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Abstract 

River erosion via abrasion and plucking is a fundamental process that impacts, among others, landscape evolution, sediment 

transport, and hillslope dynamics.incision at the base of hillslopes. It results from complex interactions between climate, 

tectonics, topography and the erodibility of bedrock. Despite its significant role, bedrock erodibility remains poorly understood 

as it is thought to aggregate several parameters. Among these, fractures in bedrock are assumed to exert a strong control over 15 

erosion and thus, on landscape evolution. However, there is no systematic study of the impact ofSystematic studies comparing 

fracture geometry and density onand bedrock river erosion are needed.  

Due to the complex interactions at play, we investigate this question via an experimental approach. We develop an erosion 

mill apparatus designed to erode a fractured concrete disk with a diameter of 17 cm. We simulate fractures by embedding a 

3D-printed plastic mesh in the concrete, using BVOH—a plastic that softens in cold water—creating mechanical 20 

heterogeneities with a controlled pattern. We explore 10 different geometries and run 4 additional experiments without 

fractures for control. We record the topographic evolution every 2 minutes by photogrammetry and derive erosion maps by 

measuring elevation changes between successive scans. To our knowledge, this is the first study of its kind. Our results show 

that while fractures influence the relative contributions of abrasion and plucking, no clear relationship emerges between 

average erosion rates and fracture density or dip angle. However, we observe that the occurrence of plucking is related to the 25 

density and the dip angles of fractures, and is favoured by intermediate density that scales with the size of the impactors, and 

intermediate dip angle that ease the removal of blocks. We suggest that the main impact of plucking in our experiments is to 

change the location of erosion, increasing the eroded surface area rather than accelerating overall erosion rates. However, but 

as plucking accounts for at most one-third of the total erosion of our disks, its occurrence does not significantly affect average 

erosion rates. These findings emphasize the role of fractures on erosion mode and location, rather than on erosion rates, and 30 

highlight. As erosion by plucking tends to increase bed roughness compared to simple abrasion, this suggests that the fracture 

network can influence the flow field in fractured bedrock rivers. This highlights the need to further explore the impact of 

fractures on riverbed erosion.  

1 Introduction 

Continental landscapes evolve through a combination of geomorphological processes, influenced by tectonics and climate 35 

Under inter-glacial conditions, river erosion acts as the primary mechanism responsible for the removal and transport of surface 

materials. The intricate interplay of various factors, including tectonics, climate, topography, and rock erodibility, contributes 

to the complex dynamics of river erosion (Whipple, 2004; Whipple et al., 2022; Yanites, 2018). The erodibility of rocks is 

thought to be modulated by several parameters responsible for river incision, such as the mechanical characteristics of the 

rocks being eroded, and the size and supply of sediment (Bursztyn et al., 2015; Forte et al., 2016; Jansen et al., 2010; Sklar 40 
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and Dietrich, 2001; Turowski et al., 2023b; Whipple and Tucker, 1999).(Bursztyn et al., 2015; Forte et al., 2016; Jansen et al., 

2010; Sklar and Dietrich, 2001; Turowski et al., 2023b; Whipple and Tucker, 1999). However, the efficiency and relative 

importance of these different parameters in controlling erodibility are not well-known (Anderson and Anderson, 2010; 

Whipple and Tucker, 1999). Due to the numerous factors involved and the characteristic timescales of the erosion processes, 

experimentalExperimental approaches are idealcan be an attractive approach to address these questions due to slow timescales 45 

of erosion and numerous conflating factors that could affect bedrock strength in field settings (Paola et al., 2009). For instance, 

Sklar and Dietrich (2001) illustrated how sediments in transport and rock strength interact to control the efficiency of bedrock 

erosion. They demonstratedemonstrated that erosion rate is maximum with a partial cover of the bed by sediments coarse 

enough to be transported as bedload. This partial sediment cover provides the tools for abrasion of the bedrock while 

maximizingmaximized the rate of sediment impact on the bed surface (Chatanantavet and Parker, 2008; Lague, 2010). Rock 50 

properties also play a pivotal role in determining the resistance of bedrock to erosion. All else being equal, lithologies 

characterized by low tensile strength, such as sandstones or mudstones, tend to erode at higher rates than harder lithologies 

with higher tensile strength, such as granites or quartzites (Sklar and Dietrich, 2001; Turowski et al., 2023a, b; Zondervan et 

al., 2020). Lithology and rock fabrics can also influence the dominant erosion process, generally abrasion or plucking, even if 

cavitation or solution can also matter in some specific conditions (Scott and Wohl, 2018; Whipple et al., 2000b). 55 

Abrasion classically refers to the progressive wear induced by the impact of sediments on the bedrock substrate. This process 

occurs over extended time scales, creating structures such as ripples, flutes, and potholes, and is thought to lead to lower 

erosion rates compared to plucking (Anderson and Anderson, 2010; Beer and Lamb, 2021; Whipple et al., 2000b, 2022). In 

contrast, plucking entails the removal of pre-existing blocks from the fractured bedrock substrate, leading potentially to 

localized higher erosion rates over shorter time scales (Anderson and Anderson, 2010; Beer et al., 2017; Hurst et al., 2021; 60 

Scott and Wohl, 2018; Whipple et al., 2000a; Wilkinson et al., 2018). Previous experimental studies about plucking focus on 

the flow changes related to plucking of pre-detached blocks (Dubinski and Wohl, 2013; Saha et al., 2021; Wilkinson et al., 

2018). They demonstrate that hydraulic forces, including flow contraction, turbulence, and pressure fluctuations, play a critical 

role on the entrainment and transport of pre-detached blocks in river channels. Because plucking can create sharp changes in 

bedrock morphology, it is able to induce variations in flow field (via changes in local roughness for example) that may in turn, 65 

favors plucking. However, the process of plucking involves two main steps: first, the formation of blocks susceptible to 

detachment, and second, their removal and transport driven by hydraulic forces (Beer and Lamb, 2021; Chatanantavet and 

Parker, 2009; Turowski et al., 2023b; Whipple et al., 2000b). The collision of sediments against the bedrock can induce 

fracturing or damage, thereby promoting the detachment and mobilization of blocks by plucking.  

Molnar et al. (2007) and others argue that fracturing of rock by tectonics profoundly decreases their strength, and hence 70 

increases their rate of erosion, but also alters their mode of erosion by favouring the occurrence of plucking over abrasion 

where the bedrock has been fragmented into readily transportable sediments. The classical view is that abrasion dominates in 

pristine bedrock while plucking tends to prevail and lead to more rapid erosion in highly fractured bedrock (Whipple et al., 

2000b; Attal et al., 2006; Hurst et al., 2021; Lima et al., 2021; Scott and Wohl, 2018). Despite the general agreement over this 

double key role of fractures on erosion processes, few studies have systematically explored the links between fractures and 75 

erosion with quantitative approaches. In fact, despite these distinctions, accurately measuring and estimating the relative 

quantitative contribution of abrasion and plucking to the total erosion rate poses significant challenges (Beer et al., 2017; 

Whipple et al., 2022). In the following we do not discriminate between joints and faults or between different fracture modes: 

all mechanical discontinuities, including potentially bedding planes and other geometrical features, are simply referred to as 

fractures (Eppes et al., 2024). 80 

Recent studies on the role of fractures on erosion have mainly focused on hillslopes (DiBiase et al., 2018; Neely et al., 2019; 

Neely and DiBiase, 2020). For instance, DiBiase and Neely (2018, 2019, 2020) show that fracturing significantly influences 

rock erosion, sediment size, and slope of some hillslopes in California. They observe that hillslopes with higher fracture density 
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result in lower relief and smaller sediment blocks, while hillslopes with lower fracture density lead to more pronounced relief 

and larger blocks. This control of fractures on slopes also has an impact on erosion rates, as the most fractured hillslopes have 125 

erosion rates 2 to 5 times greater than less fractured ones (Neely et al., 2019). Regarding rivers, observations in the field 

indicate that rock fractures significantly impact landscape morphology (Colaianne et al., 2024), influencing both the mode and 

rate of erosion (Whipple et al., 2000b; Molnar et al., 2007; Scott and Wohl, 2018; Whipple et al., 2022). For instance, it is 

generally observed that fractured bedrocksbedrock exhibit wide and rough river channels, while intact bedrocksbedrock 

display narrower and smoother channel features (Ehlen and Wohl, 2002; Scott and Wohl, 2018; Wohl, 2008). It is also 130 

suggested that river channels may erode faster when the bedrock is highly fractured (Snyder et al., 2003). However, at long 

time scale, the landscape should equilibrate with the tectonic forces so that these variations in erosion rates might only be 

transient. By analogy with rock drilling (Thuro, 1997), excavation (Pettifer and Fookes, 1994), or dredging (Vervoort and De 

Wit, 1997), it is suggested that in bedrocksbedrock with large fracture spacing with respect to impactors (i.e., sediments), 

plucking is not favoured and erosion rates seem independent of the presence of fractures (Molnar et al., 2007). Whipple et al. 135 

(2000b) also find that plucking dominates abrasion in natural streams when bedrock is fractured over a submeter scale. The 

dominance of one mode of erosion on the other may influence the morphological differences observed in bedrock rivers (Scott 

and Wohl, 2018).  

Moreover, it was suggested that a continuity of erosion processes operate at different scales, from wear abrasion (i.e., grain-

by-grain abrasion) to macro-abrasion (i.e., block abrasion by chipping) (and plucking (Whipple, 2000b; Whipple, 2004; Beer 140 

and Lamb, 2021). This is supported by laboratory experiments showing the scaling over 13 orders of magnitude of the abraded 

volume with the impactor's kinetic energy, normalized by the tensile strength of the impacted bedrock (Beer and Lamb, 

2021).(Beer and Lamb, 2021). Under both abrasion regimes, and assuming that fractures preferentially develop along pre-

existing boundaries in bedrock, such as contacts between minerals, it is postulated that erosion is more efficient when the 

impactor size is similar to the size of the minerals constituting the bedrock, allowing to maximize the impact energy delivered 145 

to unit boundaries (Turowski et al., 2023b). Similarly, in most cases, plucking can only occur after a phase of fracture 

propagation to finish individualizing a pluckable block or to disintegrate an initial large block into smaller and more easily 

mobilized ones. This is favoured by hydraulic forces (e.g., drag and lift, differential pressure between the block surface and its 

basal fracture), clast wedging and impact of coarse sediments (e.g., Whipple, 2000b). In addition to fracture propagation, the 

impact of coarse sediment also probably plays a large role in tilting and lifting the already-individualized block out of its initial 150 

position. The differences between macro-abrasion and plucking can therefore become scarce or confusing, as in both cases 

fractures play a key role and eroded fragments can be similarly large. ThereforeIn a general way, plucking is now generally 

can be defined as the mobilization of already fractured pieces of bedrock blocks under the combined action of hydraulic forces 

(Beer and Lamb, 2021) and could be extended to blocks mobilized during a sediment impact inducing limited fracturing or 

damage.impacting sediments. In the following, we focus on plucking occurring by both mechanisms, when blocks are not fully 155 

available for transport.   

Based on this last definition, our study investigates how the geometry of already fractured rocks with mechanical 

discontinuities affects the magnitude, location and the dominant mode of erosion, by plucking or abrasion. We conduct 

laboratory experiments inspired by Sklar and Dietrich (2001), considering an additional variable: the fracture network 

geometry. Artificial concrete stones with different fracture networks are eroded in mills with constant flow speed and sediment 160 

mass. We monitor the evolution of the topography at regular time intervals and derive erosion rates from topographic 

differences. We evaluate how the fracture geometry controls the capacity to erode by plucking compared to abrasion, and thus 

the local and short-term erosion rate shaping the topography. 

Code de champ modifié
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2 Methods and materials 

The experimental setup consists of an erosion mill system, inspired by previous designs (Sklar and Dietrich, 2001). It features 190 

a Plexiglas column with a fractured concrete disk positioned at the bottom. Sediments and water are placed above the disk, 

while a rotating propeller generates sediment motion, driving the erosion process.  

2.1 Experimental disks 

Our fractured substrates are simulated with synthetic mesh placed in concrete disks. Each network is made up of two families 

of fractures with different spacing and dip angles (Fig. 1a). First, we perform experiments with square networks (i.e., the two 195 

families have the same spacing) and vertical fractures. We use three different spacings (10, 20 and 40 mm) and repeat the 

experiments at least twice to account for intrinsic variability. Then, we perform experiments with rectangular networks (i.e., 

the two families have different spacings) and vertical fractures. We tested two configurations (10/20 and 10/35 mm) and 

repeated one of them (the 10/20 mm) to assess reproducibility. Finally, we perform experiments to explore the influence of 

the fracture dip angle, which represents the angle between the fracture plane and the horizontal plane. Starting from a square 200 

network of fractures spaced by 20 mm, we change the dip angle of either one or the two families. We use two symmetrical 

networks (45/45 ° and 67/67 °) and repeat at least twice each experiment, and three asymmetrical networks (45/67 °, 90/45 ° 

and 90/67 °) that we did not repeat. In total, we used 10 different networks and ran 19 experiments with fracture networks. 

Different methods have been proposed to describe and characterise networks of fractures in natural rocks (e.g., Eppes et al, 

2024). Here, the geometry is quite simple and we therefore only use two parameters: the fracture density, referred to as 𝑝21 205 

and defined as the total length of fractures visible on the surface over a given area (Dershowitz and Herda, 1992), and the sum 

of the fracture dip angles to distinguish the experiments with similar spacing but different dip angles. The experiments and 

their geometrical properties are summarized in Table 1.  

We use OpenSCAD to model the fracture networks in 3D and a ZORTRAX M200 3D printer to print them, with a fracture 

width of 0.9 ± 0.1 mm. To create weak zones in the concrete disk without impeding its erosion, fractures networks are printed 210 

using white BVOH (Butenediol Vinyl Alcohol Co-polymer), a thermoplastic that dissolves or becomes soft when in contact 

with cold water. Once printed, we use a circular mould (diameter = 172 mm, height = 20 mm) to pour concrete over the printed 

network. For experiments without fractures networks, the concrete is directly poured in the mould. We insert a 1.5 mm diameter 

 
Figure 1: General design of the experiments with a) the setup with the geometric parameters of the fracture networks that we 

explore in this study (with S and D the spacing and the dip angle of the two families of fractures, respectively), and b) the 

photogrammetry system. The concrete disk is fixed at the bottom of the column and erosion is launched by the motion of the 

water and gravels induced by the propeller. Every 2 minutes, the column is emptied and placed under 4 cameras. Targets are 

placed in the scene for absolute scale. c) Average erosion rate according to the tensile strength for various erosion mills (blue 

symbols) and for our concrete without fracture (red diamonds) (adapted from Turowski et al, 2023).  
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plastic tube in the centrecenter of the mould so that we can fix the disk on the column with a screw during the experiment. The 

concrete mix proportioning consists in one part of cement (CEM II/B-LL 32,5 N), three parts of Fontainebleau sand (D50 = 255 

210 µm and Dmax < 350 µm), and 15 % of water in weight. This composition was selected to ensure that the concrete disk 

erodes at a moderate rate—slow enough to track topographic evolution but fast enough to complete each experiment within a 

few hours.  Concrete disks are removed from the mould after 3 days and left to harden for an additional 5 days in an airtight 

box. The disk is then slightly sanded to make it as flat as possible and fixed at the bottom of the Plexiglas column. In our setup, 

the blocks are only pre-made by the vertical fractures. The third join, at the bottom, has to form in-situ before any block can 260 

be entrained in the flow. In addition, the fractures correspond to localized contrast in rheology but the disk is still cohesive. In 

consequence, when plucking occurs, the involved area may follow the fractures but it can also be different.  

To characterize our concrete, we estimate the tensile 𝜎𝑡 and compressive σ𝑐 strengths of our concrete at 8 days. Tests are 

performed on prismatic samples referring to EN 196-1 (EN 196-1:2016 | May 2016, Methods of testing cement - Determination 

of strength) . We also estimate the mechanical properties of four additional concretes made with the same cement to sand ratio 265 

but with different water content (-20 %, -10 %, +10 % and +20 % with respect to the reference concrete). Despite these 

differences, the five concretes exhibit similar properties, with  σ𝑡= 3.01±0.04 MPa and σ𝑐=10.11± 0.50 MPa. All experiments 

were made within this range of water content. For such mixes, the Féret relationships (Féret, 1892) relate their mechanical 

properties to their composition:   

σ𝑐 = G ⋅ σ𝑐𝑐𝑗 . (
𝑣𝑐

𝑣𝑐+𝑣𝑤+𝑣𝑎
)

2

=  G ⋅ σ𝑐𝑐𝑗 . (𝑐)2  (1) 270 

σ𝑡 = G′ ⋅ σ𝑐𝑡𝑗 . (
𝑣𝑐

𝑣𝑐+𝑣𝑤+𝑣𝑎
) =  G ⋅ σ𝑐𝑡𝑗 . 𝑐 (2) 

with 𝑣𝑐, 𝑣𝑤 and 𝑣𝑎 the volume of cement, water and air per unit volume of concrete, respectively. G and G’ act as granular 

coefficients.   The compressive σ𝑐𝑐𝑗  and tensile 𝜎𝑐𝑡𝑗 strengths at 8 days measured on the cement with standard sand (EN 196-

1) serve as indicators of the cement quality. For the selected cement, the values at 8 days, are σ𝑐𝑐𝑗  = 20 MPa and  𝜎𝑐𝑡𝑗  = 4.4 

MPa. Consequently, for Fontainebleau sand, G = 4.9 and G’ = 2.1. The mechanical performances of mixes appear directly 275 

linked to the compacity 𝑐 of the paste (cement + water + entrapped air). While an increase in 𝑣𝑤 affects c, it also enhances the 

workability of the mix, reducing the amount of entrapped air. Interestingly, the reduction in air volume compensates for the 

additional water, resulting in minimal changes to the mechanical strengths of the concrete within the studied range of water 

content (Fig. S1).  

2.2 Experimental protocol 280 

For each experiment, the disk fixed at the bottom of the Plexiglas column is immerged in water until saturation of the connected 

porosity which occurs in about 20 minutes. To induce erosion, we add a constant volume of water together with granitic gravels 

of 10-20 mm in diameter on the top of the disk. To maximize erosion rates, the sediments cover about 2/3 of the surface of the 

disk at rest (Sklar and Dietrich, 2001, Fig. 1a). Sediments are weightedweighed at regular time intervals to ensure their mass 

remains constant. In only a few experiments, we added one grain during the run to keep the mass constant.  285 

The rotation rate of the propeller placed in the column is 500 rpm so that the maximal flow speed at the edges of the column 

is of a few meters per second, and the sediment motion induces erosion by abrasion and plucking. Every 2 minutes, we stop 

the propeller, remove the water and the sediments, and take 4 pictures of the disk surface with fixed and remotely-triggered 

cameras (Fig. 1b). During the experiments, parts of the disk can be removed by plucking (after the third joint set has formed) 

and become part of the sediment load. However, these concrete blocks are lighter and weaker than the granite grains, and we 290 

assume that they do not contribute significantly to erosion. To maintain a constant sediment mass, we remove all visible 

concrete fragments after each 2-minutes time interval. An experiment ends when the bottom of the plexiglass column is 

reached, which corresponds on average to half a day per experiment and to about 60 minutes of effective erosion. For each 

a mis en forme : Couleur de police : Bleu clair



 

6 

 

experiment, we thus get 30 to 40 time steps. Such test duration appears sufficiently short to neglect the concrete strengths 

increases due to the continuous hardening of the cement. 295 

We reconstruct the topography of the disks using photogrammetry with Agisoft Metashape, generating point clouds with 

elevation (z) and horizontal coordinates (x, y). Since the four cameras remain fixed throughout the experiment, we use the 4D 

mode (i.e., a temporal series from fixed cameras), ensuring that the disks are consistently referenced in the same position. 

To establish an absolute spatial scale, we place reference targets with known locations around the disk, which are automatically 

identified by the software. After reconstructing the topography as point clouds, we use the Canupo classification algorithm 300 

(Brodu and Lague, 2012) to filter out points classified as noise (mainly due to reflections on the Plexiglas tube), ensuring a 

cleaner and more accurate dataset. . The remaining point clouds have a resolution of a few points per millimetre. Then, to 

obtain erosion maps from the topographies, we use the M3C2 algorithm (Lague et al., 2013) in vertical model to calculate the 

differences in elevation between successive pairs of point clouds. We use a regular grid of core points with one point per 

millimetre so that each cloud has about 21 000±1000 points. The projection scale in M3C2 is 2 mm, resulting on average to 305 

25 points from each cloud used to compute the vertical difference.  

To quantify the uncertainty associated with topographic reconstruction and point cloud differencing, we repeat 10 times this 

protocol with the same disk saturated with water (i.e., removing and replacing the column, taking pictures, generating the point 

cloud and 3D point cloud differencing). The maximum local difference in elevation between the 10 point clouds is 0.15 mm 

and we use this value as the topographic uncertainty in the following.  310 

For practical reasons, we then convert the point clouds to rasters with 1 mm of resolution describing the elevation of the 

topographic surfaces 𝑧(𝑥, 𝑦), the M3C2 differences Δ𝑧(𝑥, 𝑦) and the erosion rates Δ𝑧(𝑥, 𝑦) Δt⁄ , with Δt the duration between 

two acquisitions (i.e., 2 minutes). In addition, at each time step, we weight the column after removing the water and the grains. 

These mass measurements only give a value averaged over the whole surface of the disk and are therefore less detailed than 

the topographic measurements. Therefore, they are only used to control that we accurately capture the erosion dynamics from 315 

the topographic evolution. It is important to note that our results depend on the rheology of the materials we used in the 

experiment. 

To compare our material to the ones from previous similar experiments (Turowski et al., 2023a), we run 4 experiments with 

no fractures and weight the column every 2 minutes to estimate the average erosion rates. Values are similar between the four 

experiments and match well with previous data (Fig. 1c).  These experiments serve as a reference for the behaviour of our 320 

concrete without any fracture. 

2.3 Data analyses 

For each experiment, we derive two erosion rates from the erosion maps: i) the mean erosion rate, corresponding to the average 

erosion of the disk for each time interval and ii) the local erosion rate, corresponding to the erosion at each point of the raster 

and for each time interval. The mean erosion rate calculated from topographic differences correlates well with the weight 325 

measurements (Fig. S2). The average erosion rate for each experiment is defined as the mean of the mean erosion rates and 

we use one standard deviation as the associated uncertainty. 

In this study, we use the term plucking for any localized event of high intensity erosion (i.e., more intense than the background 

erosion by abrasion). For each plucking event, we extract its location, area, volume (defined as the area times the change in 

elevation between the consecutive topographies) and time of occurrence, and we define the proportion (in %) of erosion by 330 

plucking with respect to total erosion as the ratio between the sum of erosion by plucking events during the whole experiment 

and total erosion. The size of the blocks is influenced but not set by the fractures as 1) the area in surface can follow or not the 

fractures and 2) the 3rd join has to form in situ before a block can be removed.  
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3 Results 

 

Figure 2: Temporal evolution of the topography and erosion rates of three different experiments. The first disk (a, b) has no 

fracture, the second (c, d) has a moderately dense network (𝒑𝟐𝟏=50 m-1, corresponding to vertical fractures with a spacing of 40 

and 40 mm) and the third one (e, f) has a dense network (𝒑𝟐𝟏=145 m-1, corresponding to vertical fractures with a spacing of 10 

and 20 mm). The time step between two pictures is 10 minutes. The full temporal series (i.e., topography and erosion maps every 

2 minutes) of these three experiments is available in the Supplement Material Fig. S5  
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In this section, we first explore the impact of fracture density by focusing on experiments with vertical fracturefractures only. 335 

In the second part of this section, we investigate the role of the fracture dip angle by focusing on experiments with fixed 

spacing (20/20 mm) but variable dip angle.  

3.1. The topographic evolution of experiments is linked to fracture densities 

During an experiment, the topography of the disks evolves due to erosion, and we observe distinct patterns with and without 

fractures., illustrated on Figure 2 (the full temporal series, i.e., topography and erosion maps every 2 minutes are provided as 340 

Supplement Material, Fig. S5). In experiments with no fracture (𝑝21 = 0 m⁻¹), we observe a continuous wear of the topography 

through time with a clear radial pattern (Fig. 2a, S5a). At the end of a run, the topography is quite smooth and exhibits a radial 

symmetry. Indeed, the central part of the disk is barely eroded less while about 1.5 cm of materiel is removed near the edge. 

This radial pattern is due to the rotative flow that induces a centrifuge force, pushing the grains toward the edge and generating 

a higher flow velocity and shear stress near the disk edge. Overall, this leads to a more frequent and more energetic impact of 345 

grains near the disk edge. In the experiment shown in Fig. 2a, the average erosion rate is 0.160.04 mm/min (Table 1) and is 

characterized by a strong radial gradient, going from about 0 mm/min at the centre of the disk to about 0.6 mm/min on the 

edge (Fig. 2b, S5b). This behaviour (i.e., a smooth topography with radial symmetry and a radial pattern of erosion rates with 

limited intensity) is typical of experiments dominated by abrasion.  

A similar behaviour is observed in experiments with a limited number of fractures (𝑝21 = 50 m⁻¹). In such experiments, the 350 

influence of the fractures is visible in the topography (Fig. 2c, S5c) and we sometimes observe spots of high erosion rates 

located near the fractures (Fig. 2d, S5d). They correspond to small plucking events but due to their limited size, they do not 

significantly modify the topographic evolution with respect to experiments with no fracture at all. The average erosion rate is 

slightly lower (0.140.03 mm/min, Table 1) but within the range of uncertainties.  

On the contrary, experiments with a dense network (𝑝21 = 145 m⁻¹) show a different topographic evolution. We still observe 355 

a radial pattern related to abrasion, with more erosion on the edges than in the centre (Fig. 2e, S5e). Yet, the topography is 

more irregular with sharp changes in elevation. Erosion is no longer symmetrical nor regular through time, and we observe 

patches of high erosion rates, up to 1 mm/min, located all over the disk (Fig. 2f, S5f). They correspond to sudden removals of 

blocks (i.e., plucking events) and their size relates to the spacing of the fractures. The average erosion rate is only slightly 

higher than without fractures (0.170.05 mm/min, Table 1). In these experiments, abrasion and plucking coexist and lead to 360 

these specific patterns: an irregular topography with erosion over a large surface and superposition of locally high erosion rates 

on top of a radial pattern of erosion. In all experiments, we observe that erosion occurs first on the edges of the disks before to 

progress inward (Figs. 2a, 2c, 2e, S5a, S5c, S5e). 

3.2 Average and local erosion rates are barely controlled by fracture density or spacing 

Having such a detailed temporal series of erosion maps is quite unusual, and we make use of this opportunity to investigate 365 

the temporal evolution of the mean erosion rate for each experiment. Here, we only focus on experiments with vertical fractures 

and compare them against experiments with no fractures.  

Despite obvious differences in topography and erosion dynamics, we observe a roughly similar temporal evolution of the mean 

cumulated erosion for all experiments (Fig. 3a). More variability is revealed when considering the mean erosion rate (Fig. 3b). 

During the first 10 to 20 minutes, the mean erosion rate tends to decrease before stabilizing between 0.1 and 0.2 mm/min (Fig. 370 

3b, Table 1). Large variations are observed in experiments with fractures with mean rates up to 0.4 mm/min. These peaks in 

mean erosion rate are associated with large plucking events occurring over the specific time step. For example, the sudden 

increase observed on the bold purple line around 30 minutes in Fig. 3a and 3b corresponds to the large plucking event visible 

in Fig. 2f. We observe also some variability in experiments without fractures, which suggests that abrasion shows some 

stochasticity. In addition, we observe no specific trend with respect to the fracture density on the cumulative erosion and the 375 
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mean erosion rate (Fig. 3a and 3b). These results indicate that, in our experiments, the mean erosion rate does not discriminate 

between experiments with or without fractures.  

Rather than looking at the experiments separately, we now group them according to their fracture density and look at the 

average erosion rates (calculated as the mean of the mean erosion rates shown in Fig. 3b). For the 11 experiments presented 

here, the average rates range from 0.130.05 mm/min (𝑝21 = 120 m-1) to 0.260.07 mm/min (𝑝21 = 145 m-1). We observe 380 

some variability between experiments performed with the same network, however it is within the standard deviations (Table 

1) so that the variation in mean erosion rate during one run is larger than the variation between two similar experiments (Fig. 

3c). The experiments with fracture density of 100 m-1 and 145 m-1 show larger spreads and higher average erosion rates (Fig. 

3c). However, the range of values is similar to what is observed in other runs so that we do not observe a specific relationship 

between the fracture density and the average erosion rates (Fig. 3c, Table 1). As fracture density is related to the spacing of 385 

the fractures, these experiments show that the spacing of the fractures does not significantly affect the intensity of erosion.  

Rather than looking at average erosion rates, we now explore the distributions of local erosion rates for all the experiments 

(Fig. 3d).  All runs follow the same trend for local erosion rates of less than 1 mm/min, but two behaviours emerge at higher 

rates: the distributions of local erosion for the experiments with no fracture or low fracture density decrease exponentially 

while the distributions for experiments with high fracture density show a heavy-tail distribution (Fig. 3d). Such experiments 390 

are the ones prone to plucking (Figs. 2 and 3) and we therefore suggest that the shape of the local erosion rate distribution 

informs onreflects the occurrence of plucking. 

Figure 3: Erosion through time of the different disks with: a) the cumulated erosion (in mm) and b) the mean erosion rate 

(mm/min). The bold curves correspond to the disks of Fig. 2. Distribution of c) the average erosion rates and d) the probability 

density function of the local erosion rates.  
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3.3 Occurrence and intensity of plucking is controlled by fracture spacing 

For all experiments, we automatically detect the size and the timing of plucking events, defined as areas of 15 mm2 minimum 

(based on visual inspection of plucking events from the time series of topographies) with an erosion rate of minimum 1 mm/min 395 

(based on the change in behaviour observed above 1 mm/min on Fig. 3d). As it is not possible to differentiate between one 

large event or multiple events occurring close to each other during the same time interval, in the following, one plucking event 

corresponds to the removal of one or several adjacent blocks during the 2-minute time interval.  

 

In all experiments, plucking events are observed over the whole duration of the run (Fig. 4a). When the fracture density is low, 400 

only a few plucking events located on the edges are observed whereas they tend to occur over the whole surface with higher 

fracture density (Fig. 4a). In particular, experiments with a very dense network (190 m-1) show numerous small plucking events 

with 90% of them smaller than 300 mm3 and located all over the surface of the disk (Fig. 4a). The experiment with a fracture 

density of 120 m-1 behaves as a low density one, and this could be related to the shape of the blocks (see Discussion). The area 

of the plucked blocks can correspond to the spacing of the fractures but we also document plucking that are smaller or larger 405 

than the fracture spacing (Fig. 4a).  

Another way to document these patterns is to look at the time of occurrence and volume of events according to the fracture 

density (Fig. 4b). Plucking can occur at any time during a run and experiments with intermediate fracture density (≥100 and 

<150 m-1) have a higher tendency to remove large volumes by plucking than the other experiments. The absence of temporal 

trends (also visible on the full time series of erosion maps in Supplement material, Fig. S5) supports the idea that our disks are 410 

Figure 4: Location, size and time of the detected plucking events for experiments with different fracture densities a) in map view 

(from 50m-1 to 190m-1 from left to right), ad b) as a function of time and fracture density for all experiments with vertical 

fractures. The size of the circles is proportional to the volume of the plucking event. c) Contribution of plucking to total erosion 

(in %) with respect to fracture density for experiments with vertical fractures. 
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quite easy to erode, with blocks already almost detached, as no major period of weakening is required before block removal 

can occur.  

Finally, for each experiment, we calculate the proportion of erosion occurring by plucking with respect to the total erosion of 

the disk. We observe that the proportion of plucking to total erosion increases with increasing fracture density to a maximum 

of 29 % in experiments with dense fracture network (𝑝21 = 145 m-1) and then seems to decrease for the highest density explored 415 

here (𝑝21 = 190 m-1) (Fig. 4c, Table 1). This decrease correlates well with previous observations that plucking events are 

numerous but not intense in the highest-density network experiments (Fig. 4a-b). This behaviour suggests that plucking is 

favoured in our experiments with an intermediate fracture density, corresponding to an average fracture spacing of 15-20 mm. 

Fracture spacing thus exerts a strong control on erosion mode by allowing plucking to occur. However, in the conditions of 

our experiments, plucking is never the dominant mode of erosion, as it accounts for a maximum of 1/3 of the total erosion 420 

(Fig. 4c, Table 1). In addition, due to the stochastic behaviour of plucking, experiments with similar fracture networks do not 

have the same contribution of plucking so we suggest fracture spacing only provides favourable conditions for plucking.  

3.4 Fracture orientation with respect to the flow controls the occurrence of plucking 

In natural environments, fractures are rarely all exposed vertically or normally to the riverbed surface. To further explore the 

role of fractures on erosion processes, we now focus on the seven experiments in which we vary the dip angle of the fractures 425 

together with the ones with vertical fractures and 20/20 mm spacing (Table 1). At first order, these experiments behave like 

the previous ones: 1) erosion occurs by abrasion and plucking, 2) erosion rates increase toward the edges (Fig. 5a), and 3) the 

mean erosion rates range between 0.1 and 0.3 mm/min and converge toward about 0.15 mm/min after 20 minutes (Fig. 5b). 

However, in details, our experiments show an impact of the fracture dip angle on erosion rates and plucking intensity and 

location. The average erosion rates range between 0.140.03 and 0.240.03 mm/min and are again associated with large 430 

standard deviations (Fig. 5c, Table 1). HoweverYet, we note that experiments with large total dip angles (>135 °) display 

average erosion rates more scattered than the ones with low total dip angles (<135 °) and that the maximum average rates are 

observed from the higher dip angles (Fig. 5c).  Plucking occurs in all runs and at any time during the experiment (Fig. 6a). The 

volume of plucked blocks is less spread than in the experiments with various spacing (Fig. 4b), supporting the idea that the 

size of the plucked blocks is correlated to the spacing between fractures. although we again observe blocks that are smaller or 435 

larger than the fracture spacing (Fig. 6a). We note that the size of the plucking events is smaller for the experiments with low 

total dip angle than for the others (Fig. 6b). This suggests that when fractures are not vertical, it is difficult to remove large 

volumes by plucking due to the limited depth of a block.  

Figure 5: Impact of the fracture dip angle on the average erosion rates with a) an example from a 45/45 ° experiment, b) the mean 

erosion rate with respect to time for the dip angle experiments, and c) the average erosion rate with respect to the sum of fracture 

dip angles. The bars correspond to the standard deviation, the blue colour corresponds to experiments with vertical fractures 

(90/90 °), and a spacing of 20/20 mm shown in previous figures. 
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Our results show that the higher the dip angle, the higher the proportion of plucking to total erosion (Fig. 6c). In fact, plucking 

is quite limited in our experiments with low dip angles (45/45 °, 45/67 °) and its contribution to total erosion is of only a few 440 

percent (Fig. 6c). It increases to up to 10 % for intermediate dip angles (67/67 °, 90/45 °) and reach a maximum of 22 % for 

the 90/67 ° experiment. However, it decreases to less than 10 % when fractures are vertical (90/90 °) (Fig. 6c). We thus observe 

no clear relationship between the dip angle of fractures and we suggest that the main impact of fracture dip angle is the location 

of plucking events. In fact, in experiments with non-vertical fractures, we observe a preferential location of plucking events 

on one side of the disk (Fig. 6a), resulting in a quite dissymmetricasymmetric pattern of erosion in such experiments. On the 445 

contrary, plucking events are more spread over the whole surface of the experiments with vertical networks (Fig. 4a) and 

erosion intensity is more homogeneous.  

 

4 Discussion 

In the discussion, we now consider all theour experiments together. Our results demonstrate that fractures in bedrock exert an 450 

influence on river erosion mode rather than on erosion rates. In fact, the average erosion rates of all our experiments vary 

within a factor 2 (from 0.130.05 to 0.260.07 mm/min, Table 1), but we could not identify a clear relationship with network 

geometry. We observe that the density of fractures controls the occurrence of plucking while the dip angle influences the 

location of plucking. In addition, the occurrence of plucking influences the location of subsequent plucking events. In 

consequence, the topography of the disk is controlled by fracture density with a smooth surface when there is no plucking and 455 

a sharper one when it occurs. Plucking is never the dominant mode of erosion as even in the most favourable conditions, it 

accounts for less than 1/3 of the total erosion. Here, we explore some limitations of these results and propose some general 

interpretations. 

4.1 Benefits and limitations of the new experimental setup with fractures 

To our knowledge, this study is the first to explicitly integrate fractures geometry in an experiment investigating river bedrock 460 

erosion. This newIn contrast to previous experiments where pluckable blocks were pre-existing, our setup requires the third 

 

Figure 6: Location, size and time of the detected plucking events for experiments with different fracture dip angles a) in map 

view (45/45 °, 67/67 °, 90/45 °, 90/67 °), and b) as a function of time and fracture density for all the experiments with different dip 

angles. The size of the circles is proportional to the area of the plucking event. c) Contribution of plucking to total erosion (in %) 

with respect to the fracture dip angles. The blue colour corresponds to the 90/90 ° network with a 20/20 mm spacing shown in 

previous figures. 
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join to develop in situ during the experiment. This approach allowed us to investigate plucking as an emerging erosion process 

resulting from likely complex interactions between water flow, grain mobilization and impact, slip along fractures and damage 

in the concrete disk. To develop this new experiment, we relied on BVOH, a plastic material that dissolves when immersed in 

hot water, to print the synthetic fracture networks. However, in our setup, plastic dissolution is not fully achieved and softened 465 

plastic remains in the fracture plane of width 0.9 ±0.1 mm. As provided by the supplier, the intact plastic (i.e., before being in 

contact with water) has a tensile strength of 45 MPa, which is greater than the one of the concrete (3.01±0.04 MPa). We can 

assume that the effective tensile strength of the softened plastic is less than its intact value, yet we have no clue whether it is 

lower than the one of the concrete. In case the tensile strength of the softened plastic is greater than 3.01±0.04 MPa, it could 

explain 1) why some plastic chunks were protruding offrom the disk surface in some experiments and 2) more importantly, 470 

why disks with fractures tend to erode at lower rates than the disks without fractures during the first 10-20 min (Fig. 3). Indeed, 

tensile strength is considered as a suitable proxy for rock resistance to abrasion (Sklar and Dietrich, 2001, Turowski et al., 

2023), and adding resistingresistant plastic fractures to concrete disks should increase effective tensile strength and hence 

reduce erosion rates by abrasion.  

Moreover, the tensile strength of printed plastics tends to vary with the orientation. For instance, for a very similar plastic 475 

material (i.e., natural and not white BVOH), the tensile strength varies between 8.7 and 33.7 MPa, for the ZX (vertical plane) 

and XY (horizontal plane) orientation. If this information is not known for the white BVOH that we used in our experiment, 

most printed plastics tend to be anisotropic (e.g., Grant et al., 2021). We therefore suspect that this likely dependency of tensile 

strength to orientation (i.e., larger tensile strength for fracture planes orientated horizontally than vertically) could partly 

explain why disks with fractures of limited dip angles have lower erosion rates and proportion of erosion by plucking (Figs. 5 480 

and 6).  

The synthetic fracture networks in our experiments also represent end-members in terms of fracture size distribution, as most 

fractures have the same area or length, only varying due to the disk shape. In natural settings, fracture length tends to follow 

power-law distributions with negative exponents (e.g., Bonnet et al., 2001), leading to less frequent long fractures compared 

to small ones. At the first stage of the study design, we considered printing fracture networks based on more realistic size 485 

distributions using for instance a Discrete Fracture Network (DFN) model (e.g., Le Goc et al., 2019). However, out tests with 

DFN models lead to experimental issues such as isolated volumes which cannot be easily filled up by Le Goc et al., 2019). 

However, out tests with DFN models lead to experimental issues such as isolated volumes which cannot be easily filled up by 

fresh concrete or isolated fractures requiring numerous mechanical supports during printing.  

To characterize the fracture network used in this study, we use the 𝑝21 as a classic proxy for fracture density and the sum of 490 

fracture dips as a proxy for the vertical organisationorganization of the fractures. However, these parameters do not fully 

describe the complexity of the networks as they account for only part of the geometry. For example, they give no information 

on the shape of the block formed by the fractures (square vs rectangle) or on the asymmetry of the fractures (45/45 ° vs 90/45 

°). Yet it is likely that such complexities play a role on the mode and location of erosion. We explored other parameters such 

as the average spacing of the fractures or the 𝑝32, but we observed no or weak relationships with the average erosion rates or 495 

the erosion by plucking. We thus decided to keep the simplest proxies while keeping in mind that they are imperfect.  

Therefore, we believe that future work should try to account for a more realistic fracture size distribution and a more accurate 

(yet simple) description of the fracture geometry to understand how this affects modes of erosion and the size distribution of 

plucking events. 

4.2 Geometry of plucking events  500 

Our detection of plucking events is based on area and depth thresholds that we defined from visual inspection (area) and from 

local erosion distribution (depth, Fig. 3d) and applied to the difference between two consecutive topographies acquired at 2 

min time interval. However, areas affected by plucking might also be eroded by abrasion during the 2 min time interval and 
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areas labelled as abrasion might have experienced small plucking events that are below our thresholds. In both cases, this 

would lead to a slight overestimation of erosion by either processes that we cannot quantify due to our limits to detect 505 

topographic changes (0.2 mm of uncertainties) and temporal resolution (2 min). In addition, these two mechanisms could be 

considered as a continuum of erosion processes (Beer and Lamb, 2021) so that using a sharp threshold, as we do here, 

implyimplies that we do not capture this continuum.  

Keeping in mind these limitations, we now look at the average depth of plucking events, defined as the plucked volume divided 

by the plucked area. Whatever the fracture density, the depth of plucking event, 𝑑, tends to increase with area, 𝑎, following a 510 

power law relationship in the form of 𝑑 = 1.5 𝑎0.15 (Fig. 7a). We suggest that the relationship between depth and area is 

related to the mechanical strength of the concrete. When plucking events are small, it is not possible to have small but deep 

plucking as it is mechanically difficult to dislodge from the surrounding rock mass. When plucking area increases, the depth 

must increase as well to give the fragment some mechanical strength as large and thin ones are likely to break very easily and 

to detach as small plucking events. The maximal depth might be limited first by the capacity of the flow to detach concrete 515 

fragments and second, by the initial fragmentation of the concrete. In fact, all plucking events have a depth that is only part of 

the total disk thickness (20 mm), which implies that plucking occurs together with or after the sub-horizontal fracturing of the 

concrete. In experiments affected by plucking, we do not observe a time lag in the occurrence of plucking (i.e, plucking occurs 

from the very beginning on the run, Figs. 4b and 6b). This suggests either 1) that the concrete is already partially fractured 

before the experiments start, which could result from the contraction occurring during the hardening phase, or 2) that concrete 520 

fracturing occurs rapidly under the action of water flow and sediment impacts during the experiment, due to its low tensile 

strength. We note that when a plucking event is detected, we are not able to differentiate between one single event or an 

amalgamation of several smaller events occurring next to each other or on the top of each other in the 2 min time interval. For 

example, the large depths of 6 mm could simply be the removal of two 3 mm thick blocks at the same location. However, 

some of the concrete fragments we found when we emptied the column to photograph its surface are several mm thick (Fig. 525 

S3) supporting the idea that both mechanisms (unique or amalgamated event) are likely to occur in our experiments. The area 

of the initial blocks defined by the fracture network does not control the area of plucking events as we observe plucking events 

of any size in almost all experiments (Fig. 7b). However, high plucked depths are only observed in experiments with fracture 

spacing of 20 mm (200 and 400 mm2, corresponding to 10 by 20 and 20 by 20 mm, respectively). This suggests once again 

that this spacing is optimal to plucking. We note that it corresponds to the average size of the impactors used in this study (our 530 

gravels are 1-2 cm in diameter), but we would need dedicated experiments to further investigate this point. 4.3 Plucking and 

spatial patterns of erosion. 

Figure 7: Plucked depth with respect to the plucked area colored as a function of  a) the fracture density and b) the area between 

fractures, for all the experiments. The grey dashed lines indicate the detection thresholds and the black one corresponds to the best 

fit through the data (see text for details). 
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4.3 Plucking and spatial patterns of erosion  

In the previous sections, we show that there is no clear relationship between the geometry of the fracture network (characterized 

either by the fracture density or by the total dip) and the average erosion rates (Figs. 3c and 5c). However, we observe a control 

of the fracture network on the occurrence of plucking, both in terms of plucking location (Figs. 4a and 6a) and of contribution 

to total erosion (Figs. 4c and 6c). In experiments with non-vertical fractures, we observe that plucking tends to be located on 570 

one side of the disks, inducing more intense local erosion (Fig. 6a). We suggest that this dissymmetric spatial distribution 

relates to the orientation of the fractures with respect to the flow. Once plucking has been initiated, where the fractures face 

the flow (lower part of the bottom right disk on Fig. 6c for example), the local relief is sharper, which in turn promotes 

plucking. On the contrary, when the fractures are aligned with the flow (upper part of the bottom right disk on Fig. 6a), the 

local relief is smoother and impacts are less efficient, promoting abrasion. The tendency to pluck might thus not be directly 575 

related to the dip angle of the fractures but rather to interactions between the grains and the fractures that have the potential to 

deviate the grains and to absorb part of the impact energy of the grains.  

In an attempt to summarize all our observations, we now group the experiments according to the contribution of plucking to 

the total erosion of the disk (Table 1), whatever the geometry of the fracture network. Four groups emerge with no plucking 

(0 % of total erosion by plucking), low plucking (<5 %), limited plucking (>5 % and <10 %) and high plucking (>10 %).We 580 

calculated the average erosion rate of each group, and we observed that it increases with increasing erosion by plucking (Fig. 

8a). In fact, the average erosion rate is close to 0.17 mm/min with no plucking and up to 0.21 mm/min with high plucking. In 

line with the results presented here, we note that the lowest rate (0.15 mm/min) is observed for experiments with low plucking 

(light blue in Fig. 8a) rather than for experiments with no plucking (dark blue in Fig. 8a).  

To better understand this behaviour, we now look at the spatialization of erosion along the disks. For each experiment, we 585 

extract the radial profile of total erosion according to the distance from the centre of the disk after 40 minutes of erosion 

(Supplement 4, Fig. S4). The profiles show quite large scatter and therefore, for each run, we determine the mean erosion 

profile, and for each group, we calculate the average cumulated erosion (Supplement 4, Fig. S4). In experiments with no 

plucking (dark blue, Fig. 8b), there is almost no erosion between 0 and 30 mm away from the centre of the disks. Erosion then 

increases with distance to about 70 mm before decreasing slightly toward the edges of the disk. These experiments with no 590 

plucking have the highest total erosion in the distal parts of the disk (distance >55 mm, Fig. 8b).  In experiments with limited 

plucking (light blue and orange, Fig. 8b), erosion is also very limited from 0 to 30 mm away from the centre of the disk and 

then increases radially, but slowly than for the previous group. Experiments with high plucking (red, Fig. 8b) have a similar 

evolution in the distal part of the disks (>40 mm from the centre) where the cumulated erosion increases continuously toward 

the edges. However, these experiments show a different pattern with a significant amount of erosion in the proximal part of 595 

the disk (between 0 and 40 mm) around 20 mm from the centre of the disk. Therefore, the main impact of plucking seems to 

be the growth of the area submitted to erosion, extending towards the centre of the disk. To support this idea, for each group, 

we calculated the area that was only slightly eroded (defined as a pixel with less than 0.5 mm of total erosion over the whole 
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duration of the experiment, based on the erosion profiles of Fig. 8b). We indeed observe that the proportion of low erosion 

areas decreases with the proportion of erosion by plucking (Fig. 8c).  600 

In other words, the presence of fractures in the disks modifies the shape of the erosion profile and the location of plucking 

events, leading to a counter-intuitive decrease in total erosion in experiments with low plucking and a limited increase for 

other experiments. The change in the spatial pattern of erosion seems to be the main control on the average erosion rates and 

suggests that plucking does not increase the erosion intensity itself, but rather extends the area submitted to erosion. Although 

plucking occurs from the very beginning of a run (Figs. 4b and 6b), the location of plucking tends to evolve through time as it 605 

is first mostly located on the edges of the disks before to progress toward the centre of the disks (Fig. 2). As more area is 

eroded, the total erosion increases. This suggests that the main influence of fractures, whatever their geometry, is either to 

absorb the impact energy or to deviate the grains so that there are fewer impacts on the edges of the disks, therefore less intense 

erosion but slightly more in the middle. This is beyond the scope of the present study to investigate these processes further.  

4.4 Integration of our experiments with previous studies on plucking 610 

In our erosion mill, we investigate the erosion dynamics of fractured concrete disks through both abrasion and plucking. While 

abrasion has already been studied using similar setups (Sklar and Dietrich, 2001; Turowski et al., 2023b), this is the first study 

to incorporate the process of plucking within this setup. Previous studies on plucking were conducted in flume setups with 

already detached blocks, and focused on the hydraulic forces involved (Wilkinson et al., 2018; Saha et al., 2021; Dubinski and 

Wohl, 2013). Plaster blocks with no specific shape (Wilkinson et al., 2018) and cubic blocks made of composite material (mix 615 

of concrete, sand, Poraver expanded glass and water) with varying density (Saha et al., 2021) were used in setups without any 

initial bed protrusion. Dubinski and Wohl (2013) used concrete with regularly spaced vertical and horizontal fractures over 

riverbeds with a pre-existing knickpoint. Results of these experiments demonstrate that plucking can occur even without initial 

bed protrusion, driven by unsteady, nonuniform flows and local turbulence induced by varying slope and inlet steps (Wilkinson 

et al., 2018; Saha et al., 2021). Additionally, knickpoints and artificial upstream steps (either imposed by the setup or formed 620 

during a run), along with increased bed slope, promote the development of hydraulic jumps and turbulent flow structures, 

which can significantly enhance block removal processes (Dubinski and Wohl, 2013; Wilkinson et al., 2018). Yet, Wilkinson 

et al. (2018) observe that local flow may either amplify or limit plucking by altering flow conditions. Moreover, past plucking 

events lead to new steps and holes, which in turn induce new hydraulic jumps and free-surface undulations, which can alter 

hydraulic conditions and thus the location and dynamics of future plucking events. 625 

These studies have constrained the hydraulic processes driving plucking but not the role of bedload impacts, which can 

contribute to block pre-detachment and influence or even trigger plucking. In our experiments, we encompass both the 

Figure 8: Impact of the erosion by plucking on a) the average erosion rate, b) the total erosion after 40 min of run and 

according to the distance from the centre of the disk, and c) the area with limited total erosion,  for all the experiments 

presented in this study grouped by their percentage of erosion by plucking (group 1, dark blue: no plucking, group 2, light 

blue: plucking <5 %, group 3, orange: plucking <10 % and group 4, red: plucking > 10 %). On panels a and c, white dots 

are for individual runs, coloured dots are for the average of the group. On panel b, only the average curves are shown.  
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formation of blocks, as our bedrock consists of a cohesive material with mechanical discontinuities instead of already detached 

blocks, and their hydraulic entrainment. The discontinuities act as fractures that may define the lateral edges of pluckable 

blocks, while the bottom face of each block is formed in situ by the damage and fracturing induced by sediment impact. The 630 

hydraulic conditions alone may not be sufficient to induce plucking in our experiments, and sediment impacts are likely 

necessary to form pluckable blocks. Once formed, blocks can be entrained by hydraulic forces or sediment impacts, which 

may trigger the final lift. Because our blocks are not pre-detached, the potential role of water infiltration in fracture and 

hydraulic overpressure documented in the field and in other experiments (e.g., Wilkinson et al., 2018) may not play a dominant 

role in our setup. In terms of results, the main difference between previous hydraulic experiments and our study may lie in the 635 

propagation direction of plucking. While earlier studies mainly observe upstream propagation (Wilkinson et al., 2018; Saha et 

al., 2021; Dubinski and Wohl, 2013), our experiments reveal both upstream and downstream plucking propagation. We 

hypothesize that this difference in plucking propagation is linked to the role of sediment grain impacts together with flow 

variability. Once a first block is dislodged, sediments can impact the upstream face of the downstream block, potentially 

delivering enough energy to entrain it.  640 

Then, in contrast with previous studies in which the size of the plucked blocks is fully imposed, the shape of the plucked blocks 

in our experiments does not always correspond to those of the fracture-delimited blocks and the depth of the blocks is an 

emergent feature in our experiments. In fact, sediment impact can damage and fracture the bedrock both in surface and at 

depth. This is favoured by the mechanical strength of the fracture network which remains likely significant relative to the one 

of the concrete. Using these new formed fractures, following impacts can sometimes dislodge only part of the initially delimited 645 

block, or, conversely, cause the simultaneous removal of neighbouring blocks still connected along joint surfaces. The depth 

of plucked blocks tends to increase with their surface area (Fig. 7). This relationship is thought to be controlled by the 

mechanical strength of the concrete fragments together with the fracture spacing, with maximum plucking depths limited by 

the sediments and flow effectiveness in material removal, and the geometry of the initial fracture network. Because the shape 

of the blocks is not always the same, it is likely that, compared to previous work, our setup favours topographic variability and 650 

thus, variable flow conditions. This could explain for example why we observe plucking propagation either upstream or 

downstream.  

4.5 From laboratory experiments to natural river 

While experimental studies provide valuable insights, they necessarily rely on simplified conditions and cannot fully replicate 

the complexity of natural processes driving plucking. Our experimental setup simplifies several aspects of natural systems to 655 

isolate specific erosion processes. Unlike natural bedrock rivers, our experiments use a constant sediment input, identical 

hydraulic conditions throughout the run, uniform grain size, and a highly erodible substrate. In addition, and similarly to 

previous experiments, we cannot simulate the full variety of processes that may contribute to plucking in natural settings. For 

example, in our experimental setup, wedging, i.e., the ability of sediment to lodge themselves between fractures, cannot occur 

due to the large size of the grains we use with respect to the fracture aperture. Moreover, because our fractures are filled with 660 

plastic material, water infiltration is prevented or limited so that we do not expect significant hydraulic pressure fluctuations 

inside the fractures. Both factors contribute significantly to plucking under natural conditions (Whipple et al. 2000b), 

suggesting that plucking may be more efficient in natural settings than in our experiments. In our experiments, plucking leads 

to locally enhanced erosion where blocks are removed. However, when averaged over the entire eroded surface of the disk, 

the mean erosion rate does not significantly differ from runs without plucking. This suggests that while plucking creates spatial 665 

heterogeneity in erosion, it does not increase overall erosion efficiency at the scale of our experimental setup. This could be 

partly explained by the relative strength of the plastic fractures compared to the concrete. The result that plucking does not 

alter erosion efficiency is also consistent with the idea that, in natural settings, plucking may induce transient variations in 
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erosion rates, but rivers eventually adjust their morphology (e.g., slope, width) to maintain a steady-state balance with tectonic 

uplift. 670 

Yet, we observe similarities between our studies and different field works on river erosion. For example, observations 

demonstrate that fracture characteristics exert a key control on erosion dynamics in river channels (Chatanantavet and Parker, 

2009; Dubinski and Wohl, 2013; Scott and Wohl, 2018; Whipple et al., 2000a). Channels composed of massive bedrock are 

predominantly eroded by abrasion, whereas those with a dense fracture network are more prone to plucking (Whipple et al., 

2000b, Scott and Wohl, 2018). A study by Lima et al. (2021) in the Paraná Basin, Brazil, highlighted the influence of variability 675 

in fracture density, type, and orientation at the channel scale on riverbed erosion and morphology. They observed that faults, 

oriented obliquely to the flow, control the main erosion axes, forming an average relative angle of ~50° with the flow direction. 

Moreover, Lima et al. (2021) observe an increase in plucking intensity (and a decrease in macroabrasion) with fracture density.  

Our results are consistent with such observations as fracture density favours plucking (Fig. 4c).  

The presence of fractures also affects the spatial distribution of erosion. Several studies have shown that more densely fractured 680 

rocks exhibit wider valleys (Ehlen and Wohl, 2002; Scott and Wohl, 2018; Snyder et al., 2003; Wohl, 2008). For instance, 

Carr et al. (2023) documented variations in channel width along a 600 m river section (with a constant grain size distribution) 

characterized by alternating lithologies of marble and blackschist, with the latter assumed to have a higher fracture density. 

The blackschist river segment is characterized by a wider valley, up to 120 m, than the marble segment, limited to a width of 

~70 m. In our experiments, we observe that lower fracture densities lead to narrower spatial distributions of erosion on our 685 

disk compared to higher fracture densities (see Fig. 2 c and e). Based on our results, we suggest that the difference in valley 

width documented by Carr et al., (2023) may result from the difference in fracture density, due its impact on erosion 

localization.  

In addition to its impact on large-scale topography, fracture density, via the dominance of abrasion or plucking, can induce a 

significant roughness of the riverbed. When plucking occurs, roughness increases due to the abrupt changes in the topography 690 

after block removal. These changes may create sharp steps or depressions in the surface, often aligned with the pre-existing 

fractures and the in-situ formed fractures (Whipple et al., 2000b; Fig. 2e). These features contrast with the smoother and more 

continuous surfaces produced by abrasion (Whipple et al., 2000b; Fig. 2a). Increased roughness enhances flow resistance and 

promotes small-scale turbulence, which can alter local hydraulics and sediment paths in ways that can reinforce block 

detachment (Whipple et al., 2000b; Wilkinson et al., 2018). Following Wilkinson et al. (2018), this may sustain a feedback 695 

loop that promotes plucking. This also suggests that roughness may provide useful insights into the spatial distribution of 

erosion processes in bedrock rivers. 

5 Conclusions 

In this study, we developed dedicated experiments of fractured concrete disk erosion to investigate how the geometry of 

fractures in river bedrock can affect the magnitude, the location and the mode of erosion, by abrasion or plucking. We use 700 

temporal series of 3D topographies to document the erosion rates and patterns through time.  

We show that when there is no fracture, the disks erode by abrasion only and show a smooth topography with a radial 

symmetry. On the contrary, when the disk is fractured, erosion can occur both by abrasion and plucking, leading to a rougher 

topography and less radial symmetry. However, we observe no clear relationship between the average erosion rates and the 

fracture density or dip angle. This is partly because detected plucking never accounts for more than 1/3 of the total erosion in 705 

our experiments, and because fracture mechanical strength is likely close to the one of the concrete in our experiments.  

Rather than a direct impact on erosion rates, we suggest that the presence of fractures is a required condition for plucking to 

occur so that the first impact of fractures is on the morphology of the riverbed. Our experimental results show that, in our 

setup, plucking is favoured by intermediate fracture density (145 m-1), and by intermediate dip angle (67 °) which forms blocks 
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that are thick enough to be plucked more easily than with vertical fractures. In addition, we demonstrate that the orientation of 

the fractures with respect to the flow plays a major role in enhancing or not plucking., which is favored when fractures dip 730 

upstream (i.e., against the flow direction). Finally, we show that plucking modifiesalters the locationspatial distribution of 

erosion so that more, thereby increasing the overall surface can be erodedarea subject to erosion. Therefore, we suggest that 

fracture density and dip angle, which can favour the occurrence of plucking, impact riverbed evolution by changing the mode 

and thus the location of erosion, rather than by promoting greater erosion rates.  

This study highlights the need to consider the geometry of fractures in bedrock rivers to fully describe, understand and simulate 735 

erosion in rivers and channel evolution through space and time. To support the systematic integration of fractures in future 

works, a simplethe framework developed by Eppes et al. (2024) should be applied to characterize fracture density, shape, and 

dip in bedrock rivers should be developed , so that fracture geometry couldmay become a classicstandard measurement in 

fluvial studies. FinallyLasty, in line with previous works, (Turowski et al. 2023b), the size of sediments with respect to the 

fracture geometry could beis likely a key parameter that we intent to further investigate in the future, both in the lab and in the 740 

field.with our experimental setup. 
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