upper bound for 
damage when Mp < 2.0 is given by: 
 



 

 
S

N
 3.0M p                                                  (4) 

  
Eq. (4) is also shown in Figures 4 and 5. Note that the mobility parameter is defined solely from wave 
parameters and that current parameters are not included in its definition.  

Another aspect that may be of interest is to consider the wave induced water particle displacement 
amplitude Am  vs. grain diameter D50, Am  vs. mound width B, and the current velocity U vs. wave 
induced particle velocity amplitude um  for model and prototype conditions. This has been done as 
shown in Table 1 for two tests and for a prototype condition. Van Gent and Wallast (2001) states that 
the influence of the current can be neglected when U/um  < 2.2 for 0.15 < Mp < 3.5. This would be the 
case for the prototype condition shown in Table 1. For Test 17 with a ratio U/um = 2.41 it was seen 
that the damage was not acceptable because of the high current velocity. Test 16 and the prototype 
conditions come in this case closest to each other with respect  to U/um , Aδm/D50 and Aδm/B. However, 
it is not exactly known how important this issue is with respect to the stability. 
 
 

Table 1.  Model vs. prototype. Width of berm = B.  Bmodel = 0.075 m, Bprototype = 2.0 m. 

 Hs (m) Tm (s) ud m (m/s) U (m/s) U/ud m Adm (m) Aδm/D50 Aδm/B 
Model 
Test 16 
Test 17 
D50 = 1.9mm 

 
0.093 
0.078 

 
1.40 
1.38 

 
0.148 
0.124 

 
0.1 
0.3 

 
0.67 
2.41 

 
0.033 
0.027 

 
17.4 
14.2 

 
0.44 
0.36 

Prototype 
h = 40 m,  
D50 = 75 mm 

10.6 10.7 1.39 0.90 0.64 2.38 31.7 0.79 

 

Analysis and discussion of the flat bed case 
Lomonaco (1994) included tests on the stability of gravel/stones on a flat bed. This case is almost 

similar to the case with a protection of the seabed on either side of the mound, cf. Figure 1. The 
analysis of this flat bed stability data are, for “Waves only” cases, carried out in view of the statistical 
distribution of the wave shear stresses at the bottom, Myrhaug (1995).  

The maximum shear stress on the seabed under waves is expressed as: 
 

  bm 
1

2
w fwum

2  (5) 

 
Myrhaug (1995) deals with bottom friction beneath random waves. The waves are described as a 

stationary Gaussian narrow-band random process. According to Myrhaug, the bed orbital displacement 
is under this assumption given as: 

 ( ) ( ) cos ( )ma t A t t t       , and the bed orbital velocity as: 
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and ω = 2π/T, t is time, Φ is a phase angle and ε is a small parameter. Myrhaug (1995) used the 
following relations for the friction factor fw and where herein the different flow regimes are defined 
according to Madsen and Wood (2002): 

Laminar flow (i.e. Rw = /m mu A   < 2000):          fw  2Rw
0.5 (6) 

Smooth turbulent (i.e. Rw > 2000 and Rs = ksu*/  < 3.3):    fw  0.0450Rw
0.175   (7) 

Rough turbulent (i.e. Rw > 2000 and Rs = ksu*/  > 3.3):     
0.52
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f
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 (8) 

Myrhaug found that the statistical distribution of the maximum shear stress, τbm, under each wave 
cycle followed a Weibull probability distribution function, with different values of parameters for 
laminar flow, smooth flow and turbulent flow: 



 

Laminar flow: 2( ) 1 exp( );
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*
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
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Smooth turbulent flow: 1.212( ) 1 exp( );
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2
*
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
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Rough turbulent flow: 1.35( ) 1 exp( );
b
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2
*
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
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in which Arms is the root-mean-square value of the water particle excursion at the bottom, urms  the root-
mean-square value of the near bed water particle velocity amplitudes and Rrms = urms·Arms/ν is the 
Reynolds number at the bottom for irregular waves. The rms-values are related to the zeroth moments 
of the amplitude and velocity spectral densities, respectively. Note that the distribution of the shear 
stress for the laminar case is a Rayleigh distribution.  

In the derivations of the statistical distributions of the shear stress it has been assumed that the 
flow conditions are laminar, smooth or rough for all the waves in the considered sea state. However, 
this may not be the case, especially for laboratory conditions. The flow may be laminar for the smallest 
waves, smooth for intermediate waves and rough for the largest waves.  

The critical shear stress cr, i.e. the stress beyond which the stones start to move, is given in 
Soulsby and Whitehouse (1997) and Soulsby (1997) as mean value  throughout a large range of D*-
values, including only current, only waves and a combination of waves and currents acting 
simultaneously with the formula:  

 cr 
0.24

D*

 0.055 1 exp(0.020D*)  (12) 

where cr = cr/(wgD) is the critical Shields parameter and D 
g
 2






1/ 3

D , where ν is the 

kinematic viscosity of the water. 
Lomonaco (1994) used stones with D50 = 4.34 mm for the flat bed case.  The critical shear stress, 

for these stones according to the Eq. (12) is τcr = 3.6 N/m2. D50 has been used as D in Eq. (12) and the 
value of D* is then D* ≈ 95. It should be remembered that τcr is obtained from test data on the start of 
movement of the sand/stone grains and that there is scatter in the data. Examining the Shields diagrams 
shown in Soulsby and Whitehouse (1997) for D* ≈ 95 for the “only wave case” gives a minimum, 
mean and maximum critical shear stress of τcr,min = 4.2 N/m2, τcr,mean = 6.2 N/m2 and τcr,max = 9.1 N/m2.  

The statistical distribution of the bed shear stresses in this case is carried out under the assumption 
that the flow is “rough, turbulent”. Closer examinations showed this was the conditions in this case for 
the largest waves.  Figure 6 shows the calculated statistical distribution of the shear stresses for one of 
the test conditions of Lomonaco (1994), flat base case. The τcr,min, τcr,mean  and τcr,max is also marked in 
Figure 6. Similar statistical distributions have also been calculated for other of Lomonacos’s test cases.  

The statistical distribution of the shear stresses is obtained under the assumption that the Rayleigh 
distribution applies for the wave heights and that the wave spectrum is narrow. As often done in 
coastal engineering the calculation has been assumed to be valid also for a JONSWAP spectrum with a 
γ-factor = 2.2.   

The maximum shear stress will depend on the maximum wave height. The ratio of the maximum 
wave height to Hs, Hmax/Hs. vs. Hs for Lomonaco (1994) tests are shown in Figure 7. The ratio Hmax/Hs 
is fairly low, which frequently is seen from tests in wave flumes and wave basins. One reason for this 
is probably limitations in capability of wave generators to generate the larger waves. Assuming that the 
wave heights are Rayleigh distributed the probability that the maximum wave height is not exceeded 
during the Lomonacos’s tests can be calculated. It is then assumed that the same probability applies for 
the shear stress also. Based on this assumption the damage parameter S / N  vs.  τmax has been plotted 
as shown in Figure 8. τ90, e.g. the 90% probability of not being exceeded has, somewhat arbitrary, also 
been plotted for Lomonacos’s flat base case. τ90 is close to what might be designated the significant 
shear stress, τs ≈ τ87. The minimum, mean and maximum critical shear stresses are also marked in 
Figure 8. 

For the lowest damage value, S / N  = 0.04, the calculated maximum shear stress does not 
exceed the critical shear stress. However, as mentioned, there is some uncertainty on the value of the 



 

critical shear stress. According to the calculations τcr is exceeded for quiet many of the waves, some 
8%, for the highest damage values, 0.4 < S / N  <0.6, Figure 8.  If a damage S = 50 or S / N  = 1.10 
for N = 2000, is accepted, the flat bed structures tested by Lomonaco are considered to be stable. 

This approach to stability considerations of flat bed stone structures represents a new approach and 
should be further explored to obtain a relation between S / N  and τmax or τ90 or some other fracture of 
τ, both for the flat bed and for the mound case. For a mound some “new” critical Shields parameter, 
θcr,mound, should be obtained. 
 

 
 

Figure 6. Lomonaco (1995) flat bed case. Probability of not exceeding a certain shear stress. h = 0.70 m, Hs = 
0.266 m, Tp = 2.34 s, JONSWAP wave spectrum with γ = 2.2. τcr,min =4.2 N/m2, τcr,mean = 6.2 N/m2 and τcr,max = 9.1 
N/m2. 

 

 
 
Figure 7. Ratio Hmax/Hs vs Hs during Lomonaco’s tests, flat bed case. 

 



 

 
 
Figure 8. Lomonaco (1994), flat bed case. The damage parameter S / N  vs τ90 and τmax. τcr,min = 4.2 N/m2, 
τcr,mean = 6.2 N/m2 and τcr,max = 9.1 N/m2.  

CONCLUSIONS 
Tests on the stability against waves of granular material (breakwaters, near bed structures, sand 

beds, sand bed protections et.) show inherent test results scatter. The scatter is due to several factors 
e.g. variation of the stone size, stone orientation, wave and current turbulence, observation procedures. 
Stability calculation methods are mainly based on some average value of the test results. Normally no 
safety factor is used on this average value approach. This may be because traditionally this approach 
has been taken for breakwaters and there has been tradition for accepting some repair damage on 
rubble mound breakwaters. However, newer approaches have been to carry out probabilistic analysis 
of performance of structures, including mound structures, to actions from waves and currents, ISO 
21650 (2007).  

Mounds 
It is recommended that the damage of homogenous mounds with slopes in the range tg < 1:2 – 

1:3 over pipelines is calculated for small damage values as follows: 

 NMS p03.   for Mp < 2.0 

It remains to decide what the acceptable damage is. Vidal et al. (1998) recommended that a mound 
over a sewage outfall should be designed for Mp < 0.06 giving S = 3.0. The sewage outfall pipeline had 
fairly large stones, W50 = 123, 386 and 700 kg, placed in two layers.  A rock mound over a pipeline 
with a crest width of B  = 2 m and Dn50 = 0.10 m means that there are on the average approximately 
B/Dn50 = 2.00/0.10 = 20 stones across the crest width. With S = 50 and S = 100 it means that 
approximately 2.5 and 5 layers of the stones will be removed respectively or 0.25 m and 0.50 m. The 
mound will probably cover the pipeline with at least 0.50 m. A damage of S = 50 should probably be 
acceptable. It is recommended that “Acceptable damage” is therefore set to S = 50. 

In general it is noted that in calculations of the stability of granular materials (mound breakwaters, 
mounds over pipelines etc.) exposed to waves the calculation formulas are based on some mean values 
of test results. Further probability of damage analysis should include the inherent scatter of test results 
and the uncertainty of wave climates at the location under consideration.  

The scatter in the test results especially for low mobility parameters, the important range for gravel 
mounds over pipelines in “deep” water, induces uncertainties in the design basis. Improved kinematics 
of the waves when passing over a mound should be used in future work on the stability of pipeline 
mounds, and may be a better understanding of the interaction of the water and the stones on the 
mound, may be by a “new” shear stress concept.  



 

Analysis of results of surveys (profiles) of existing mounds over pipelines with documentation of 
wave conditions between survey periods may also be useful.  

Flat bed  
A new approach to investigate the stability of flat bed stone protection layers has been outlined. 

This approach is based on work by Myrhaug (1995) on the statistical distribution of wave-induced 
shear stresses. Further experimental work should be carried out to obtain improved stability criteria. 
The same approach should probably be taken for mounds also. But then a “mound Shields number” 
should be established. 

NOMENCLATURE 
a(t) bed orbital displacement of water particles 
A damage area 
Am orbital amplitude of wave motion at the bed 
B width of mound berm 
D sieve grain size diameter  
d pipe diameter 

Dn50 =  
W50

s











1

3
, grain diameter for which 50% of the grains by mass are finer 

Dp sieve grain diameter for which p% of the gravel/stones are smaller  
fg grain gradation factor 

fw wave friction factor in  b 
1

2
w fwu

2  

g acceleration of gravity (= 9.8 m/s2) 
H  wave height 
h water depth around the mound 
hc water depth above the mound 
Hs significant wave height 
kc wave number calculated using hc as depth  
ks = 2.5D50, sand roughness 

Mp =
um

2

gDn50

,mobility parameter 

N number of waves 

Ns  = 
H

Dn50

, stability number 

P probability of non-exceedance 

Rs =  
ksu


, bed roughness Reynolds number 

Rw =  
um Am


, near bed wave Reynolds number 

S =  
A

Dn50

, non-dimensional damage on a gravel or rock structure  

t time 
Tm mean wave period 
U background current speed 

u* = 
 b

w

, friction velocity 

u orbital amplitude of  horizontal particle velocity at sea bed 
um maximum orbital amplitude of  horizontal particle velocity at sea bed 
W50 50% of the stones are heavier than W50 

z0 = ks/30 for rough turbulent flow; 
= /(9u*) for smooth turbulent flow. 

ρs   mass density of the gravel/stones 
ρw   mass density of the water 

 = 
s

w

1 



 

 phase angle 
 angle of sloping bed to the horizontal
 small parameter 
 kinematic viscosity of water 

  = 
 bm

wgDn50

, Shields mobility parameter 

 standard deviation of measured data 
b  bed shear stress 
bm maximum bed shear stress under a wave 
cr threshold bed shear stress  
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