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Since a few years laboratory tests were carried out to get a better knowledge about the motion of 

sediments in pipes under pressure. The aim of the examination was the verification of the motion of 

sediments of non-uniform grain sizes. Are inhomogeneous sediments also able to move as a stable 

dune through the pipe, or is there any separation during the transport? The tests have shown that 

sediments of none uniform grain sizes are also able to move as a stable dune through the pipe up to 

a flow velocity that is two times higher than the critical velocity of the sediments. The results that 

the dune velocity mainly depends on the grain size were also confirmed for inhomogeneous 

sediments, by using the middle grain diameter as representative. If the flow velocity exceeds a value 

which is two times the critical velocity a separation can be observed. Surprisingly not the fine but 

the coarse particles were washed out moving in front of the dune of the finer particles. This 

observation can be explained by a boundary layer effect. Nevertheless it is not yet clear if this is a 

phenomenon that only occurs for a short period of time and can be attributed to the limited length of 

the test reach. 
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NOTATION 

 

D pipe diameter       [m] 

D* dimensionless grain-diameter      [-] 

d50 middle grain diameter      [m] 

hD high of the dune       [m] 

LD length of the dune        [m] 

vcrit threshold velocity after the approach of Zanke    [m/s] 

vd velocity of the dune      [m/s] 
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Vd volume of the dune       [m³] 
vw flow velocity  (depth average velocity)   [m/s] 

ρ density of water       [kg/m³] 
ρs density of the sediment      [kg/m³] 

σ uniformity coefficient  Ô = ¹m>./m,Õ    [-] 

  

1. INTRODUCTION  

Sediments in drinking water pipelines and sewer systems are an undesirable side effect. 

Sediments like sand, fine gravel and grit are washed in the system after heavy rainfall or 

over leaks in the pipeline system. To ensure a failure-free operation, these sediments have 

to be removed from the system.  

Previous investigations have already shown that sediments of uniform grain sizes move 

as a stable dune through the pipe.  This investigation is concentrating on the movement of 

sediments of none-uniform grain sizes through the pipe and an eventual segregation during 

the transport. 

2. LABORATORY TESTS 

As mentioned previous investigations from Gerschitzka et al. (2014) have shown that 

coarse sediments form a stable dune during their movement through a pipe. To ensure a 

good comparability the test were conducted in the same conduit. The conduit is a 

horizontal, circular smooth pipe with an inner diameter of 0.139 m and a length of 6.00 m. 

The analyzed flow rates vary from 0.01 m³/s up to 0.02 m³/s. The deployed sediments had 
a crushed shape (gravel) with a minimum diameter of 1.00 mm and a maximum diameter 

of 8.00 mm. The investigated solid mixtures were always consisting of four different grain 

fractions (8.0 – 5.6; 5.6 – 4.0; 4.0 – 2.0; 2.0 – 1.0) with a density from 2380 kg/m³ up to 
2570 kg/m³, which you can see in Table 1 and 2. The dimensionless grain-diameter D* 

was used for the comparison. 

q∗ = Ö(d[ − d)d ∗ eÍ)
A ∗ mnD 

 

(1) 

 

 

Table 1  

17. Sediments Deployed 

 

grain diameter d50 density ρS D* 

[mm] [kg/m³] [-]

gravel 1 6.80 2500.00 140

gravel 2 4.80 2500.00 99

gravel 3 3.00 2500.00 62

gravel 4 6.80 2550.00 141

gravel 5 1.50 2380.00 30

gravel 6 1.00 2650.00 21
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Table 2 

18. Mixtures Deployed 

 
 

In Figure 1 you can see the Experimental setup. For this investigation the solid mixtures 

were placed in the conduits starting end in flow direction and three cameras recorded the 

movement of the dune through the pipe. The first camera is mounted moveable alongside 

the conduit and recorded the complete motion of the dune. The second camera recorded a 

1 meter long section and the third one recorded a small detail of the pipe for measuring the 

particle velocity.  

 

Figure 1: Experimental Setup  

3. GENERAL OBERSVATIONS 

As mentioned before, the investigations main focus was set on the transport condition 

and an eventual segregation during the transport. For the comparison to other 

investigations the dune geometry and the dune velocity was measured.  

3.1 GEOMETRY 

The same observations for the dune geometry can be made for dunes of uniform grain 

size and for dunes of none-uniform grain size.  

• The dune length LD increases with the volume transported. 

• Small volumes of sediments (VD < D³) form a dune with a triangular shape. 

• Large volumes of sediments (VD > D³) form a dune with a trapezoidal shape. 

mixture I mixture II mixture III mixture IV

gravel 1 10.00% 5.00% 40.00% -

gravel 2 30.00% 10.00% 5.00% 10.00%

gravel 3 20.00% 70.00% 15.00% 55.00%

gravel 4 - - - 15.00%

gravel 5 40.00% - 40.00% 20.00%

gravel 6 - 15.00% - -

grain diameter d50 [mm] 3.32 3.15 4.01 3.45

density ρ S  [kg/m³] 2450 2510 2450 2480

σ  [-] 1.94 1.4 2.24 1.74

D*  [-] 68 65 82 71
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• The dune height hD increases with the amount of sediments transported until the 

dune height reaches the pipes half diameter at maximum. 

3.2 VELOCITY OF THE DUNE 

The velocity of the dune vD is defined as the velocity of the crest of the dune. The same 

observations were made for dunes of none-uniform grain size, as for dunes of uniform 

grain size. 

The dune velocity:  

• Increases with the flow velocity 

• Is independent from the volume or the mass of the sediments transported 

through the pipe (This applies just for large dune volumes in which the height of 

the dune reaches the reaches the pipes half diameter) 

• Is comparatively higher for greater grain diameters (for the same ratio 

vW/vcrit) 

• As long as the transport take place as a stable dune the mixture of the 

sediments has no significant impact on the dune velocity. The decisive factors 

remain the middle grain diameter d50 and the density. If they are similar, same 

dune velocities can be expected.   

3.3 STABILITY OF THE DUNE 

For the start of the sediment movement the approach of Zanke (1982) for the threshold 

velocity vcrit of sediments in open channel flow is used. 
 

Í�¦Y{ = 2,8 × Ö(d" − dØ)dØ × e × mnD 

 

(2) 

 

 

As expected in all sediment mixtures the start of movement begins at a ratio vw/vcrit≥1. 
Up to a ratio vw/vcrit=2 the transport takes place as a stable dune through the whole conduit. 

If the ratio exceeds vw/vcrit≥2 for all sediments mixtures a segregation can be observed. If 
the segregation starts the coarse sediments and the fine sediments will be separated. The 

fine sediments won’t be flushed out of the mixture, rather the coarse sediments will be 
flushed out of the dune. While the dune is advancing through the pipe a new dune primarily 

made of the fine sediments is created. The coarse particles moving in front of the main 

dune as small foredune. 
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Figure 2: Main Dune and washed out Particles 

4. COMPARISON AND SEGREGATION 

From the results of Gerschitzka et al. (2014) it is apparent that for dunes with greater 

D* value but the same ratio vw/vcrit the dune velocity is higher. These results were 

confirmed in this research as well for solid mixtures. As shown in Figure 3 the mixture III 

with D*=82 has the highest dune velocity and the mixture II with D*=65 the smallest.  
 

 
19. Figure 3: Relation between Dune and Flow Velocity 

4.1 COMPARISON 

Comparing the results from this work with the results from Gerschitzka et al. (2014) it 

is apparent that for the same ratio vw/vcrit the dune velocity for sediment mixtures is a little 

bit lower than for sediments of uniform grain size (Figure 4). However, for dune velocity 

the same observations apply: for sediment mixtures with great D* value the dune velocity 

is higher than for mixtures with a small D* value. Nevertheless, it remains to be explored 

which influence the uniformity coefficient σ has on the velocity of the dune. Mixture II 

with σ=1.4 is similar to sediments of uniform grain size but on the same best-fit line as 

mixture I with σ=1.94 (Figure 3). 
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Table 3 

Sediments Deployed by Gerschitzka et al. (2014) 

 

 
 

Figure 4: Relation between Flow and Dune Velocity for different D* 

4.2 SEGREGATION 

The dimensionless grain-diameter D* is a parameter for the resistance of a sediment 

against external influence to dislocate it from its stable position. The smaller D* is, the 

faster the sediment starts to move. Gerschitzka (2015) investigated that for high flow rates 

the dune velocity is higher for bigger grain diameters in comparison to smaller grain 

diameters for sediments with the same density. While the motion starts earlier for 

sediments with small grain diameters than for bigger diameters the dune velocity increases 

faster for sediments with bigger grain diameters. Hence for higher flow rates the dune 

velocity is higher for bigger grain diameters.  

Maybe this is the explanation why in the observed segregation the coarse particles will 

be flushed out and a new dune primarily made of the fine sediments is created.  

As an example we analyze mixture I at a flow rate of 0.02 m³/s: 

grain diameter density Bonnefille-parameter

d50 ρm D*

[mm] [kg/m³] [ - ]

granular type I 3.30 2180.00 63

granular type II 3.00 1480.00 42

gravel I 3.50 2430.00 71

gravel II 6.00 2430.00 122

gravel III 3.80 2430.00 77

gravel IV 6.20 2430.00 126

GERSCHITZKA
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When the segregation starts the coarse particle were flushed out and a new dune of fine 

sediments was formed. Table 4 shows the important values of mixture I, the new dune 

made of fine sediments (gravel V), and the foredune made of the residual sediments. 

Under inclusion of figure 5 the dune velocities for the three different mixtures of 

sediments will be assessed. As you can see the dune made of fine sediments have the 

smallest dune velocity. 

· Mixture I:    vd ≈ 0.137 m/s 

· Dune made of fine sediments:  vd ≈ 0.134 m/s 

· Mixture foredune:   vd ≈ 0.146 m/s 

From the previously drawn conclusions concerning the dune velocity the fine 

sediments should start to move earlier than the coarse sediments but at the start of the 

investigation the sediments are a complete mixture. When the sediments start to move the 

segregation starts as well and the different grain fractions with different D* values will 

have different velocities. As mentioned the fine sediments have the smallest dune velocity. 

Hence at the end of the conduit there is only a small dune made of fine sediments while 

the coarse sediments moved faster through the pipe.  

 
Table 4 

Values of the Sediment Mixtures 

 
 

mixture I gravel V mixture foredune

grain diameter d50 [mm] 3.32 1.50 4.30

density ρ S  [kg/m³] 2450.00 2380.00 2500.00

D* [-] 68 30 88

v crit  [m/s] 0.6085 0.3990 0.7000

v W /v crit 2.17 3.31 1.88

v d /v W 0.104 0.102 0.111

v d 0.137 0.135 0.146
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Figure 5: Relation between Flow and Dune Velocity for mixture I 

5. CONCLUSION 

In conclusion it can be said that for the movement of a dune of non-uniform grain size 

in a circular pipe flow in contrast to a dune of uniform grain size: 

· For the dune geometry the same observations can be made. 

· For the dune velocity generally the same observations can be made, but for the 

same ratio vW/vcrit the dune velocity for sediment mixtures is a little bit lower than 

for sediments of uniform grain size. 

· By a ratio vW/vcrit≥2 for all sediments mixtures a segregation can be observed 

· For high flow rates the dune velocity is higher for bigger grain diameters in 

comparison to smaller grain diameters for sediments with the same density. 
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