
Influence of immobile boulders on bedload transport in a steep 
flume 

 
T. Ghilardi1 and A.J. Schleiss1 

1Laboratory of Hydraulic Constructions (LCH) 
Ecole Polytechnique Fédérale de Lausanne (EPFL) 

Station 18, CH-1015 Lausanne 
SWITZERLAND 

E-mail: tamara.ghilardi@epfl.ch    
 

Abstract: When applied to mountain torrents, sediment transport formulae habitually overestimate the 
bedload by several orders of magnitude, even if they have been developed for steep slopes. The 
reason is that the influence of macro-roughness elements, such as large immobile boulders which 
have an impact on flow conditions, is not taken into account. Larger roughness elements induce an 
increased form drag, implying a lower shear stress available for sediment entrainment. Preliminary 
tests carried out in a laboratory flume with a slope of 6.7%, reveal that the surface occupied by 
boulders need to be considered in order to obtain a good estimation of the sediment discharge. With 
15% of the surface occupied by boulders, the bedload is reduced by 61% compared to transport rate 
without boulders. The influence of the immobile boulders on flow conditions and sediment transport 
has been studied as a function of spatial density of the boulders. The results are discussed in 
comparison with existing empirical bedload transport formula. 
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1. INTRODUCTION 

Flow conditions and sediment transport are well known for lowland rivers. On the contrary, only few 
studies have been made on steep mountain channels, mainly during the last two decades. Most 
sediment transport equations, even if developed for high slopes, overpredict sediment flux by several 
orders of magnitudes in mountain streams. The reason is that sediment transport equations often 
don’t take into account the flow resistance induced by the relatively immobile large boulders, which 
can occupy a certain area of the riverbed. 
 
In order to increase the efficiency of flood risk mitigation measures, there is a need to improve current 
hazard assessment methods, starting from the rainfall space-time distribution, following the chain of 
event down to the inundation risk in the floodplains. Sediment transport predictions are needed to 
route sediment through river networks, model river incision into bedrock, restore river functionality and 
habitat, and mitigate debris flows initiated from channel-beds (Lamb, 2008). 
 
Alpine rivers are typically characterized as streams having longitudinal slopes ranging from 0.1% to 
almost 20% or more (Papanicolaou, 2004). In Europe the term “torrent” is used for high-gradient 
streams steeper than 5% (Rickenmann, 2001). These rough channels, which are often called gravel or 
boulder bed streams, constitute an important part of the total channel length in mountainous regions. 
Most sediment reaching floodplains are mobilized on hillslopes and transit trough high-gradient 
torrents. Thus, steep reaches exert significant control on the size, quantity and timing of sediment 
delivered to lower gradient channels (Yager, 2007). 
 
Gravel bed and boulder bed streams are characterized by a wide grain-size distribution that is 
composed of finer, more mobile sediment and large, relatively immobile grains or boulders (Jäggi, 
1995; Rickenmann, 1997; Rickenmann, 2001; Papanicolaou, 2004; Yager, 2007). It has been shown 
that in coarse gravel bed torrents the grain size distribution of the transported bedload approaches 
that of the bed material only for high flow intensities (Lenzi, 1999; Rickenmann, 2001). Lenzi (1999) 
found that in the Rio Cordon, a steep Italian torrent with an average bed slope of 15%, the transported 
mean grain size approaches that of the bed material only at about 3 times the critical discharge of 
beginning of motion. Ferro (1999) points out that many Sicilian and Calabrian gravel-bed streams 
have a bimodal bed particle size distribution, characterized by a fine and a coarse component. 
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Moreover, in theses torrents, the water depth is small compared to the roughness elements. Boulder 
can thus be considered as macro-roughness elements. 
 
The presence of macro-roughness elements can be taken into account in many ways in flow 
resistance equations. Bathurst (1978) proposed to use the longitudinal and lateral boulder spacing for 
the calculation of the resistance equation, along with the hydraulic radius and a characteristic grain 
size (d84). The presence of boulders has an influence on the cross section to be considered. Dubois 
(1998) uses the portion of surface occupied by n spheres with a projected surface Ab on a unity 
surface A in a logarithmic formula for flow resistance definition. 
 
Most sediment transport formulae predict the bedload based on the difference between critical and 
total shear stress. The total shear stress is generally calculated shown in Eq. (1). This general formula 
doesn’t take into account the stress induced by relatively immobile boulders. These boulders act as 
macro-roughness elements, disrupting the flow and altering channel roughness. 
 
 τ ρghS (1) 
 
Where ρ is the water density, g the gravitational constant, h the water depth and S the slope. 
 
As Lenzi (2006) underlines, if the roughness increases, the form drag will also increase. This implies 
lower shear stresses available at the bed for sediment entrainment. Particle motion will start only at 
higher total shear stresses, leading to apparently grater values of τcr*. The impact of boulders on shear 
stress should then to be taken into account. As proposed by many authors, a shear stress partitioning 
method is needed. The presence of large roughness elements disrupt the flow and bear a part of the 
total shear stress (Yager, 2007). Canovaro (2007) took into account the skin friction caused by the 
boulders and the skin friction caused by the base material by separating the global shear stress τg into 
a drag shear stress τd related to the macro-roughness-induced drag force and a surface shear stress 
τs related to the surface-induced friction force (boulders + base materials beneath the boulders). 
Bathurst (1978) proposed to consider the large-scale roughness in mountain streams, assumed to be 
randomly disposed, by calculating the resistive stress on the flow τ, caused by n isolated elements of 
the same drag coefficient CD on a total area of bed Abed, in a free surface flow. The skin friction on the 
bed is not taken into account. Bathurst doesn’t propose a shear stress partitioning formula, he takes 
into account just the drag shear stress created by boulders. For her stress partitioning model (Eq. (2)), 
Yager (2007) proposed to split the total boundary shear stress τt exerted on the total bed area At, 
between the drag shear stress related to the large immobile grains τI (Eq. (5)) on the bed area 
occupied by immobile grains AIP, and the drag shear stress related to the finer, more mobile bed τm 
(Eq. (3)), on the bed area occupied by mobile sediments Am. 
 
   (2) 
 
As for Bathurst (1978), the skin friction is not taken into account in this stress partitioning. Moreover, 
boulders should be considered as immobile elements, altering channel morphology. Thus, only the 
drag shear stress acting on mobile sediments (Eq. (3)) should be used for sediment transport 
calculations, instead of total shear stress as calculated in Eq. (1). The rest of the bed area, which is 
occupied by immobile boulders, doesn’t contribute to the sediment supply. Instead, it bears part of 
total shear stress. With this hypothesis, boulders shouldn’t be included in the grain size distribution nor 
in the area and cross section contributing to sediment transport. In order to adimensionalyze the shear 
stress, Yager (2007) uses the median grain size of mobile sediments d50m for τm* in Eq. (4). 
 

   (3) 
 
   (4) 
 

   (5) 
 

Where ρ is the water density, ρs the sediment density, g the gravitational constant, Cm the drag 
coefficient for mobile sediments, assumed to be equal to 0.047, CI is the drag coefficient for immobile 
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elements, assumed to be equal to 0.4, u the average flow velocity, d50m the median grain size of 
mobile sediments, AIF is the bed-perpendicular area and AIP the bed-parallel area occupied by 
boulders. In the formula calculating the drag shear stress on boulders (Eq. (5)), the first bracket 
consider the drag shear stress on a single boulder. With the second bracket, the average drag shear 
stress on boulders in a given reach is calculated. 
Finally, only the ratio of surface occupied by mobile grains Am to the total surface At should be taken 
into account for contribution to sediment supply. For example, the Fernandez Luque and van 
Beek (1976) formula is transformed from Eq. (6) to Eq. (7). 
 
 5.7 /   (6) 
 
 5.7 /   (7) 
 
Where    (8) 

 
The value of the dimensionless critical shear stresses τcrm* and τcr* is assumed to be 0.045. Eq. (8) 
shows the link between dimensionless bedload qs* and actual sediment discharge per unit width qs in 
[m2/s]. When applying Yager’s (2007) model, the median grain size of mobile sediments d50m should 
be used instead of the overall median grain size d50 in Eq. (8). 
 
In this paper, Yager’s shear stress partitioning model is compared to four different sediment transport 
formulae, such as Fernandez Luque and van Beek (1976), Smart and Jäggi (Smart, 1984), 
Rickenmann (1991) and Recking (high bedload) (2008). These formulae are all based on the 
difference between the total and critical dimensionless shear stress. In the original formulae, boulders 
have been included in the grain size distribution and the total shear stress as defined by Eq. (1) has 
been used for the calculations. This means that boulders have been considered mobile in the original 
formulae and immobile in the modified formulae. 
 
To verify Yager’s theory and gain further knowledge in a wider field of parameters, preliminary tests 
have been carried out on a laboratory experimental facility. Yager (2007) carried out tests using 
regularly spaced spheres where fixed on a 10% slope flume. A small discharge and uniform grain size 
distribution for mobile sediments were used. Thus, the influence and the sensibility of the numerous 
parameters still need to be studied. Present preliminary tests are carried out with higher discharges, 
randomly distributed natural boulders and a wide grain size distribution. For a given boulder diameter 
D and a given bed slope S, tests with varying discharges and boulder spacing were carried out, in 
order to measure the bedload transport. Some reference tests without boulders were also done. 

2. EXPERIMENTAL SETUP 

Tests have been carried out on a tilting flume (Figure 1) of 8 m length and 25 cm width w. The flume 
slope was 6.7 %. Mobile sediments were supplied manually on a volume basis, and transported to the 
flume inlet by a conveyor belt. Sediment outlet Qb,meas was measured punctually on a weight basis, in 
order to verify that the equilibrium conditions were established. A recirculating water system was used. 
The discharge Q was measured with an electromagnetic flow-meter. Mean flow velocity u was 
estimated with a camcorder and the use of ink injection into the flow. The water depth hcalc was 
calculated based on the measured velocity. Transects of the final morphology, including boulder 
protrusion P were measured with a point gauge. The initial slope S is equal to the flume slope. The 
final slope Sfinal is calculated based on the longitudinal profile. 
 
An initial plane bed composed of 20 cm of mobile sediments was prepared, parallel to the flume. 
Natural boulders of mean diameter D=7.5 cm were then placed at random positions (see Figure 2), 
with an initial protrusion of 50 %. For a same dimensionless boulder distance λ/D, where λ is the mean 
distance between macro-roughness elements, boulder initial position was kept constant. The distance 
λ/D was varied between tests, in order to analyze the influence of the surface occupied by immobile 
elements. During the tests, no initial armor layer was built. 
 
Tested parameters values are shown in Table 1. Some reference tests were carried out without 
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boulders (wb in Table 1 and Table 2). Grain size distribution (d30 to d90) has been recalculated for each 
boulder distance (Table 1) for a layer of thickness D. The grain size given for tests without boulders 
corresponds to the grain size distribution of supplied sediments, which are considered as mobile 
sediments. 
 

 
Figure 1: Scheme of the laboratory setup. 

 
Figure 2: Example of the flume after an 
experiment λ/D=2.4. 

Table 1: Parameters of the preliminary tests (wb: reference tests, without boulders). 

 

3. RESULT ANALYSIS 

All tests have been carried out in supercritical flow conditions (Froude number >1). Water depth 
presented in Table 2 has been calculated as hcalc=Q/(u*w). This assumes that all the grains are 
considered as mobile sediments and the section rectangular. As shown in Yager (2007), if boulders 
are considered as (immobile) obstacles to the flow, the average cross section can be adapted to take 
into account the presence of boulders. An average reach flow depth ha can thus be calculated as the 
water volume (total volume minus the volume occupied by protruding boulders) divided by the total 
bed area. The flow depth between boulders hb can also be calculated. Table 2 shows that the water 
depth calculated with the continuity equation without taking into account the presence of boulders 
(hcalc) is generally smaller than ha and hb. The difference between hcalc and ha increases with boulder 
spatial density, especially for small densities, as is the case between ha and hb. The flow depth 
between boulders hb should be used in resistance and sediment transport equations according Yager 
(2007), because it’s the effective water depth acting on mobile sediments. 
 
The amount of sediments to be introduced during the experiments with boulders was calculated with 
the Fernandez Luque and van Beek equation modified by Yager (2007) assuming a protrusion of 50% 
and slope of 6.7% (intial bed slope). The experiments showed that the estimation was quite good (see 
Table 2 and Figure 7). This is confirmed by the fact that the final slope Sfinal and the protrusion P are 
similar to initial values, with an average of 6.61% and 46.2% respectively. 
 
The sediment discharge varied between 87 g/s (Q=5 l/s, λ/D=2.4) and 359 g/s (Q=10 l/s, λ/D=3.0). 
With increasing boulder spatial density (decreasing λ/D), a decreasing bedload Qb,meas was observed, 

Test Q     
[l/s]

S      
[%]

D      
[cm]

λ/D    
[-]

d30 

[mm]
d50 

[mm]
dm 

[mm]
d90 

[mm]
1 5.0 6.7 wb wb 5.1 6.9 9.1 14.2
2 5.0 6.7 wb wb 5.1 6.9 9.1 14.2
3 7.5 6.7 wb wb 5.1 6.9 9.1 14.2
4 5.0 6.7 7.5 4.2 5.3 7.2 9.5 19.0
5 7.5 6.7 7.5 4.2 5.3 7.2 9.5 19.0
6 7.5 6.7 7.5 4.2 5.3 7.2 9.5 19.0
7 5.0 6.7 7.5 3.0 5.4 7.5 10.1 28.0
8 7.5 6.7 7.5 3.0 5.4 7.5 10.1 28.0
9 7.5 6.7 7.5 3.0 5.4 7.5 10.1 28.0
10 10.0 6.7 7.5 3.0 5.4 7.5 10.1 28.0
11 5.0 6.7 7.5 2.4 5.5 7.9 11.0 42.0
12 7.5 6.7 7.5 2.4 5.5 7.9 11.0 42.0
13 10.0 6.7 7.5 2.4 5.5 7.9 11.0 42.0
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as shown in Figure 3. For a discharge of 5.0 l/s, the measured sediment discharge decreased to 39 % 
(Qb/Qb_wb) from an average of 221 g/s for the reference tests without boulders, to 87 g/s for λ/D=2.4. 
For higher discharges (7.5 l/s) the bedload decrease is limited to 48 %. For 10 l/s the reference tests 
couldn’t be carried out with the existing installation because of the extremely large amount of required 
sediment supply. Using a linear regression based on measurement existing for a discharge of 5 l/s 
and 7.5 l/s, the influence of boulders seems to have a smaller impact on bedload for higher discharges 
(Figure 3). 
 
As can be seen in Figure 4, flow velocity generally diminishes for an increasing number of boulders. A 
surprising tendency can be seen for the tests with λ/D=4.2. This behavior hasn’t been explained yet. It 
is unlikely that measurement uncertainties are the only cause for the observed behavior as the two 
points for Q=7.5 l/s are consistent. However it is possible that the average velocity measure for test 
number 4 was incorrect. For experiments without boulders or with boulders interacting between them 
(λ/D=3.0 and λ/D=2.4), there is a clear decrease of average flow velocities for higher discharges when 
the number of boulders is increasing. For small discharges, the flow velocity is similar between the 
different configurations, whichever the boulder spatial density. This phenomenon clearly has an 
outcome on sediment transport, because of the impact on flow resistance and the drag shear stress. 
The observed flow conditions for a discharge of 7.5 l/s are reported in Figure 5. For tests without or 
only with few (λ/D=4.2) boulders, the water surface is smooth, except locally where boulders are 
present. For a higher number of boulders, well developed waves can be observed. This creates an 
important loss of energy, explaining the decrease in flow velocity and thus sediment transport. 
 
Table 2: Preliminary experimental results (wb: reference tests, without boulders; Qb/Qb_wb is the 
ratio between the measured bedload Qb,meas with boulders and the corresponding bedload for 
reference tests without boulders for a given discharge Q; τtot is calculated according Eq. (1), τtot* 
according Eq. (1) and (4), τtotY* according Eq. (2)  and using d50 of the grain size distribution 
including boulders in Eq. (4)). 
 

   
 

 
Figure 3: Measured sediment discharge 
(Qb,meas) as a function of water discharge (Q) 
for varying boulder spacing (λ/D). 

 
Figure 4: Average flow velocity (u) as a 
function of water discharge (Q) for varying 
boulder spacing (λ/D). 

 
The measured sediment discharge Qb,meas, has been compared to several bedload transport formulae. 
Where needed, the final measured bed slope Sfinal has been used for calculations. The results are 
presented in Figure 7. 

Test
λ/D    
[-]

Q    
[l/s]

Qb,meas 

[kg/s]
Qb/Qb_wb  

[%]
Sfinal 

[%]
P      

[%]
u    

[m/s]
hcalc    

[m]
ha     

[m]
hb     

[m]
Fr     
[-]

τtot 

[N/m2]
τ*tot   

[-]
τ*totY    

[-]
1 wb 5.0 0.240 100 6.57 wb 0.80 0.025 wb wb 1.62 16.1 0.14 wb
2 wb 5.0 0.202 100 6.29 wb 0.82 0.024 wb wb 1.68 15.0 0.13 wb
3 wb 7.5 0.354 100 6.30 wb 1.12 0.027 wb wb 2.18 16.6 0.15 wb
4 4.2 5.0 0.180 81 6.84 40.3 0.94 0.021 0.025 0.026 2.07 14.2 0.12 0.19
5 4.2 7.5 0.310 88 6.77 45.0 0.91 0.033 0.033 0.034 1.60 21.9 0.19 0.24
6 4.2 7.5 0.266 75 6.72 48.0 0.91 0.033 0.033 0.035 1.60 21.8 0.19 0.24
7 3.0 5.0 0.135 61 6.59 34.1 0.79 0.025 0.026 0.027 1.59 16.3 0.13 0.21
8 3.0 7.5 0.239 68 6.56 48.8 0.98 0.031 0.035 0.038 1.78 19.8 0.16 0.26
9 3.0 7.5 0.232 66 6.57 51.5 0.98 0.031 0.035 0.038 1.79 19.7 0.16 0.26
10 3.0 10.0 0.359 74 6.67 56.9 1.12 0.036 0.043 0.046 1.90 23.3 0.19 0.30
11 2.4 5.0 0.087 39 6.80 38.5 0.79 0.025 0.026 0.029 1.57 17.0 0.13 0.23
12 2.4 7.5 0.183 52 6.75 49.7 0.91 0.033 0.036 0.040 1.60 21.9 0.17 0.29
13 2.4 10.0 0.265 54 6.55 49.6 1.02 0.039 0.044 0.048 1.64 25.3 0.20 0.34

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

4.0 6.0 8.0 10.0

Q
b,

m
ea

s
[k

g/
s]

Q [l/s]

Without boulders
λ/D =4.2
λ/D =3.0
λ/D =2.4

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05
1.10

1.15

1.20

4.0 6.0 8.0 10.0

u 
[m

/s
]

Q [l/s]

Without boulders
λ/D =4.2
λ/D =3.0
λ/D =2.4

3477



 

All formulae generally overestimate the sediment transport. Original Smart and Jäggi (Smart, 1984; 
Figure b) and Rickenmann’s (1991; Figure 7c) formulae predict sediment transport values about 2.7 to 
3 times higher than measured in average when boulders are present. For plane bed the estimation is 
1.3-1.6 times higher. Plane beds are rarely found in nature. When modified, these formulae still 
overestimate the sediment discharge by 1.5 (Smart and Jäggi) and 1.6 (Rickenmann). The original 
Fernandez Luque and van Beek (1976; Figure 7a) equation predict sediment discharges 2 times 
higher, but when adjusted based on Yager’s (2007) theory, the overestimation diminishes to 1.3 times. 
The original Recking’s (2008; Figure 7d) formulae for high bedload already predict sediment transport 
values well distributed around the measured sediment discharges, with an average overestimation of 
143 %. Some discharges where already under-estimated. When adjusted, there is a general 
underestimation of sediment discharge (91 %). Figure 7 e) and f) clearly show that modified bedload 
transport equations have a smaller variability and give better estimations of sediment transport. 
However, when modified, Recking’s formula generally underestimated sediment fluxes. This behavior 
is dangerous for a risk analysis. In order to be safely applied in the field, a small overestimation of 
sediment fluxes is preferred. 
 
All of these equations were originally developed for plane beds, except for Recking’s formula. This last 
formula has been developed for step-pool systems, often found in mountain streams. This 
configuration is more similar to this case study than a plane bed. It is thus clear that the channel slope 
and water depth are not the only factors to take into account. The shear stress induced by bed forms 
must be taken into account. A formula that can be applied when in presence of relatively isolated 
boulders need to be developed. 
 
During the preliminary tests the total dimensionless shear stress τtot* (Table 2), calculated according 
Eq. (1) and (4), was between 0.12 and 0.20. If Yager’s (2007) shear stress partitioning model (Eq. (2)) 
is used to calculate the total dimensionless shear stress τtotY* (Table 2), calculated according Eq. (2) 
and (4), the values are somewhat higher (0.14-0.24). Even under these conditions, boulders were not 
transported. They were sometimes moved because they fall in the scouring hole downstream. These 
scouring holes were created and then rapidly refilled during most tests (Figure 6). The final 
morphology was however observed to be similar to the initial, seen that the experiments were carried 
out at equilibrium conditions. This proves that even with a dimensionless shear stress up to four times 
higher than the critical shear stress, not all sediments are transported. Note however that the 
dimensionless drag shear stress on boulders τI* as defined by Yager (2007), is of 0.034-0.084, 
because it includes the ratio AIF/AIP (cross section occupied by boulders / bed area occupied by 
boulders; Eq. (5)), which permit to calculate the average shear stress borne by boulders. Without this 
scaling ratio τI* would be 1.7 to 2.7 times bigger. This corresponds to the drag shear stress on a single 
boulder. 
 

 
 

Figure 6: Scouring holes created (top) and 
then rapidly refilled (bottom) downstream 
of boulders (λ/D=3.0 and discharge of 
7.5 l/s). 

Figure 5: From top to bottom, flow conditions 
without boulders, for λ/D=4.2, 3.0 and 2.4 
respectively, for a discharge of 7.5 l/s. 
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Figure 7: Comparison of measured Qb,meas and calculated Qb,calc sediment discharge for the 
original and modified equations of: a) Fernandez Luque and van Beek (1976); b) Smart and 
Jäggi (Smart, 1984); c) Rickenmann (1991); d) Recking (2008), for high bedload. Figure e) 
presents the original form for all of the above equations. Figure f) presents all of the above 
modified equations according Yager (2007). The black line represents the equation 
Qb,meas=Qb,calc. 

4. CONCLUSIONS 

Preliminary tests highlighted the effect of boulders on sediment transport in steep mountain rivers. 
Sediment discharge is decreased by 61% for a small distance between boulders (λ/D=2.4) and a small 
flow. For higher flow, the impact of boulders on bedload is smaller. This indicates that the relative 
roughness, h/D, where D is the boulder diameter, need to be taken into account in sediment transport 
and flow resistance equations. 
 
The shear stress partitioning model proposed by Yager (2007) applied to the sediment transport 
equations of Fernandez Luque and van Beek, Smart and Jäggi, Rickenmann and Recking, clearly 
improved their bedload prediction. It seems thus important to distinguish between relatively immobile 
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boulders and more mobile sediments. Recking’s (2008) sediment transport equation gave better 
bedload predictions than the others because it is the only formula developed for step-pool 
morphologies. Bed-form resistance should be considered when developing flow resistance and 
bedload transport equations. 
 
For further studies, different flume slopes (10-20 %) and boulder diameters (5-12.5 cm) will be used to 
improve bedload transport equations, shear stress partitioning methods and flow resistance equations. 
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