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Floods damage roads worldwide, undermining critical lifelines when communi-13

ties need them most. Although }eld evidence shows ~ow velocity is a key damage14

driver, predictive models describe the hazard mainly through water depth. This15

overlooks a critical damage mechanism: erosion of the granular foundation sup-16

porting the pavement. Using full-scale ~ume experiments on a 5m-long granular17

foundation exposed to sustained longitudinal ~ow, we show that ~ow velocity18

controls erosion severity, whereas water depth sets the elevation at which the19

~ow attacks the foundation. During the experiments, erosion concentrated just20

below the water surface and deepened and localized as velocity increased from21

0.8ms−1 to 1.2ms−1, a range where existing damage functions are unconstrained.22

Although erosion decayed logarithmically over time, higher velocities ampli}ed23

the rate of material loss, resulting in a local erosion depth of 9 cm within six hours.24

In contrast, deposition showed no systematic dependence on hydraulic forcing.25
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These results call for velocity-explicit fragility models and provide process-based26

evidence for protecting roads against intensifying hydrological extremes.27

Introduction28

Water-driven erosion of natural and engineered earth materials has received increasing atten-29

tion due to its implications for landscape change and societal risk [1–5]. Road infrastructure30

is a particular concern, as road platforms frequently rest on granular foundations that are31

vulnerable to erosion [3–5]. Recent ~oods have exposed this susceptibility under hydraulic32

loading from dizerent ~ood types [6, 7]. The July 2021 ~ood in western Europe resulted33

in over two billion euros of damage to roads and railways in Germany alone, with much34

of the destruction attributed to erosive processes [6]. Because hydroclimatic extremes of35

greater magnitude are becoming more frequent [8], the risk of damage to road infrastructure36

continues to grow [4, 9].37

Transport networks are essential for connectivity and trade, so the consequences of such38

events extend beyond the directly damaged locations and carry signi}cant economic costs39

[10–12]. Research has therefore focused on large-scale exposure and risk assessments of in-40

frastructure assets [9, 13–15]. However, these assessments do not resolve the hydraulic forcing41

that governs erosion and structural instability. Although ~ow velocity strongly in~uences42

structural ~ood damage to roads [6, 16], damage assessments for transport infrastructure43

have traditionally relied on inundation depth as the sole hazard metric [14, 17, 18] or repre-44

sented ~ow velocity in a coarse manner, such as through binary variables [15]. When studies45

explore material-speci}c behavior, they commonly focus on the long-term consequences of in-46

undation exposure [19–21] and on internal erosion of granular materials [22, 23], overlooking47

short-term external erosion that causes rapid, extensive damage.48
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Current understanding of the processes underlying these rapid responses remains lim-49

ited, as it is primarily based on theoretical and numerical analyses of speci}c cases [24, 25]50

and analogies with riverbank behavior [3]. However, riverbanks dizer fundamentally from51

road foundations in their boundary conditions. While riverbanks are also subject to erosion52

[1, 2], particularly in anthropogenically modi}ed systems [26, 27], natural channel banks53

are self-formed landforms shaped by the coupled processes of erosion, sediment transport,54

and accretion. In contrast, road foundations are engineered systems characterized by pre-55

scribed geometry, mechanically compacted materials, and well-de}ned material properties.56

Hydraulic erosion of a road foundation alters its designed pro}le and directly threatens struc-57

tural integrity [28], rather than representing an intrinsic adjustment. To date, no }eld-scale58

experimental observations have documented how a road foundation erodes under varying59

hydrodynamic forcing, leaving damage models without a process-based foundation.60

Among the ~ood con}gurations that cause erosion, longitudinal ~ow is particularly im-61

portant because many roads have historically been constructed adjacent to river courses [29].62

In longitudinal ~ow, water moves approximately parallel to the road foundation, typically63

following local topographic gradients and exerting sustained hydrodynamic forces along the64

slope. Such conditions also arise during pluvial and ~ash ~oods, which allow little warning65

time [30] and are becoming increasingly damaging as short-duration rainfall extremes inten-66

sify [31]. A comprehensive understanding of the morphological response of road foundations67

to such ~ows is crucial for the ezective protection of road infrastructure.68

Here we report full-scale experiments on a 5m-long granular road foundation sub-69

jected to long-duration, variable longitudinal hydrodynamic forcing. They covered quasi-70

steady, fully turbulent, subcritical ~ows with velocities around 1.0 ± 0.2ms−1, a range in71

which existing damage assessments for roads are largely unconstrained and typically indi-72
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cate no damage risk [15]. In a high-performance ~ume, the foundation pro}le was exposed73

to controlled hydrodynamic loading and monitored from its intact state through progres-74

sive sediment redistribution. The experiments maintained full-scale grain geometry and size75

distribution, supporting process }delity. Therefore, morphological change was quanti}ed at76

}eld-relevant dimensions, thereby eliminating the need for corrections required in reduced-77

scale morphodynamic studies [32].78

Because identical material and geometry were subjected to varying ~ow conditions,79

observed changes in erosion patterns can be attributed directly to hydrodynamic forcing80

rather than to dizerences in foundation composition or structure. The resulting observations81

established a direct link between hydrodynamic forcing and the location, magnitude, and82

temporal evolution of erosion. Erosion decreased logarithmically over time, but higher ~ow83

velocities caused greater volumetric erosion rates. Substantial erosion, locally up to 9 cm84

within six hours, developed even at the tested moderate velocities. Deposition, by contrast,85

exhibited no systematic dependence on the hydrodynamic drivers.86

A fundamental distinction between ~ood exposure and erosive forcing was ultimately87

identi}ed. Water depth determines the elevation at which the foundation is exposed to88

erosion attack, whereas ~ow velocity governs the intensity of erosion once exposure occurs.89

This challenges the common representation of road ~ood hazard centered on water depth,90

where increased ~ood depth is often treated as a proxy for greater damage [14, 17, 18].91

While this remains reasonable for structural damage to residential buildings, ~ood damage92

to road infrastructure cannot be inferred from water depth alone [6, 16]. Our results provide93

a mechanistic basis for improved failure analysis and advancing large-scale models of ~ood-94

induced road damage.95
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Results96

Moving beyond damage evidence constrained by variability in materials, geometries, and97

boundary conditions, we isolated, through full-scale experiments, how longitudinal hydro-98

dynamic forcing governs material redistribution in a typical granular road foundation. The99

experimental procedure subjected the 5m-long model to a range of local combinations of100

streamwise mean velocity, mean water depth, and near-foundation turbulent kinetic energy101

along the ~ume (Figure 1a). For readability, we refer to these variables hereafter as ~ow102

velocity, water depth, and turbulent kinetic energy.103

Section-by-section analysis of the ~ow }eld (Figure 1b) and evolving foundation mor-104

phology (Figure 1c) resolved the spatiotemporal progression of morphological change. Due105

to the longitudinal slope of the ~ume and the imposed discharges, ~ow velocity and water106

depth varied inversely along the model in each hydrodynamic scenario, yielding two velocity107

classes (0.82ms−1 to 0.90ms−1 and 1.02ms−1 to 1.17ms−1) and depth classes (0.28m to108

0.30m and 0.29m to 0.33m). As a proxy for the energy of ~uctuations in near-foundation109

~ow velocity, turbulent kinetic energy varied from 28.28 cm2 s−2 to 63.33 cm2 s−2. Summary110

statistics for the measured and derived hydrodynamic variables are provided in Table S2.111

Movie S1 shows the execution of the }rst experimental run (30min) under 250L s−1.112

Spatiotemporal morphological patterns Morphological change was organized into a113

persistent banded pattern comprising erosion predominantly along the upper to middle ex-114

posed foundation face and deposition at the toe (Figure 2). This spatial structure was115

already evident after 30min of loading and subsequently intensi}ed primarily in magnitude116

rather than shifting markedly in position. The deepest erosion occurred with the progressive117

undercutting of the upper foundation face near the waterline, where the vertical structure of118

~ow velocity reaches the highest values. Limited material removal above the mean water level119
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Figure 1: Experimental setup and domain segmentation. a Isometric view of the ~ume
con}guration showing the ingress and egress tracks and the intervening testing track. The
arrow indicates main ~ow direction. Dimensions of each element are provided in Figure S1a.
b Segmentation of the ~uid domain. The hydrodynamic variables used in the sectional anal-
ysis are streamwise mean velocity (v), mean water depth (h) and near-foundation turbulent
kinetic energy (k). c Segmentation of the granular domain. The comparison between seg-
mented true-color point clouds illustrates the progression of surface morphology over time.
Morphological change (et) is quanti}ed as the elevation dizerence between the post-loading
and initial surfaces.

was observed, resulting from localized loss of support leading to sliding or by ~uctuations in120

water level. Positive elevation changes remained concentrated near the model foot.121

In the lower ~ow velocity class, erosion was distributed over a relatively broad band122

along the foundation face and increased gradually through time, reaching 4.8 cm after 30min123

and 5.5 cm after 6 h (Figure 2a). Deposition remained con}ned to a narrow toe band and124

changed more modestly than erosion. By contrast, the higher ~ow velocity class exhibited125

a more intense morphological response. Erosion became concentrated within a narrower126

band, and its magnitude increased more intensively with loading time, reaching 7.7 cm after127

30min and 9.1 cm after 6 h (Figure 2b). Deposition at the toe was also more extensive than128
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Figure 2: Spatial and temporal patterns of morphological change. Elevation dizerences
(et) on the exposed foundation face are shown after each loading interval for a the lower
(v = 0.82ms−1 to 0.90ms−1) and b the higher (v = 1.02ms−1 to 1.17ms−1) streamwise
mean velocity classes. The color gradient indicates the strength and direction of et. The
dashed black line shows the water depth (h). The inset schematic shows the plan view of the
foundation face in the x-z plane, indicating the coordinate system, streamwise ~ow direction,
and the relative positions of the foot and crest.

in the lower ~ow velocity class, producing a sharper transition between the erosional and129

depositional zones and thus a steeper overall cross-slope morphological gradient. The density130
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distributions of elevation change con}rm these patterns (Figure S3).131

At the longitudinal edges, morphological change dizered from that in the central part132

of the foundation. Erosion was more heterogeneous and deposition was less pronounced,133

particularly in the higher ~ow velocity class. There, localized scour zones developed near the134

boundaries and intensi}ed with loading time, while depositional accumulation was minimal135

(Figure 2b). Despite this local intensi}cation, the overall magnitude of erosion remained136

comparable to that in the central part. As also shown in Figure S4, the shoulder remained137

best preserved in the central part under higher ~ow velocity. The downstream edge exhibited138

pronounced shoulder erosion despite lower local water depth. In contrast, the upstream edge139

experienced concentrated shoulder erosion due to the water level remaining close to the140

shoulder. Together, these patterns suggest that instability depended on both the spatial141

arrangement of water depth and the magnitude of ~ow velocity.142

Hydrodynamic associations with morphological change Comparison of the unsatu-143

rated and saturated states before loading revealed no bulk displacement or subsidence, indi-144

cating that measurable morphological change developed only after the onset of ~ow. Among145

the hydrodynamic variables measured during the }rst loading intervals, only ~ow velocity146

showed a monotonic association with erosion (Figure 3). Both erosion volume and maxi-147

mum erosion depth increased with ~ow velocity, with the model for erosion volume showing148

near linearity, and the LOESS-smoothed curves showed high local precision across the ob-149

served range. Sections exposed to higher velocities thus generally exhibited larger eroded150

volumes and greater maximum erosion depths. However, scatter increased toward the upper151

end of the velocity range, revealing that erosional responses become more heterogeneous152

under faster ~ow conditions. In contrast, deposition showed no comparably clear structure.153

Relationships for both deposition volume and maximum deposition depth remained dizuse.154
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Although ~ow velocity and water depth varied together in each experiment, no de}ni-155

tive monotonic relationship was observed between water depth and quantitative morphologi-156

cal response. Across both erosion and deposition metrics, the LOESS }ts were non-monotonic157

and sensitive to local ~uctuations in the data, without a stable trend supporting a physically158

compelling interpretation. Accordingly, water depth did not emerge as a reliable descriptor159

of the observed morphological variability. Likewise, turbulent kinetic energy showed weak160

and inconsistent associations with morphological change. Across all response metrics, the161

smoothed trends were weakly undulating, with substantial dispersion around them.162
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Figure 3: Pairwise relationships between hydrodynamic variables and morphological re-
sponse. Rows show streamwise mean velocity (v), mean water depth (h), and near-foundation
turbulent kinetic energy (k). Columns show erosion volume, deposition volume, maximum
erosion depth, and maximum deposition depth. Points represent individual sections and are
colored by v. Curves show LOESS-smoothed trends (span = 0.75), and shading indicates 95
% con}dence intervals.
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Morphological evolution over time Temporal trajectories dizered between erosion and163

deposition and between depth and volume observations (Figure 4). Based on the corrected164

Akaike information criterion (AICc), logarithmic regressions were identi}ed as the best-}t165

formulation for all erosion volume time series and for 60 % of erosion depth time series166

(Table S3), indicating rapid initial adjustment followed by progressive attenuation. This167

was re~ected in higher coe{cients of determination for erosion volume models than for168

erosion depth models. By contrast, deposition exhibited a less systematic temporal response.169

The best-}t formulations varied among sections for both deposited volume and maximum170

deposition depth, and no single functional form was consistently favored across all sections.171

Linear models were therefore retained for parsimony. Although deposited volumes were172

well described for most ~ow velocities, maximum deposition depths showed typically little173

temporal structure and no signi}cant dependence on loading time.174

Maximum erosion depth (Figure 4a) increased with loading time, with the greatest175

changes occurring early in the experiments and gradually attenuating thereafter. Higher ~ow176

velocities generally produced deeper erosion, and ~ow velocity azected the depth magnitude177

more strongly than its temporal rate of change. In contrast, maximum deposition depth178

remained con}ned to a relatively narrow range at the end of the experiments. Nevertheless,179

cumulative volume series were more strongly structured than maximum depth (Figure 4b).180

Deposited volume increased through time, but with weaker separation among dizerent ~ow181

velocities. This divergence between deposited volume and deposition depth suggests that182

depositional adjustment occurred mainly through spatial spreading of sediment rather than183

pronounced vertical thickening. The erosion volume models were more clearly structured by184

~ow velocity, with higher velocities producing steeper slopes and larger cumulative losses.185

This dependence to ~ow velocity was stronger than that for maximum depth and indicates186

that ~ow velocity exerted a more pronounced control on the rate and magnitude of erosion187
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volume than on maximum depth.188

Combined }ts across datasets reinforce these patterns. Maximum depth was well de-189

scribed by a logarithmic model, whereas cumulative volume was captured even more strongly190

by including a v · ln(t) interaction (Table S4). Model residuals are shown in Figure S5 and191

increase with higher ~ow velocity. The additive structure of the depth model (Figure 4a)192

indicates a common decelerating temporal trajectory across velocity classes, with ~ow ve-193

locity primarily shifting the overall magnitude of the response. By contrast, the interaction194

term in the volume model (Figure 4b) shows that the temporal slope of cumulative erosion195

depended on ~ow velocity. Although erosion volume rate decreased with time, cumulative196

erosion volume increased by about 90 % from t = 0.5 h to t = 6 h for the highest ~ow velocity,197

while the increase was about 80 % for the lowest.198
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Figure 4: Temporal evolution of morphological change with loading time. a Maximum
depth and b cumulative volume for deposition and erosion as functions of loading time (t).
Points show observations of individual streamwise mean velocities (v), and solid lines show
the corresponding }tted temporal models, colored by v. Equations give the best-}t models
to the combined erosion datasets using v and t as predictors, with the corresponding R2

values reported. Asterisks denote model signi}cance (*** p < 0.001).
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Morphological depth–volume relationships Robust linear regression revealed that the199

relationship between depth and volume is more coherent for erosion than for deposition (Fig-200

ure 5). The clearer and more consistent scaling in the erosion domain shows that erosional201

adjustment was more spatially organized than depositional adjustment. Additionally, error202

in elevation change estimates for erosion depth was consistently below 1mm, while the max-203

imum error for deposition measurements reached 6mm. In the erosion domain, cumulative204

volume increased with maximum depth in both velocity classes, yielding positive slopes and205

moderate }ts. The higher ~ow velocity class showed stronger depth–volume scaling than206

the lower class, indicating that higher ~ow velocity strengthened the coupling between max-207

imum erosion depth and volumetric material removal. Moreover, the steeper depth–volume208

model at higher ~ow velocity indicates greater material removal per unit maximum depth.209

By contrast, deposition exhibited much weaker structure. For the lower ~ow velocity class,210

maximum deposition depth was only marginally related to cumulative deposited volume.211

For the higher ~ow velocity class, the relationship was statistically signi}cant but still weak,212

showing that deeper depositional pockets were associated with somewhat larger deposited213

volumes, but with substantial scatter.214

Discussion215

By combining a controlled experimental environment with high-precision instrumentation,216

we provide, to our knowledge, the }rst assessment of individual hydrodynamic drivers acting217

on a full-scale granular road foundation, keeping the }ndings free of scaling ezects. Because218

hydrodynamic conditions varied systematically along the test section, a single experiment219

yielded multiple velocity–depth combinations, representing a distinct advance in sediment220

dynamics research. The results also reduce the current reliance on riverbank morphology221

as a proxy for understanding external erosion of granular road foundations. The result-222
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ing spatiotemporal erosion data also provides benchmark conditions for the validation of223

morphodynamic models describing the transport of compacted unbound materials.224

Across experiments, ~ow velocity is highlighted as the primary driver of the mor-225

phological response of granular road foundations exposed to longitudinal ~ow within the226

tested range of 0.8ms−1 to 1.2ms−1. Nevertheless, ~ood-induced erosion depends on two227

interrelated hydrodynamic attributes: the magnitude of ~ow velocity, which controls erosion228

intensity, and the elevation of the water surface, which dictates the location of erosion attack229

on the exposed foundation face. In open-channel ~ow, velocity typically peaks just below the230

water surface. The results show that this near-surface zone is where erosion concentrates,231

meaning the position of the water surface governs where support is progressively removed232

and instability is most likely to initiate. The shoulder erosion observed in the higher ~ow233

velocity class illustrates how the two attributes interact. Even in the absence of overtop-234
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ping, erosion of the granular layer close to the road surface can compromise the shoulder235

and, especially under repeated tra{c loading, evolve into severe surface damage.236

The foundation models constructed and compacted to standard speci}cations and ex-237

posed to moderate ~ow velocities still experienced consistent erosion, while deposition re-238

mained limited and variable. This challenges the common practice of associating transporta-239

tion infrastructure fragility to inundation depth alone [14, 17, 18], or of generalizing water240

surface position and assuming that moderate velocities are unlikely to cause severe damage241

[15]. This is also consistent with post-event evidence from the 2002 Dresden ~ood, where242

substantial road damage was observed at ~ow velocities below 1ms−1 [16]. Similarly, post-243

event analysis of the July 2021 European ~oods concluded that structural instabilities were244

better explained by ~ow velocity than by water depth [6], directly supporting our experi-245

mental }ndings. However, damage may still correlate strongly with water depth when depth246

and velocity co-vary, a pattern typical of riverine ~ooding but less so of pluvial ~oods.247

We argue that the mismatch between current ~ood risk modeling practice and the248

physically driven failure of roads can be reduced by representing hydrodynamic forcing more249

explicitly. Hazard representation should resolve ~ow velocity in }ner classes and relate water250

depth to the elevation of the shoulder. Such discretization would enable fragility models that251

distinguish failure conditions by hydrodynamic and geometric class. These hydrodynamics252

carry three operational consequences. First, erosion begins rapidly and intensi}es sharply253

as ~ow velocity increases, leaving little time for ezective reactive intervention during high-254

magnitude events. Proactive measures are therefore essential, particularly in the context255

of projected global urban expansion [33, 34]. Second, damage can accumulate across suc-256

cessive smaller events if initial erosion remains unrepaired, which makes monitoring erosion257

through }eld-based surveys and remote observations valuable [7, 35]. Because erosion depth258
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and cumulative eroded volume were positively related in the experiments, local depth mea-259

surements can serve as a }rst-order indicator of sediment loss and transfer, and volumetric260

estimates help constrain the likely intensity of local erosion. Third, the enhanced erosion at261

the longitudinal edges, where the foundation abuts rigid structures, con}rms that transitions262

between granular layers and rigid elements are particularly vulnerable to localized scour and263

deserve speci}c attention in design, inspection, and maintenance [6, 36, 37].264

In the controlled, full-scale laboratory setting used here, the hydrodynamic range was265

narrow but representative of }eld conditions. However, although no direct correlation was266

identi}ed between turbulent kinetic energy and erosion development, turbulence-related267

quantities are commonly associated with erosion under adverse ~ow conditions in the }eld268

[37–39]. The mechanisms identi}ed here therefore apply to an unprotected granular foun-269

dation of }xed slope under predominantly longitudinal ~ow. In the }eld, slope, surface270

protection such as vegetation, and more severe and complex hydraulic forcing may further271

modulate the erosion response. Stronger ~uctuations in ~ow velocity and changes in ~ow272

direction in particular warrant future investigations. This work provides a basis for further273

mechanistic assessment of where and how ~ood-induced instability begins under dizerent274

hydrodynamic and physical conditions. Improved damage models will also require the col-275

lection and systematic analysis of additional damage data, which remain scarce [3, 13, 16],276

to inform the large scale implementation of structural and non-structural measures aimed at277

preventing direct failure and minimizing disruption to road networks [4, 5, 25, 35, 40].278

Exposure assessments and engineering strategies that incorporate the identi}ed ero-279

sion mechanisms can better protect road infrastructure against future hydrometeorological280

hazards. These assessments and strategies can be sharpened with vulnerability data, includ-281

ing material properties and historical performance. In resource-constrained contexts that282
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require prioritization of inspection and protection ezorts, these considerations become even283

more critical. Based on the present }ndings, the central question for road infrastructure284

shifts from whether ~ooding will occur to whether ~ow will be fast enough and the water285

surface positioned to trigger progressive erosion at locations vital to structural stability. Our286

experimental results show that this threshold can be crossed at velocities of about 1ms−1,287

a condition that existing damage models leave unresolved. This implies that the fragility of288

~ooded roads may be systematically underestimated by current ~ood risk approaches.289

Methods290

Experimental con}guration Full-scale experiments were conducted in the high-291

performance morphological ~ume at the Hubert-Engels Laboratory, TUD Dresden University292

of Technology [41], with the aim of reproducing ~oodwater ~owing longitudinally along a293

representative granular road foundation under varying hydrodynamic conditions, thereby294

inducing material redistribution on the foundation pro}le. The ~ume is 35m long and 4m295

wide, and a removable wall divides it into two parallel 2m-wide channels. Two movable296

gates are used at the downstream end to regulate the water level. The channels are elevated297

1.65m above ground level to accommodate an underlying recirculation reservoir and have a298

slope of 0.1%. The system is fully automated and equipped with two pumps, each with a299

capacity of 500L s−1. To achieve the target ~ow velocities, all experiments were performed300

in a single channel.301

The experimental setup comprised an upstream ingress track, a central testing track,302

and a downstream egress track (Figure 1a). The ingress and egress tracks were designed303

to progressively concentrate and disperse the ~ow along the foundation, thus promoting304

predominantly longitudinal ~ow conditions within the test section. Both tracks were con-305
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structed as hollow PVC foam structures }lled with limestone. The ~ume bed was covered306

with rough carpet to promote the development of a more realistic near-bed boundary layer,307

prevent slippage of the installed inserts, and protect the ~ume ~oor during compaction.308

A rubber mat was placed at the interface between the foundation material and the PVC309

structures to increase roughness and simulate contact with rigid structural surfaces.310

Within the testing track, a 5m-long granular foundation was compacted along the311

right-hand wall for each experiment. The model had a trapezoidal cross-section with a base312

width of 1.2m and a height of 0.4m (Figure S1a). The wall-side face was vertical, while the313

exposed face had a slope of 1:1.5 (vertical:horizontal), which is consistent with the geometry314

of a typical road foundation. The 0.6m-wide crest represents the roadway platform. The315

crest was not overtopped, so it was left unpaved to allow for inspection.316

Aggregate & construction procedure A 0mm to 32mm aggregate commonly used in317

Germany for unbound base and frost protection layers was ordered from a local quarry and318

received in 6 bulk bags (total mass ≈7 t). Material management was performed by the319

Claus-Köpcke Laboratory at TUD Dresden University of Technology [42]. The material was320

characterized as Paleozoic diabase, with rough, angular particles. Particle size distributions321

were determined for samples from each bulk bag by sieve analysis in accordance with DIN322

66165-1 [43] and DIN 66165-2 [44]. According to TL SoB-StB 20 [45], the particle size distri-323

butions of all bulk bags fell within the gradation envelope for a subbase course (Figure S6).324

However, three of the bulk bags slightly exceeded the upper limit speci}ed for a base course325

for fractions from 2mm to 8mm. Since the remaining bulk bags accounted for approximately326

97 % of the necessary volume for compaction, the coarsest of the }ner bulk bags was used327

to reach and complete, during reconstruction, the required volume. The recovered eroded328

material was also used in subsequent experiments. The resulting mixture was intermediate329
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between a subbase and a }ne base material, leading to a more conservative assessment since330

}ner grains are more likely to be transported by water. Considering the permitted tolerances331

for }eld applications, the mixture also aligned with global limits for subbase and base lay-332

ers (Figure S6) [46]. In addition, internal stability was tested using eight empirical criteria333

(Table S5). The material was deemed internally stable because it generally satis}ed the334

evaluated criteria, with one marginal exception, where d90/d60 ≈ 106 %[1.86log(d90/d15)+1]335

[47]. Therefore, structural destabilization was assumed to be exclusively associated with336

external erosion.337

Before foundation construction in the ~ume, a compaction trial was performed in a338

test area of approximately 2× 2m, using a lift thickness of 20 cm, to determine the dynamic339

deformation modulus (Figure S7). Compaction was performed using a vibratory plate com-340

pactor. The material was conditioned to a target moisture content of 6.6 %, corresponding341

to the optimal content obtained from a Proctor Compaction Test performed according to342

DIN EN 13286-2 [48]. This target was implemented under expert laboratory supervision to343

reproduce near-optimum compaction conditions. Compaction quality was assessed with a344

Light Weight De~ectometer (LWD) in accordance with TP BF-StB [49], yielding an average345

dynamic deformation modulus of Evd = 69.75MNm−2. Because the trial was performed346

on a concrete ~oor, the measured Evd was attributed primarily to the compacted granular347

layer. According to ZTV E-StB 17 [50], Evd > 50MNm−2 is considered satisfactory. The348

construction in the ~ume used the same procedure (Figure S8). To properly execute the349

slope, the exposed face was initially compacted manually and then with the vibratory plate350

compactor.351

Hydrodynamic scenarios & instrumentation Two hydrodynamic scenarios were de-352

}ned for the long-duration experiments (6 h) conducted under quasi-steady, fully turbulent353
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(Re ∼ 105), subcritical ~ow (Fr < 1) reported here. Before these long-duration experi-354

ments (E3 and E4), three preliminary trials (E0, E1, and E2) were conducted to validate355

and optimize the instrumentation and experimental design and to ensure the reproducibility356

of the results. A full description of these trials is available in Text S1. They led to improved357

}xation of the hollow structures, extension of the egress track to prevent backwater ezects,358

adjustment of discharge to remain within the ~ume’s operating limits while preventing over-359

~ow, and optimization of measurement intervals. It was also veri}ed that the }nal design360

(Figure 1a) produced a predominant longitudinal ~ow. Given the performance limits of the361

~ume and the measured ~ow velocities, the discharges for the long-term experiments were362

set to 250L s−1 and 350L s−1.363

The selected discharges spanned characteristic longitudinal ~ow velocities around364

1ms−1. Velocities beyond this range were not tested due to technical and conceptual rea-365

sons. Technically, it is di{cult to achieve velocities above this limit in large-scale laboratory366

experiments, and increasing the ~ow rate does not automatically increase the velocity, as367

energy dissipates before it reaches the test section. Second, this range is of particular interest368

because widely used ~ood damage functions for roads either relate damage solely to water369

depth [14, 17, 18] or assume that velocities of this magnitude do not cause important damage370

[15].371

During the experiments, a high-resolution acoustic Doppler velocimeter (ADV; Vec-372

trino) [51] was used to measure the three-component ~ow velocities in the streamwise (x),373

lateral (y), and vertical (z) directions at an approximate depth of 10 cm and a lateral dis-374

tance of 20 cm from the foundation face, with a signal-to-noise ratio > 11. The ADV probe375

was mounted on the movable traversing bridge integrated into the ~ume, enabling controlled376

positioning along the testing track (Figure S1b). The use of a single ADV prevented inter-377
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instrument variability, including probe misalignment and bias. Measurements were collected378

at longitudinal positions corresponding to the midpoints of }ve consecutive 1m sections. At379

each position, ~ow velocity time series were recorded for at least 60 s at a sampling interval380

of 0.04 s.381

Two communicating vessels, located 0.25m and 3.75m downstream from the start of382

the testing track and integrated into the ~ume automation system, recorded the water depth383

(h) at intervals of 1minute (Figure S1b). Clamp-on ultrasonic sensors, also integrated into384

the ~ume automation system, recorded the discharge in the suction line. After the pump was385

turned on, there was a transient period until the target discharge was reached, which then386

marginally ~uctuated over time. However, the ~uctuations observed in the ~ume dizered387

from those in the suction line due to the intermediary components between the pump and the388

testing track. Discharge ~uctuations along the testing track were captured by the measured389

~ow velocities. After the pump was turned oz, a transient period also occurred before it390

fully stopped.391

Because most erosion occurred during the early stage of loading, the long-duration392

experiments were divided into seven consecutive hydraulic loading intervals: three intervals393

of 30min, followed by three intervals of 60min, and a }nal interval of 90min (Figure S1c). At394

the start of each experiment, the ~ume was pre-}lled to a depth of 0.30m without imposed395

discharge, such that ~ow velocities were negligible. This level was used as the control water396

depth to regulate the height of the movable gate. After each loading interval, the ~ume was397

drained to allow surveying of the granular surface.398

Temporal morphology To quantify the temporal evolution of material redistribution,399

foundation pro}le topography was surveyed using a scanning robotic total station (Nova400

MultiStation MS60) [52]. Surveys were conducted (i) before water was introduced into401
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the ~ume, representing the initial dry surface, (ii) after }lling and subsequently draining402

the ~ume, to assess whether wetting alone induced morphological change, and (iii) after403

each loading interval in the drained ~ume. Underwater measurements were not performed404

because the length of the test section, combined with turbidity caused by suspended }nes405

from erosion, prevented the acquisition of reliable data.406

All scans were acquired from a }xed site on the left-hand ~ume glass wall, located407

approximately 3 m upstream of the start of the test section (Figure S1b). Instrument posi-408

tioning was referenced to the laboratory coordinate system, which comprises 19 permanently409

installed georeferenced control points on the hall pillars and the west wall. For each survey,410

the instrument was oriented by resection using at least three control points, including at411

least one located in a dizerent azimuthal direction, resulting in a positioning accuracy of at412

least 1 mm in both plan and elevation. This procedure yielded scaled, georeferenced point413

clouds. In addition to the scans, the instrument acquired series of photographs during each414

survey and enabled high-precision point measurements.415

Statistical analysis The water depth measurements from the most stable phase of the ~ow416

were used to derive the water line along the ~ume via linear interpolation using ordinary least417

squares (OLS). For each longitudinal section, the streamwise mean velocity (v, in m s−1) was418

computed at its midpoint following the volumetric ~ow rate standard formula419

v =
Q

A
(1)

where Q is the discharge and A is the ~ow cross-sectional area.420

To characterize the energetic content of turbulent velocity ~uctuations near the foun-421

dation, the turbulent kinetic energy per unit mass (k, in m2 s−2) was calculated from the422
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three velocity components measured by the ADV as423

k =
1

2

(

σ2

x + σ2

y + σ2

z

)

(2)

where σi denotes the standard deviation of the ~uctuating velocity components in the x, y,424

and z directions.425

To relate foundation morphological evolution to hydrodynamic variables, the point426

clouds were cropped to include only the initial surface of the compacted aggregate and then427

segmented into }ve 1m longitudinal sections. Morphological change within each section428

was quanti}ed for each run relative to the initial, non-eroded surface using (i) maximum429

erosion and deposition depths and (ii) erosion and deposition volumes. Depths and associated430

distance uncertainty were derived using the Multiscale Model-to-Model Cloud Comparison431

(M3C2) [53]. Volumes were computed by rasterizing the elevation change }eld into a 1 ×432

1mm grid and the 2.5D Volume tool [54] in CloudCompare v2.14.alpha [55], with z as433

the projection direction. Empty cells were interpolated. Cumulative erosion and deposition434

volumes were normalized by the wetted area (m2) and reported as volumetric change per unit435

inundated area (Lm−2). As a local extreme metric, maximum depth was not normalized.436

Using the processed datasets, relationships between hydrodynamic drivers and mor-437

phological response metrics (erosion and deposition volumes and maximum depths) were438

examined for the }rst run of each experiment, whereas the relationship between the two439

response metrics (depth–volume) was assessed across all runs. Relationships between hydro-440

dynamic drivers and morphological metrics were visualized using LOESS smoothing (span441

= 0.75) [56]. For the depth–volume relationship, robust linear models were }tted by M-442

estimation using the MASS package in R [57], and slope signi}cance was assessed with the443

robust F-test implemented in the sfsmisc package [58].444
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Temporal trends in the response metrics were analyzed by OLS using both linear (y ∼445

x) and log-linear [y ∼ log(x)] formulations. In addition, OLS models were }tted to predict446

erosion responses (maximum depth and cumulative volume) as a function of v and loading447

time (t), testing both additive [y = β0 + β1v + β2 ln(t)] and interaction [y = β0 + β1v +448

β2 ln(t) + β3v · ln(t)] formulations, where βi denotes the estimated regression coe{cients.449

The best models were selected using the corrected Akaike information criterion (AICc) [59],450

which is suitable for smaller datasets.451

The two-dimensional visualization of depths was done by projecting them in the x-z452

plane and creating a raster with a 1 × 1mm grid size. Remaining gaps in the gridded453

surface were }lled by assigning each empty cell the value of its nearest non-empty neighbor,454

identi}ed via a k-d tree nearest neighbor search using the RANN package in R [60]. Density455

curves were generated using the same grid strategy and a bandwidth factor 20 % larger than456

the default bandwidth for smoothing. The depths in the range from −0.001m to 0.001m457

were excluded because they fall within the precision of the measurements. In the three-458

dimensional visualization, depths are shown as individual points. All statistical analyses459

and visualizations were conducted in R 4.3.3 [61].460

Data availability461

The data generated in this study are available at https://data.goettingen-research-462

online.de/privateurl.xhtml?token=a4b4efcb-046a-4f13-b661-6a903f36826d.463
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