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ABSTRACT:  

 

This study conducts 12 flume tests on scour at a circular river-crossing tunnel in a 

degrading channel, using circular tunnels (diameter D = 50 ~ 110 mm) initially buried 

in a uniform sediment bed (median grain size d50 = 2.5 mm). The experiments applied 

different flow intensities (U/Uc = 1.3 ~ 2) with two approach flow depths (H = 50 and 

100 mm). The experimental results indicate that, in a degrading channel (i.e. the channel 

bed is incising due to non-equilbrium sediment transport), the buried river-crossing 

tunnel was gradually exposed to the flow, hidering the upstream sediment transport and 

retaining the upstream bed and water level. The flow over the tunnel can cause a 

downstream scour hole. As the bed degradation continues, the bottom penetration scour 

at the tunnel occurs when the approach bedform size is large enough or the seepage 

under the tunnel is strong enough, suspending the tunnel. Through analysing the 

experimental data, it is found that for U/Uc < 1.4 and H/D > 1, no bottom penetration 
scour occurs; the bedform-induced bottom penetration occurs for U/Uc > 1.4; and the 
seepage-induced bottom penetration scour occurs for U/Uc < 1.4 and H/D <1.  
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INTRODUCTION 

 

Scour is a common phenomenon at instream structures such as bridge or wind 

turbine foundations (Guan et al. 2019a, b; Yang et al. 2018, 2019), buried pipelines 

(Chiew 1990; Wu and Chiew 2015; Guan et al. 2019c), weirs or sills (Guan et al. 2015, 

2016; Wang et al. 2018a, b, 2019, 2020), etc.  

Tunnels or pipelines used to convey hydrocarbons, oil and water to cities and 

hydropower stations across a river are usually buried under the river bed. These river 

crossing projects may become partially exposed to flow when the flood or artificial 

destruction (e.g., mining, dredging) causes scour on the river bed. The interaction 

between an exposed river crossing tunnel or pipeline with the approach flow may cause 

scour which may induce structural damages or failures. Thus, it is important to study the 

scour process at river-crossing tunnels or pipelines for safe design.  

Many studies conducted flume experiments to investigate the scour process at 

pipelines. Based on their data, scour predictors are proposed for design (Bijker and 

Leeuwestein 1984; Chiew 1990, 1991a; Hansen et al. 1991; Fredsøe et al. 1992; 

Moncada and Aguirre-Pe 1999; Sumer et al. 2001; Sumer and Fredsøe 2002; Cheng et 

al. 2009; Wu and Chiew 2012, 2015; Guan et al. 2019c). Also, some studies develop 

numerical models for predicting the scour development and dimension at pipelines 

(Kjeldsen et al. 1973; Chiew 1991b; Brørs 1999; Li and Cheng 1999; Liang et al. 2005). 

The aforementioned studies focus on the scour process at river crossing tunnels or 

pipelines under equilibrium sediment transport conditions. However, in many cases, the 

natural fluvial processes or human activities can cause non-equilibrium sediment 

transport, inducing bed degradation (Breusers and Raudkivi 1991; Ma et al. 2019). The 

bed degradation can cause general scour at instream structure foundations (Melville and 

Coleman 2000; Ma et al. 2019) and destabilize the scour countermeasures at bridge 

foundations (Melville 2000; Lauchlan and Melville 2002; Chiew 2004; Dey et al. 2008; 

Ma et al. 2019). The bed degradation can also induce local scour at fully spanned 

instream structures such as bed sills and submerged weirs (Gaudio et al. 2000; Gaudio 

and Marion 2003; Ben Meftah and Mossa 2006; Marion et al. 2006; Wang et al. 2019, 

2020) and crossing river-tunnels (Fan et al. 2016), leading to structural damages or 

failures.  

Up to the present, no research has studied the scour process at river-crossing tunnels 

in a degrading river. The present study conducts 12 mobile-bed experiments, 

investigating the scour mechanism at a circular river-crossing tunnel due to bed 

degradation.  

 

EXPERIMENT SETUP 

 

All the experiments were conducted in an 8 m long, 0.43 m wide, and 0.77 m deep 

rectangular open channel flume (Figure. 1) at the State Key Laboratory of Hydraulics 

and Mountain River Engineering, Sichuan University, China. Five crossing-river tunnel 

models made of circular PVC pipes were used (diameter D = 50 ~ 110 mm). The tunnel 



model was placed 5 m downstream of the flume inlet and fully buried in the uniform 

sediment flatbed (median diameter d50 =2.5 mm, specific gravity Ss = 2.65, and standard 

deviation σg = 1.21). A honeycomb straightener was installed at the flume inlet for 

reducing excessive flow turbulence. At the flume outlet, 40 pieces of 10-mm-thick 

acrylic bars extending the full width of the flume were installed for enabling the 

sediment bed to degrade in a planar level. The sediment washed away from the flume 

was deposited into a sediment recess (2 m long, 1 m wide, and 1 m deep) downstream 

of the control bar before entering the laboratory reservoir.  

The bed profiles and water level were measured using webcams with transparent 

grid papers on both sides of the flume, following the method in Guan et al. (2016). The 
method has an accuracy of ± 2 mm. The bed level at 25 sections was measured during 

each experiment as shown in Figure 1. 

The flow in the flume was supplied by the laboratory reservoir and controlled by a 

valve. The discharge of flow Q was measured by a V-notch weir. The flow depth H was 

adjusted by a tailgate. In order to avoid unexpected scour, the flume was filled up slowly 

at the beginning of each test. Once the expected flow depth was reached, the experiment 

started by adjusting the discharge and tailgate to the desired value. When the bed 

degraded vertically by approximately 10 mm, one piece of the control bar was taken out 

for to ensure a planar bed. Each experiment was stopped immediately after the bed level 

variation was negligible (2 mm or less) in an hour. 

 

 
Figure 1. A sketch of the tested flume 

 

RESULTS AND DISCUSSION 

 

Table 1 summarizes the experimental conditions and results. In Table 1, U = mean 

approach velocity; i = the initial slope of sediment bed; Hw = water level difference 
between up- and downstream of the tunnel; L = length of the arc of contact between the 

sediment and the buried tunnel; ds= maximum scour depth at the tunnel; T = test time; η 
= bedform height. The critical velocity of sediment entrainment Uc is calculated using 

the logarithmic velocity profile Uc/u*c = 5.75 log (5.53H/d50), in which the critical shear 

velocity u*c is determined using the Shields curve according to grain size (Melville 1997).  

 



Table 1. Summary of experimental conditions and results 

Test 

Number 

H 

(mm) 

D 

(mm) 

Q 

(l/s) 

U 

(m/s) 

Uc 

(m/s) 

i 

(%) 

Hw 

(mm) 

L 

(mm) 

ds 

(mm) 

T 

(min) 

η 

(mm) 

Bottom 

penetration 

scour 

1 50 55 15 0.7 0.54 1.16 50 60.4 200 600 3 Yes (seepage) 

2 50 75 15 0.7 0.54 1.16 60 82.5 195 600 5 Yes (seepage) 

3 50 80 15 0.7 0.54 1.16 55 87.9 206 600 4 Yes (seepage) 

4 50 110 15 0.7 0.54 1.16 80 129.6 NA NA 4 Yes (seepage) 

5 50 75 17.3 0.8 0.54 1.54 40 117.5 205 160 12 Yes (bedform) 

6 100 50 30.7 0.71 0.62 0.57 53 70.7 198 3240 16 No 

7 100 50 34.4 0.8 0.62 0.71 51 69.1 123 480 16 No 

8 100 75 34.4 0.8 0.62 0.71 80 82.5 115 360 15 No 

9 100 50 38.9 0.9 0.62 0.91 20 91.6 NA NA 21 Yes (bedform) 

10 100 50 39.7 0.92 0.62 0.95 30 78.5 130 240 23 Yes (bedform) 

11 100 75 39.7 0.92 0.62 0.95 40 129.6 200 210 24 Yes (bedform) 

12 100 50 52.9 1.23 0.62 1.69 30 91.6 NA NA 27 Yes (bedform) 
Note: NA indicates not applicable 

Yes (seepage) means the bottom penetration scour due to seepage occurred 

Yes (bedform) means the bottom penetration scour due to bedform occurred 

No means no bottom penetration scour occurred 

 

Temporal evolution of scour  

Figures 2 and 3 show the development of the bed profile near the crossing river 
tunnel. The measured bed profile in Figures 2a and 3a indicate that, as the crossing river 
tunnel was fully buried, it has no impacts on the flow and sediment transport at the 
beginning of the test. As the bed degradation develops, the tunnel crest gradually 
protrudes above the sediment bed, hindering the upstream sediment from moving 
downstream. In this case, the tunnel functions as a grade control structure (Wang et al. 
2019, 2020), retaining the upstream bed and water level and inducing a downstream 
scour hole. As bed degradation continues, penetration scour occurs at the bottom of the 
tunnel, suspending the tunnel (Figures 2c and 3c). Based on experimental observations, 
the bottom penetration scour at the tunnel occurs in two ways.   

One type of bottom penetration scour is caused by the seepage due to the pressure 
gradient through the bottom of the tunnel. As mentioned previously, the protruding of 
the tunnel hinders the upstream sediment transport, retaining the upstream bed and water 
level. However, as the downstream degradation continues, the water level difference 
between up- and downstream of the tunnel increases, increasing the flow pressure 
gradient through the bottom of the tunnel (Figure 2b). As the pressure gradient becomes 
large enough, the bottom penetration scour occurs (Figure 2c).  



Another type of bottom penetration scour is caused by the approach bedform 
(Figures 3a and 3b). For the test with relatively large approach bedforms, the bottom of 
the tunnel is scoured by the approach bed trough. In this case, the bottom penetration 
scour occurs when the water level difference between up- and downstream of the tunnel 
is negligible. 

 

Figure 2. (a) Temporal evolution of the bed profiles near the tunnel; (b) a photo of bed 

profile before the seepage-induced bottom penetration scour occurred; (c) a photo of 

bed profile after the seepage-induced bottom penetration occurred (Test 3) 

 



Figure 3. (a) Temporal evolution of the bed profiles near the tunnel; (b) a photo of bed 

profile before the bedform-induced bottom penetration scour occurred; (c) a photo of 

bed profile after the bedform-induced bottom penetration scour occurred (Test 10) 

Figure 4 shows the temporal development of the maximum scour depth near the 
tunnel, indicating that the maximum scour depth drops immediately after the bottom 
penetration scour occurs. Afterward, the maximum scour depth increases until it reaches 
the final value. However, the phenomenon shown in Figure 4 may only occur in the 
flume test, as the crossing river tunnel is more likely to be damaged or failed in the field 
when it is suspended. Due to its importance for structural safety, the critical condition 
of the bottom penetration scour is discussed in the next section.   

 

 

Figure 4. Development of the maximum scour depth at the tunnel ds for the cases of 

seepage-induced (a) and bedform-induced (b) bottom penetration scour  

 

Critical condition of bottom penetration scour 

As mentioned previously, this study only varies the flow intensity U/Uc, tunnel 
diameter D and flow depth H. Thus, this section presents the experimental data in 
dimensionless values in Figures 5 and 6. Figure 5 indicates that no bottom penetration 
scour occurs for U/Uc < 1.4 and H/D > 1. Figure 5 also indicates that the bedform-
induced bottom penetration scour occurs for U/Uc > 1.4; the seepage-induced bottom 
penetration scour occurs for U/Uc < 1.4 and H/D < 1. This is because the approach 
bedform size depends on the flow intensity; and the pressure gradient under the tunnel 
is a function of the water level difference between up- and downstream of the tunnel.  

Figure 6a indicates that the seepage-induced bottom penetration scour only occurs 
for the approach bedform size is negligible (η/H < 0.1, η/D < 0.07). As U/Uc increases, 
the approach bedform size increases to be large enough (η/D > 0.16) to cause the bottom 
penetration scour. In Figure 6b, for a constant flow intensity, the water level difference 
between up- and downstream of the tunnel by the length of the arc of contact between 
the sediment and the tunnel, Hw/L, increases with increasing H/D. As Hw/L represents 
the pressure gradient at the bottom of the tunnel (Chiew 1990), the higher the Hw/L, the 
more likely the seepage-induced bottom penetration scour occurs. 



 

 
Figure 5. Variations of H/D with U/Uc 

 
Figure 6. (a) Dependence of η/H on U/Uc; (b) dependence of Hw/L on H/D for U/Uc = 

1.3 and H = 50 mm 

 

CONCLUSIONS 

 

This paper presents an experimental study on the scour process at circular river-

crossing tunnels in a degrading channel. Based on the analyses of experimental results, 

the following conclusions are obtained: 

1. As the bed degradation develops, the protrusion of the tunnel above the bed can 

hinder the upstream sediment transport, retaining the upstream bed and water level. 

The flow over the tunnel induces a downstream scour hole. 

2. As the bed degradation continues, the scour occurs at the bottom of the tunnel when 

the approach bedform size or the strength of seepage under the tunnel is large enough, 



suspending the tunnel and causing structural instability.   

3. For U/Uc < 1.4 and H/D > 1, no bottom penetration scour occurs. The bedform-
induced bottom penetration occurs for U/Uc > 1.4 as the approach bedform size 
increases with U/Uc. The seepage-induced bottom penetration scour occurs for U/Uc 
< 1.4 and H/D <1, as the bedform size is negligible and the water level difference 
between up- and downstream of the tunnel is large enough.  
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NOTATION 

The following symbols are used in this paper: 
D = tunnel diameter [L]; 
ds = maximum scour depth at the tunnel [L]; 

d50 = median grain size [L]; 
H = approach flow depth [L]; 

Hw = water level difference between up- and downstream of the tunnel [L]; 
i = the initial slope of sediment bed; 

L = length of the arc of contact between the sediment and the buried tunnel [L]; 
Q = flow discharge [L3 T−1] ; 
T = test time [T]; 
t = time of scour deveopment [T]; 

U = mean approach velocity [LT−1]; 
Uc = critical velocity for sediment entrainment [LT−1]; 
u*c = critical shear velocity for sediment entrainment [LT−1]; 

Z = elevation of bed [L]; 
η = bedform height [L]; 
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