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Figure 4. Process of integral scour pattern 
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Figure 5. Process of partial scour pattern 
 

3.3 Analysis on the scour patterns 
According to the description and analysis above, the 
excessive hydraulic gradient due to the pressure dif-
ference on two sides of the pipeline is the attribution 
to the onset of scour in both the initial and partial 
scour patterns. The major difference between the 
two patterns lies in the driving power for the scour 
hole expansion process. In the integral scour pattern, 
this process is still driven by the hydraulic gradient, 
while in the partial scour pattern the dominant force 
of the scour expansion is the bed shear stress. 

In the integral scour pattern, the seepage force 
powered by the significant hydraulic gradient is high 
enough to trigger many separate failure points within 
a short distance along the downstream side of the 
pipeline almost simultaneously. The downstream in-
terface of sediment bed and the pipeline also rises up 
due to the excessive hydraulic gradient. When the 
seepage failure points develop into initial scour 
holes, the sand grains adjacent to these points are all 
pushed out by the seepage force. Due to the short 
distance between the failure points, the sediment in a 
certain range along the pipeline is eroded in its en-
tirety and a scour hole shows up in this range imme-
diately after the onset of scour. So in the integral 
scour pattern, the whole scour process is mainly 
driven by the hydraulic gradient. 

In the partial scour pattern, the hydraulic gradient 
is not as high as that in the integral pattern. Only a 
few failure points scatter on a long distance of the 
pipeline and the interface of sediment bed and the 
pipeline on the downstream side does not rise up. 
However, the process and mechanism of onset of 
scour in this pattern is very similar to those in the in-
tegral scour pattern. After the onset of scour, the 
sediment beneath the pipeline is divided into several 
span shoulders by the scour holes. When flow enters 
the scour hole, the current is restricted and the veloc-
ity increases significantly, as is mentioned above. 
The increase of flow velocity causes the increase of 
shear stress. Thus the sediment on the span shoulder 
and on the bed is scoured. So in the partial scour pat-
tern, the onset of scour can be predominantly at-
tributed to the hydraulic gradient, while the driving 
power for the scour hole expansion is the bed shear 
stress. 

4 PARAMETRIC ANALYSIS ON THE SCOUR 
HOLE CROSS-SECTION EXPANSION RATE 

Except for the scour patterns, the cross-section ex-
pansion rate of the scour hole is also influenced by 
the variation of the embedment to diameter ratio 
e/D, the relative flow depth z0/D and the depth aver-
aged flow velocity V0. In this section, the effects of 
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these three parameters on the averaged scour hole 
cross-section expansion rate v'/V0 are considered. 

4.1 Analysis on the scour hole expansion process 
on cross section of pipeline 

Figure 6 shows a typical temporal development 
curve of the scour hole on the observed cross sec-
tion. The length of scoured arc l1 is used as the verti-
cal axis in this graph. The curve is for case 210, 
where the pipeline embedment is 0.5 cm, the flow 
depth is 40 cm and the depth averaged flow velocity 
is 0.3 m/s. The length of embedment arc is 4.72 cm 
in this case. As is shown in Figure 6, the expansion 
of scour hole on the cross section of the pipeline is 
non-linear. The curve can be approximately divided 
into two parts. The first 10 seconds of the scour pro-
cess is the first part and the expansion of the scour 
hole on this cross section is almost linear. After that, 
the expansion rate significantly drops down and then 
starts a continuous increase. The expansion of scour 
hole on this cross section in last 10 seconds of the 
curve covers about half of the embedment arc. This 
phenomenon is also observed in many other cases. 

 

 
Figure 6. Temporal development of scour hole on pipeline 
cross section 

4.2 Effect of pipeline embedment 
Experiment group 1 focuses on the effect of pipeline 
embedment on the cross section expansion rate. In 
this group, both the relative flow depth z0/D and the 
depth averaged flow velocity V0 are kept as constant 
(z0/D = 2.73 and V0 = 0.6 m/s), while the embedment 
to diameter ratio e/D varies between 0.045 and 
0.182. Figure 7 shows the relationship between the 
averaged expansion rate of the scour hole on the 
cross section v'/V0 and the pipeline embedment to 
diameter ratio e/D. In this diagram, for fixed value 
of z0/D and V0, v'/V0 decreases with the increase of 
e/D in an approximate linear way. 

 

 
Figure 7. Averaged expansion rate of the scour hole on the 
cross section v'/V0 versus embedment to diameter ratio e/D for 
z0/D = 2.73 and V0 = 0.6 m/s 

 
Reports from Hansen et al. (1991) and Cheng et 

al. (2009) indicate a similar trend with the results 
above that the scour hole expansion rate on the lon-
gitudinal direction (along the axis of the pipeline) al-
so decreased with the increase of pipeline embed-
ment. The results of Hansen et al. (1991) show that 
the decrease of longitudinal scour propagation rate 
with increasing e/D is almost linear for a range of 
Shields number when e/D ≤ 0.2, while those from 
Cheng et al. (2009) show an approximate linear 
trend that the longitudinal scour propagation rate de-
creases with the increasing e/D when e/D ≤ 0.5.  

4.3 Effect of flow depth 
Experiment group 2 focuses on the effect of flow 
depth on the cross section expansion rate. In this 
group, both the embedment to diameter ratio e/D and 
the depth averaged flow velocity V0 are kept as con-
stant (e/D = 0.045 and V0 = 0.4 m/s), while the rela-
tive flow depth z0/D varies between 2.73 and 5.45. 
Figure 8 shows the relationship between the aver-
aged cross section expansion rate of the scour hole 
v'/V0 and the relative flow depth z0/D. In this dia-
gram, for fixed value of e/D and V0, v'/V0 decreases 
with the increase of z0/D. Wu and Chiew (2010) also 
reported a similar trend of scour hole propagation 
along the pipeline axis to the flow depth. 

 

 
Figure 8. Averaged expansion rate of the scour hole on the 
cross section v'/V0 versus relative flow depth z0/D for e/D = 
0.045 and V0 = 0.4 m/s 



4.4 Effect of depth averaged flow velocity 
Experiment group 3 focuses on the effect of the 
depth averaged flow velocity on the cross section 
expansion rate. In this group, both the embedment to 
diameter ratio e/D and the relative flow depth z0/D 
are kept as constant (e/D = 0.045 and z0/D = 3.64), 
while the depth averaged flow velocity V0 varies be-
tween 0.2 m/s and 0.6 m/s. Figure 9 shows the rela-
tionship between the averaged cross section expan-
sion rate of the scour hole v'/V0 and the depth 
averaged flow velocity V0. In this diagram, for fixed 
value of e/D and z0/D, v'/V0 increases steadily with 
the increase of V0.  

 

 
Figure 9. Averaged expansion rate of the scour hole on the 
cross section v'/V0 versus depth averaged flow velocity V0 for 
e/D = 0.045 and z0/D = 3.64 

 
In addition, the x intercept of the linear fitting 

function bears some physical implication. When 
v'/V0 = 0, which means that the scour hole is on a 
critical point of expansion, the value of the flow ve-
locity is the critical velocity of scour hole expansion 
V0,cr. In this study, V0,cr = 0.124 m/s. Only when the 
flow velocity is above this critical value, does the 
scour hole start to expand along the pipeline. It 
should be noted that this critical value varies with 
parameters like the pipeline embedment and the flow 
depth and it can be smaller than the velocity for the 
incipient motion, for the expansion of the scour hole 
is determined by the velocity around the span shoul-
der and in the scour hole, not directly by the depth 
averaged flow velocity. 

5 CONCLUSIONS 

The following conclusions can be drawn from the 
aforementioned results in this study. 
1 The scour process beneath the pipeline can be di-

vided into an integral scour pattern and a partial 
scour pattern within the tested ranges of the three 
parameters, namely the pipeline embedment, the 
flow depth and the approach flow velocity. 

2 In the integral scour pattern, the whole scour pro-
cess, from the onset of scour to the scour hole ex-
pansion, is mainly driven by the hydraulic gradi-
ent. 

3 In the partial scour pattern, the onset of scour can 
be predominantly attributed to the hydraulic gra-
dient, while the driving power for the scour hole 
expansion is the bed shear stress. 

4 The scour hole cross-section expansion rate de-
creases with the increase of pipeline embedment 
and flow depth and increases with the increase of 
flow velocity. 

5 The x intercept of the flow velocity - cross-
section expansion rate curve indicates a critical 
velocity of scour hole expansion V0,cr. Only when 
the flow velocity is above this critical value, does 
the scour hole start to expand along the pipeline. 
 

REFERENCES 

BIJKER, R., STAUB, C., SILVIS, F. & BRUSCHI, R. Scour-
induced free spans.  Offshore Technology Conference, 
1991. Offshore Technology Conference. 

CHEN, B. & CHENG, L. Numerical investigation of three-
dimensional flow around a free-spanned pipeline.  The 
Twelfth International Offshore and Polar Engineering Con-
ference, 2002. International Society of Offshore and Polar 
Engineers. 

CHENG, L., YEOW, K., ZHANG, Z. & TENG, B. 2009. 
Three-dimensional scour below offshore pipelines in steady 
currents. Coastal Engineering, 56, 577–590. 

CHENG, L. & ZHAO, M. Numerical Model for Three-
Dimensional Scour below a Pipeline in Steady Currents.  
International Conference on Scour and Erosion (ICSE-5) 
2010 San Francisco. ASCE, 482-490. 

CHIEW, Y. 1990. Mechanics of Local Scour Around Subma-
rine Pipelines. Journal of Hydraulic Engineering, 116, 515-
529. 

GAO, F. P. & LUO, C. C. 2010. Flow-Pipe-Seepage Coupling 
Analysis oF Spanning Initiation of a Partially-Embedded 
Pipeline. Journal of Hydrodynamics Ser B, 22, 478-487. 

HANSEN, E. A., Staub, C., Fredsøe, J., & Sumer, B. M. 1991. 
Time-development of scour induced free spans of pipelines. 
Proceedings of the 10th conference on offshore mechanics 
and arctic engineering, Stavanger, Norway, Vol. V, ASME, 
New York, 25–31. 

KAZEMINEZHAD, M. H., YEGANEH-BAKHTIARY, A., 
ETEMAD-SHAHIDI, A. & BAAS, J. H. 2012. Two-Phase 
Simulation of Wave-Induced Tunnel Scour beneath Marine 
Pipelines. Journal of Hydraulic Engineering-Asce, 138, 
517-529. 

QIU, D. 1999. Engineering hydrology, Beijing, China Com-
munications Press. (In Chinese) 

RAAIJMAKERS, T., VAN VELZEN, G. & RIEZEBOS, H. J. 
Dynamic scour prediction for offshore monopiles - valida-
tion against laboratory and field measurements. Scour and 
Erosion: Proceedings of the 7th International Conference on 
Scour and Erosion, Perth, Australia, 2-4 December 2014, 
2014. CRC Press, 813.  

SHEN, W., GRIFFITHS, T., XU, M. & LEGGOE, J. 2D and 
3D CFD Investigations of Seabed Shear Stresses around 
Subsea Pipelines. ASME 2013 32nd International Confer-
ence on Ocean, Offshore and Arctic Engineering, 2013. 
ASME, V04AT04A048-V04AT04A048. 

SHEN, W., GRIFFITHS, T., ZAN, Z. & LEGGOE, J. Shear 
stress amplification around subsea pipelines: Part 3, 3D 
study of spanning pipelines.  Scour and Erosion: Proceed-
ings of the 7th International Conference on Scour and Ero-



sion, Perth, Australia, 2-4 December 2014, 2014. CRC 
Press, 325-335. 

SUMER, B. M., TRUELSEN, C., SICHMANN, T. & FRED-
SO ̸E, J. 2001. Onset of scour below pipelines and self-
burial. Coastal Engineering, 42, 313-335. 

WU, Y. & CHIEW, Y. Three-Dimensional Scour at Submarine 
Pipelines in Unidirectional Steady Current.  International 
Conference on Scour and Erosion (ICSE-5), 2010 San 
Francisco. ASCE, 471-481. 

WU, Y. & CHIEW, Y. 2013. Mechanics of Three-Dimensional 
Pipeline Scour in Unidirectional Steady Current. Journal of 
Pipeline Systems Engineering and Practice, 4, 3-10. 

YEGANEH-BAKHTIARY, A., KAZEMINEZHAD, M. H., 
ETEMAD-SHAHIDI, A., BAAS, J. H. & CHENG, L. 
2011. Euler–Euler two-phase flow simulation of tunnel ero-
sion beneath marine pipelines. Applied Ocean Research, 
33, 137-146. 

YEGANEH-BAKHTIARY, A., ZANGANEH, M., KAZEMI, 
E., CHENG, L. & WAHAB, A. K. A. 2013. Euler–
Lagrange Two-Phase Model for Simulating Live-Bed Scour 
Beneath Marine Pipelines. Journal of Offshore Mechanics 
& Arctic Engineering, 135, 1885-1886. 

ZANG, Z., CHENG, L., ZHAO, M., LIANG, D. & TENG, B. 
2009. A numerical model for onset of scour below offshore 
pipelines. Coastal Engineering, 56, 458-466. 

ZHOU, C., LI, G., DONG, P., SHI, J. & XU, J. 2011. An ex-
perimental study of seabed responses around a marine pipe-
line under wave and current conditions. Ocean Engineer-
ing, 38, 226-234. 

 
 


