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Numerical Study of Granular Debris Flow35

Runup against Slit-dams by Discrete36

Element Method37

Abstract38

Runup of granular debris flows against slit-dams on slopes is a complex process39

that involves deceleration, deposition and discharge. It is imperative to understand the40

runup mechanism and to predict the maximum runup height for the engineering41

design and hazard mitigation. However, the interaction between granular flows and42

slit dams, which significantly affects the runup height, is still not well understood.43

In this study, an analytical model based on the momentum approach was derived44

to predict the runup heights of granular debris flows. A numerical investigation of45

granular debris flow impacting slit-dams using the discrete element method (DEM)46

was then conducted. The influence of the Froude number (NFr) and the relative post47

spacing (R) on runup height were studied.48

This study illustrates that the analytical model based on the momentum approach49

can predict the runup heights well within a certain range of Froude numbers. There is50

a critical value of relative post spacing (RC): within the critical value, the maximum51

runup height is insensitive to the relative post spacing; once R exceeds the critical52

value, the maximum runup height decreases rapidly as the relative post spacing53

increases.54

55

Keywords: Granular debris flow; slit-dam; soil/structure interaction; runup height56

57
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1. Introduction58

Granular debris flows comprise a wide range of particle sizes (Jakob et al. 2005),59

surging down slopes in response to gravity (Iverson et al. 1997). Due to the high60

mobility and the large volume of material (Shen et al. 2018), granular debris flows61

can result in disastrous consequences to human lives and facilities downstream62

(Hungr et al. 1984).63

To mitigate such destructive hazards, slit-structures such as slit-dams (Watanabe64

et al. 1980; Armanini et al. 2001; Piton & Recking 2015a; Marchelli et al. 2019; Zhou65

et al. 2019) and baffle arrays (Choi et al. 2014a; Law et al. 2015) are often66

strategically installed along the predicted flow path. Such structures, comprising rigid67

planes (hereafter referred to as ‘posts’) and openings (referred to throughout as ‘slits’),68

can dissipate flow energy, thereby arresting flows (Choi et al. 2014a; Zhou et al.69

2019).70

Granular debris flows impact rigid barriers and transfers momentum vertically71

into runup, potentially overtopping obstacles (Hákonardóttir 2003; Ng et al. 2016).72

Design of engineering countermeasures requires estimates of runup height to prevent73

overtopping (Kwan 2012; Choi et al. 2016; Ng et al. 2017). However, existing74

physically-based debris flow models may be unable to output the maximum runup75

heights accurately (Choi et al. 2015b; Iverson et al. 2016), given the complexity of the76

problem.77

Multiple analytical models have been proposed to predict the maximum runup78

heights of granular avalanches/flows against rigid barriers (Hungr & McClung 1987;79

Chu et al. 1995; Mancarella & Hungr 2010). Nevertheless, there are two commonly80

adopted approaches for predicting debris flow runup height in practice (GEO 2012) –81

the energy approach (Armanini et al. 2011; Kwan 2012) and the momentum approach82

proposed by Hákonardóttir (2003) and Jóhannesson et al. (2009). The energy83

approach (Armanini et al. 2011; Kwan, 2012) is given as follows:84
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where ℎ� is the runup height, ℎ� is the height of incoming flow, � is the incoming85

flow velocity, and � is the acceleration due to gravity.86

Another commonly adopted approach proposed by Jóhannesson et al. (2009) is87

based on conservation of mass and momentum:88
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where �� is the density of the flow after runup and �� is the density of the incoming89

flow. ��� is the Froude number of the incoming flow, indicating the ratio of inertial90

forces to gravitational forces. Subcritical and supercritical flow conditions are91

characterized with Froude numbers less than and greater than unity, respectively92

(Choi et al. 2015a; Ng et al. 2016).93

For check dams (i.e. with no slit), it was found that the analytical approach94

proposed by Johannesson et al. (2009) can capture the pileup height for granular95

materials well. This is because the compression of granular flow material, as well as96

the pileup mechanism characteristic of granular materials, are explicitly accounted for97

(Choi et al. 2015b). In contrast, the energy approach is more appropriate for water, for98

which there is little energy dissipation, and which primarily undergoes runup since99

water has no shear strength, pileup cannot occur.100

It is noted that both energy and momentum approaches (Jóhannesson et al. 2009;101

Armanini et al. 2011; Kwan 2012) were derived assuming that the barrier is closed102

(i.e. without any openings) so that no flow material can discharge. However, for the103

case of a slit-dam, flow-structure interaction is more complicated. Runup of flows104

against slit-dams is a complex process that involves a combination of flow105

deceleration, redirection and downstream discharge (Piton & Recking 2015a, 2015b).106

Unlike check dams, slit-dams usually have one or more slits to: (i) reduce the flow107

peak discharge (compared to open channel flow); and (ii) to dissipate kinetic energy108

(Choi et al. 2016). The model proposed by Armanini (2001) is able to predict the109
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deposition height of granular materials deposited by a continuously flowing stream110

that passes a slit-dam:111
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where � is the channel width and � is the slit size. However, this approach is only112

validated for flows with a solid fraction of up to 0·01 (Choi et al. 2016), which is113

substantially lower than the typical solid fraction for granular debris flows, around 0.6114

(Denlinger & Iverson 2001).115

In this study, an analytical model based on the momentum approach was derived116

to predict the runup heights of granular debris flows against slit-dams. Furthermore,117

the interaction between granular debris flows and slit-dams was studied numerically118

using the Discrete Element Method (DEM) (Cundall & Strack 1976; Teufelsbauer et119

al. 2009). Investigations of granular debris flows with varying Froude conditions (NFr)120

impacting slit-dams with different relative post spacings (b/d) were carried out. Runup121

heights determined using the analytical models were compared with the numerical122

and reported experimental results. The influence of flow regime and the relative post123

spacing on the runup height of granular debris flow was investigated.124

2. Analytical model125

To predict the runup heights of granular debris flows against slit-dams, a126

depth-averaged continuum model derived from assumptions similar to that of the127

momentum approach (Hákonardóttir 2003; Jóhannesson et al. 2009; Iverson et al.128

2016) has been developed here. This analytical model is based on shock theory (Gray129

et al. 2003; Hákonardóttir 2003; Jóhannesson et al. 2009; Faug 2015; Iverson et al.130

2016; Albaba et al. 2018). It assumes that the flow impinging on an obstacle is a131

one-dimensional dynamic problem which can be interpreted by the development of a132

shock. In this process, a shock (or shock wave), at which there are sudden jumps in133

the velocity, density and height, develops immediately and travels upstream when a134
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steady flow encounters a vertical obstacle. The incoming flow is assumed to be135

continuous, steady, uniform, compressible and insensitive to the backwater effect, and136

the flow channel is horizontal (cf. Iverson et al. 2016).137

Fig. 1(a) shows a simplified sketch of a shock for granular debris flow against a138

check dam (a side view and a plan view). A shock develops and travels upstream with139

depth-invariant velocity �, height ℎ, and bulk density �, while a granular dead zone140

forms between the shock and the dam. The conservation of mass and momentum141

across the shock travelling at speed s can be expressed as (cf. Jóhannesson et al. 2009;142

Iverson et al. 2016):143

�0ℎ0 �0 + � = �1ℎ1 �1 + � 4

�0ℎ0�0 �0 + � +
0

ℎ0

�0�� dz� = �1ℎ1�1 �1 + � +
0

ℎ1

�1�� d�� 5

where subscript 0 denotes properties of the flow upstream of the shock, subscript 1144

denotes properties of the flow downstream from the shock, σxx denotes the145

longitudinal normal stress.146

As for the case of a slit-dam (Fig. 1(b)), a more complex process is involved147

which includes a combination of flow deceleration, redirection and downstream148

discharge. A shock develops and travels upstream at speed s as the incoming flow149

encounters the slit-dam. Due to regulation of the slit-dam, different from the check150

dam case, downstream flow from the shock transforms into two types: (i) one retards151

and deposits with speed �1, forming a granular dead zone between the shock and the152

dam, which is similar to the check dam case; (ii) another propagates downstream with153

speed �2 and then passes through the slit. The conservation of mass and momentum154

across the shock travelling at speed s can be expressed as:155

�0ℎ0 �0 + � = 1 − � �1ℎ1 �1 + � + � �2ℎ2 �2 + � 6

�0ℎ0�0 �0 + � +
0

ℎ0

�0�� dz� = 1 − � �1ℎ1�1 �1 + � +
0

ℎ1

�1�� d��

+ � �2ℎ2�2 �2 + � +
0

ℎ2

�1�� d�� (7)
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where subscript 0 denotes properties of the flow upstream of the shock, subscript 1156

denotes properties of the (i) retarding flow downstream of the shock while 2 denotes157

properties of the (ii) outgoing flow downstream of the shock. � (� = �/�, where b158

is the width of spacing between posts and w is the width of channel) is the transverse159

blockage of the slit-dam. ��� is the longitudinal normal stress. Using of an160

assumption routinely employed in soil mechanics (Lambe and Whitman, 1979), ���161

can be expressed as:162

��� = ���� = ���(ℎ − �) 8163

where � is the longitudinal pressure coefficient, which denotes the ratio of164

longitudinal to vertical normal stress ��� . The � values of typical frictional debris165

roughly range from 0.2 to 5, depending on whether deformation occurs in an166

extensional or compressional mode (Iverson and Denlinger, 2001). It was found that in167

the momentum approach, the assumption k = 1 yields good predictions of runup heights of168

debris flows and it can even be used in more sophisticated runup models (Iverson et al. 2016).169

Considerable simplifications of (6) and (7) can be obtained by introducing a170

reasonable assumption that the two types flows downstream from the shock have the171

same density and height such that �1 and ℎ1 are equal to �2 and ℎ2 , respectively.172

In this case, the mass jump condition (6) reduces to173

� =
�0ℎ0�0 + ��1ℎ1(�1 − �2)−�1ℎ1�1

�1ℎ1 − �0ℎ0
9

Substitution of (8) in (7), and subsequent evaluation of the integrals for the174

momentum jump condition (7) yields175

�0ℎ0�0 �0 + � − � �1ℎ1�2 �2 + �

− 1 − � �1ℎ1�1 �1 + � −
1
2

�� �1ℎ1
2 − �0ℎ0

2 = 0 (10)

Downstream flow from the shock, the retarding flow deposits with speed �1 ,176

forming a granular dead zone between the shock then the velocity �1 can be177

supposed to be equal to 0. For the outgoing flow, the flow rheology between the shock178

and the slit dam is very complex with strong flow curvatures, flow redirection and179

formation of dead zones in the corners. In want of a detailed theory for this region, we180
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propose to consider an empirical linear relation between the outgoing velocity �2181

and the velocity �0 of the incoming flow:182

�2 = α�0 11

By combination of (9) and (11), momentum jump condition (10) reduces to183

��0
2 1 − 2�� + ��2 − ���2 + ��2�2 −

1
2

� �
ℎ1

ℎ0
−

ℎ1

ℎ0
− 1 + �−1 = 0 12

where ��0 = �0/ �ℎ0 , indicates the bulk characteristics of the incoming flow. The184

term A, which indicates the jump in density and height between the flows upstream185

and downstream of the shock, can be defined as follows:186

� =
�1

�0

ℎ1

ℎ0
13

Equation (12) yields a runup formula based on momentum approach and it takes187

not only the upstream Froude conditions (NFr) but also the slit size (B) into188

consideration. For physically relevant parameter values (�1/�0~1), Eq. (12) has three189

real roots, but only one of these roots has physical relevance by virtue of being190

positive and satisfying the jump condition requirement that ℎ1 > ℎ0 (cf. Iverson et191

al. 2016).192

Considering two extreme cases that the dam is completely closed (� = 0 ) or193

open (� = 1), the boundary conditions of (12) can be expressed as194

�� B = 0, �2 = 0 → α = 0
�� � = 1, �2 = �0 → � = 1 14

Based on the boundary condition, � can be assumed as a function of �:195

� = �(�) 15

An explicit expression of (14) can be obtained by introducing an exponential form196

which can meet the boundary conditions in Eq. (13)197

� = �� 16

where � is an empirical coefficient.198

Finally, substituting (15) into (12), the solutions of the runup formula can be199

obtained. Therefore, the runup height of granular debris flows against slit-dams can be200

predicted if the Froude number of the incoming flows and the geometry of the201
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slit-dams are known a priori.202

3. Numerical model setup203

The 3-D particulate flow code EDEM (TranscenData, 2007) is adopted to204

simulate the dynamics of granular flow in this study. In the DEM, contact forces and205

displacements of a stressed assembly of particles are found by tracing the movement206

of individual particles (Choi et al. 2014b). Compared to physical model tests,207

numerical simulations have a better capacity for capturing particle movements and208

interactions with structures (Zhou et al. 2013; Chen et al. 2019).209

Slit-dams are usually comprised of a series of equally-spaced rigid posts210

(Marchelli et al. 2019; Zhou et al. 2019). The spacing and the number of posts can be211

varied depending on the engineering design adopted. In this study, the interaction212

between granular debris flows and slit-dams is studied by choosing a section which213

spans two adjacent posts since the processes which occur in the rest of the sections do214

not vary significantly with time. Fig. 2 shows the numerical model setup. The channel215

inclination � is fixed at 20° and gravitational acceleration g (9.81 m/s2) acts216

downwards, along the vertical direction. Planar rigid geometry is constructed to217

model the channel bed and the slit-dam. The sidewalls adopt periodic boundary218

conditions (PBC) (Rapaport et al. 2004) which are applied along the flow direction219

and spans the width of the channel (0.2m). The PBC is required to eliminate the220

unrealistic particle arrangement at the wall boundary caused by the constraint of221

particle sizes in discrete element simulations (Rapaport et al. 2004). A slit-dam with222

rigid barriers and an adjustable spacing b is positioned downstream of the flows. The223

rigid barriers are set to be 2 m in height, perpendicular to the base of the channel. This224

is high enough to avoid potential overflow, so that the maximum runup height can be225

captured, as per the assumptions in the equation derived.226

3.1 Input parameters227
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The granular flows were composed of an assembly of 30, 000 rigid spherical228

particles with a uniform diameter of 0.01 m. According to the commonly used values229

in numerical simulations of granular medium, the material density of each particle is230

2630 kg/m3 and the material shear modulus was set to be 24,000 MPa (Law et al.231

2013； Ng et al. 2013). The contact friction angle of discrete elements was set as232

31.5°and the coefficient of restitution was set at 0.5. (cf. Song 2016). The interface233

friction angle was set as 16.6° which is consistent with the value determined by Choi234

et al. (2016) in laboratory tests. Details of the input parameters are given in Table 1.235

3.2 Numerical testing procedures236

The numerical study is divided into two stages: a preparation stage and an impact237

stage. In the preparation stage, all the particles fall freely and deposit randomly under238

boundary restrictions then a granular flow body with a continuous depth h of 0.05m is239

prepared right behind the slit-dam. Initial velocities u ranging from 0.38 m/s to 5.7240

m/s are uniformly applied to the assembly of particles. Calculating the Froude number241

by ��� = � �ℎ����, incoming granular flows with Froude numbers ranging from242

0.5 to 7.5 are produced. The range of Froude number is consistent with that of243

reported channelized debris flows, which ranges from 0.5 to 7.6 based on field244

observations (Hübl et al. 2009; Scheidl et al. 2013; Cui et al. 2015).245

In the impact stage, all the sidewall boundary restrictions are removed so the246

granular flows start to move and impact the slit-dams. The relative post spacings247

(R=b/d) of slit-dams range from 2 to 12, with the transverse blockage (B) between248

10 % and 60 % (Silva et al. 2016; Choi et al. 2016). A control test without spacing249

was also conducted for reference. A summary of the numerical test plans is given in250

Table 2.251

3.3 Model calibration252
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To ensure that the input parameters and modelling methodology are able to253

simulate the interaction between granular flows and slit-dams, numerical simulation254

of the granular flows were compared with experimental results reported by Choi et al.255

(2016). Fig. 3 shows a comparison of flow kinematics between experimental tests and256

numerical simulations: the granular flow behaviors of flume tests are shown on the257

left (Fig .3(a1-a3)) while the pertinent numerical results by DEM are shown on the258

right (Fig.3(b1-b3)). A wedge-shaped flow front (Choi et al. 2014a) with a Froude259

number of 2.3 arrives behind the barrier at t = 0.2 s (Fig. 3 (a1) and (b1));260

subsequently, particles in the flow front runup along the rigid barrier like water at t =261

0.4 s (Fig. 3 (a2) and (b2)); subsequent granular flow impacts and piles up on top of262

the existing deposits, forming a ramp-like dead zone (Gray et al. 2003) at t = 0.6 s263

(Fig. 3 (a3) and (b3)); Thereafter, the dead zone continues to thicken and expand264

upstream until the arrest of granular motion for all particles.265

It is observed that the flow kinematics from flume experiments and the266

calibrated model are consistent. The agreements of the Froude number and flow267

kinematics between the numerical and experimental results indicate that the set of268

input parameters and the numerical model used for this study can effectively model269

the interaction between granular debris flows and slit-dams and the basic mechanisms270

can be captured.271

4. Interpretation of DEM results272

4.1 Granular flows runup mechanism273

Fig. 4 shows a side view of the impact and runup process of a subcritical flow274

(NFr= 0.5) and a supercritical flow (NFr= 6.5), respectively. At t = 0 s, both subcritical275

and supercritical flows approach the barrier with an identical flow height (Fig. 4 (a1)276

and (b1)). For the subcritical flow, a typical pileup mechanism can be observed: the277

granular bore continues to thicken while the runup height does not change (Choi et al.,278
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2015b). At t = 0.1 s, the granular flow impacts the slit-dam and most particles in front279

of the flow deposit behind the rigid barrier, forming a ramp-like dead zone at the base280

of the barrier while a small number of particles pass through the slit between the posts281

(Fig. 4 (a2)). As subsequent flow material impacts the existing deposits, the pileup282

continues to develop, and the dead zone expands upward (Fig. 4 (a3)). Thereafter, the283

dead zone continues to thicken while maintaining a constant height (Fig.4 (a4) and284

(a5)). Numerical simulation results indicate that subcritical granular flows exhibit285

distinct pileup characteristics which are consistent with the experimental observation286

of Armanini et al. (2011) and Choi et al. (2015b).287

Supercritical granular debris flows resulted to a combination of a vertical jet288

runup and a pileup mechanism. At t = 0 s, a distinct upward jet along the barrier forms289

as the supercritical flow impacts the slit-dam (Fig. 4 (b2)). Such a runup mechanism is290

more reminiscent of the vertical jet mechanism described by Armanini et al. (2011)291

and Choi et al. (2015b) for liquid flows and is consistent with Ng et al. (2017) and Cui292

et al. (2018) for granular flows of large glass particles. Subsequently, runup continues293

to develop and the runup height keeps increasing. Simultaneously, a large number of294

particles pass through the spacing, discharging dispersedly as a downstream jet. (Fig.295

4 (b3)). When the maximum runup height is reached, the runup process ceases.296

Concurrently, the pileup process begins: the dead zone keeps thickening while its297

height remains unchanged (Fig. 4 (b4)). The numerical simulation results demonstrate298

that the runup mechanism between subcritical and supercritical granular flows are299

quite different, subcritical granular flows only exhibit a pileup mechanism while300

supercritical flows show a combination of vertical jet runup and pileup mechanism.301

Fig. 5 shows the evolution of runup heights. In this numerical study, the initial302

incoming flow is homogeneous, steady and uniform so that the runup height grows303

without intense fluctuation. Fig. 5(a) shows the time series of runup heights in304

simulations of different Froude numbers. For the flows with low Froude numbers (e.g.305

NFr.< 3.5), the runup height rapidly reaches its peak values and then maintains an306
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almost constant level. For flows with high Froude numbers (e.g. NFr > 4.5), the runup307

height keeps increasing until the maximum runup height is reached. This increase is308

non-linear: the growth rate varies in different periods. At first, the runup heights309

rapidly increases and the growth rate reaches its peak value as the flow front impacts310

the dam. Thereafter, the growth rate decreases over time, whilst the runup process311

gradually ceases. After reaching the peak value, the runup heights decrease slowly and312

then maintain a constant level, indicating that the pileup process is underway. Fig. 5(b)313

shows the time series of runup heights for different relative post spacings. Numerical314

simulation results reveal that the evolution of runup heights in different relative post315

spacings share a similar tendency: the runup height increases over time to a peak316

value then remains at a constant level. The runup height evidently depends on relative317

post spacing: the greater the relative post spacing, the lower the maximum runup318

height and the lesser time it takes to reach it. These results indicate that the slit size319

affects the runup of granular flows against slit-dams (see later sections).320

4.2 Comparison of runup prediction models321

Fig. 6 shows the relationship between the transverse blockage B and the322

normalized outflow velocity � = �2 �0 . The numerical simulation results show that323

as the transverse blockage B of slit-dams increases, the normalized outflow velocity324

increases monotonically. Granular debris flows with different Froude conditions (NFr)325

all meet with this tendency. This trend is consistent with the assumption we have326

made in our analytical model (see section 2). By plotting B against α, it is found that327

the best match can be obtained when the empirical coefficient � is equal to 1.519.328

Fig. 7(a) shows the comparison between the simulated normalized runup heights329

and the analytical approach of Armanini & Larcher (2001). The results illustrate that330

this approach cannot predict the runup heights of granular flows well: the predictions331

are too high when the relative post spacing is low but are too conservative when the332

relative post spacing is high. This is because this approach assumes that runup process333
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is under the hydraulic jump condition (Armanini & Larcher, 2001), making it334

inappropriate for frictional dense granular flows, in which the flow-structure335

interaction mechanism is dominated by pileup (Choi et al. 2016).336

It is reported that the momentum approach can capture the runup mechanism of337

granular flows andcan predict the runup heights well (Choi et al. 2015b; Iverson et al.338

2016; Ng et al. 2017). Using the analytical model derived here (see section 2), Fig.339

7(b) shows a comparison between the simulated normalized runup heights and the340

modified momentum approach in this study. The results indicates that this model can341

indeed predict the runup heights of the granular debris flows against slit-dams quite342

well. Runup heights predicted by this model show the same tendency with the343

numerical simulation results: higher Froude number (NFr) and lower transverse344

blockage (B) lead to higher runup heights. The maximum error between the predicted345

runup heights and the numerical results is below 15.6%. According to these results,346

engineers anticipating a dense granular debris flow can safely use the newly-derived347

equation to estimate the height required for the slit-dam to avoid dangerous348

overtopping. Furthermore, the results show the influence of the upstream Froude349

conditions (NFr) on runup heights for granular flows against slit-dams. As the Froude350

number of an incoming flow increases, the maximum runup height increases351

monotonically, which is consistent with Choi et al. (2015), Iverson et al. (2016) and352

Ng et al. (2017).353

Fig. 8 shows a comparison of the normalized runup height predicted by Armanini354

& Larcher (2001) and the momentum approach with the reported experimental results355

(Choi et al. 2016). It is noted that experimental results match well with the runup356

heights predicted by the momentum approach proposed in this study while the357

analytical approach of Armanini & Larcher (2001) tends to overestimate, consistent358

with the DEM numerical results comparisons.359

The granular debris flow is composed of an assembly of numerous discrete360

particles. Therefore, the particle-particle interactions and particle-barrier interactions361
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do significantly affect the flow dynamics and then pose a strong influence on the362

runup behavior. However, all the analytical prediction models based on continuum363

hypothesis (Hákonardóttir, 2003; Jóhannesson et al. 2009; Armanini et al. 2011; Kwan364

2012) fail to consider the particle-particle interactions, which should be taken into365

consideration in runup height prediction.366

4.3 Influence of the relative post spacing on runup height367

Jamming occurs when the flow of grains through a spacing and the size of the368

outlet is not large enough (Janda et al. 2008). Such a jamming is the response of a369

system to the applied external stresses by developing mechanical structures that block370

the flow. In granular materials, these structures are called “arches” (Zuriguel et al.371

2005). For the case of granular debris flows impacting slit-dams, flow material can372

jam behind the dam due to the formation of arches when the post spacing is not large373

enough (Law et al., 2015). Fig. 9(a) shows a typical formation of arches of granular374

flow behind a slit-dam. As the flow front impacts the slit-dam, granular material is375

subjected to a reflective dynamic impact force from the barrier. Driven by the applied376

stress, particles in front of the flow rearrange and the structure of the force chains377

changes, forming an arch (Terzaghi, 1943). Due to the formation of arches,378

subsequent granular flow tends to slow down or halt (Arévalo & Zuriguel 2016).379

Fig. 9(b) shows the evolution of the granular outflow rate for slit-dams with380

different relative post spacings. It can be seen that outflow rate increases with the381

relative post spacing since the wider the spacing, the more flow material can pass382

through. It was found that the evolution of the outflow rate tends to fluctuate383

periodically, which may be related to the formation of arches. When arches form,384

granular material blocks the opening and momentarily halts subsequent flow, which385

leading to a decrease in outflow rate: from a local maximum value to minimum. On386

the other hand, the outflow rates tend to increase from a local minimum value to the387

maximum if the arches collapse. It was also found that the formation of arches is388
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influenced by the slit size. Arches are formed easier at low relative post spacings, at389

times resulting to near zero outflow rates. As the relative post spacing increases, there390

are lesser instances at which arches form and the outflow rate can easily reach its391

minimum level.392

In analytical models, the maximum normalized runup height decreases393

monotonically as the transverse blockage increases (Armanini & Larcher 2001). Such394

a principle is validated for granular flow problems with a maximum solid volume395

fraction of 0.01 (Choi et al. 2016). However, for frictional flows such as granular396

flows, the formation of arches and the interparticle contact should be taken into397

consideration. When the relative post spacing is small, particles in front of the flow398

can jam easily behind the slit-dam, blocking the subsequent flow and resulting to a399

maximum runup height that is usually larger than expected.400

Fig. 10 shows the relationship between the normalized maximum runup heights401

and relative post spacings. The numerical simulation results are compared with402

experimental data (Choi et al. 2016), which has a similar configuration in channel403

geometry, granular material property and slit structure type with study while Froude404

numbers are smaller than 2.3.405

For low Froude numbers ��� ≤ 2.5 , the runup heights of the numerical study406

are very close to the measured values by Choi et al. (2016). The results show that the407

normalized maximum runup height is not strongly influenced by the relative post408

spacing. This is because stable arches can easily form at the slit, provided that the409

Froude number of the incoming flow is low ��� ≤ 2.5 . In this case, there is no410

significant difference between slit-dams of different slit sizes since the stable arches411

can block the outlet and halt the flows. When the Froude number is high ��� ≥ 2.5 ,412

supercritical flows with high velocities can break arches easily (Choi et al. 2016).413

Pardo and Sáez (2014) observed that the arch strength evidently depends on the its414

length: shorter arches are generally stronger because higher contact stresses can be415

maintained during constrictions. The length of arches is directly related to the relative416
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post spacing and the probability of formation of stable arches decreases as b/d417

increases (Janda et al. 2008; Arévalo & Zuriguel 2016; Marchelli et al. 2019). In this418

case, the relative post spacings affect the runup height significantly. In general, the419

maximum runup height declines as the ratio b/d increases. The results show that there420

is a critical value of relative post spacing (RC): within the critical value, the maximum421

runup height is insensitive (the decrease rate is within 5%) to the relative post spacing;422

once b/d exceeds the critical value, the maximum runup height decreases rapidly as423

the relative post spacing increases. Such a critical value has been studied in many424

previous works and it is noted that a fixed value for Rc does not exist (Zuriguel et al.425

2005; Janda et al. 2008).426

As shown in Fig. 10, the numerical results can be interpreted by demarcating two427

zones. In zone I (b/d ≤ RC, shadow area), the runup heights maintain a constant level428

within a critical range of the relative post spacing. The critical value Rc decreases429

with the increase of NFr so that Zone I shrinks as the Froude number of incoming430

flows increases. In zone Ⅱ (b/d≥RC, light area), the relative post spacing has a431

significant effect on the runup height: the maximum runup height decreases rapidly as432

b/d increases. Zone Ⅱ expands as NFr increases and eventually spans the full range of433

the relative post spacing when the Froude number of the flow is high enough. In this434

case, granular material fails to form stable arches and the runup height decreases435

monotonically as the relative post spacing increases.436

5. Conclusions437

An analytical model based on the momentum approach was derived to predict438

the runup heights of granular debris flows against slit-dams. A numerical study of439

granular debris flows impacting slit-dams by discrete element method (DEM) was440

conducted. The numerical results were compared with analytical models and reported441

experimental data. The influence of the Froude number (NFr) and relative post spacing442

(b/d) on the runup height were investigated. The conclusions from this study can be443
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drawn as follows:444

(a) An analytical model based on the momentum approach which considers the445

effect of the flow regime and the post spacing size is proposed. This model446

can capture the runup mechanism of granular debris flows against slit-dams447

and predict the runup heights quite well.448

(b) The runup mechanisms between subcritical and supercritical granular flows449

are different: subcritical granular flows result in a typical pileup mechanism,450

whereas supercritical flows lead to a combination of vertical jet runup and451

pileup mechanism.452

(c) When the Froude number of the incoming flow is low ��� ≤ 2.5 , the runup453

height is not strongly influenced by the relative post spacing. When the454

Froude number is high ��� > 2.5 , there is a critical value of relative post455

spacing (RC): within the critical value, the maximum runup height is456

insensitive to the relative post spacing; once b/d exceeds the critical value,457

the maximum runup height decreases as the relative post spacing increases.458

The series of numerical simulations by DEM is aimed at investigating the effect459

of the Froude number (NFr) and relative post spacing (b/d) on the runup mechanism.460

By introducing a single-phase model, the effect of fluid in debris flows is not taken461

into consideration. In the further study, it is worth to explore on the interactions462

between solid-liquid two-phase debris flows and slit-dams.463
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Fig. 1. Schematic drawing of runup against (a) a check dam and (b) a slit-dam.

Fig. 2. Numerical model: (a) a chosen section of slit-dam; (b) plan view of the chosen section; (c)

side view of the chosen section.

Fig. 3. Comparison of flume experiments and computed flow kinematics (test C30-D1-SD5,
wherein inclination = 30°, b/d = 5.0) . The color of particles denotes the velocity of particles and
the darker the color, the lower the velocity.

Fig. 4. Simulated flow kinematics for subcritical flow (NFr = 0.5) (a1-a5) and supercritical flow
(NFr = 6.5) (b1-b5), b/d = 2.0. The color of particles denotes the velocity of particles and the darker
the color, the lower the velocity.

Fig. 5. Evolution of the runup height. (a) b/d = 4.0, (b) NFr = 4.5, where zero time corresponds to
the time instance at which the flow front reaches the dam.

Fig. 6. Relationship between transverse blockage and normalized outflow velocity.

Fig. 7. Comparison of theoretical normalised runup height predicted by (a) the energy approach
and (b) the momentum approach (� =1.519) with the DEM results.

Fig. 8. Comparison of theoretical normalised runup height predicted by the energy approach and
the momentum approach (e = 1.519) with the reported experimental results.

Fig. 9. (a) arches and force chains in granular flow behind the slit dam (NFr = 0.5;b/d = 2.0); (b)
evolution of the outflow rate (solid point denotes the local Qmin ).

Fig. 10. Relationship between runup height and relative post spacing.



Fig. 1. Schematic drawing (side view and plan view) of runup against (a) a check dam and (b) a
slit-dam.



Fig. 2. Numerical model: (a) a chosen section of slit-dam; (b) plan view of the chosen section; (c)

side view of the chosen section



Fig. 3. Comparison of flume experiments and computed flow kinematics (test C30-D1-SD5,
wherein inclination = 30°, b/d = 5.0) . The color of particles denotes the velocity of particles and
the darker the color, the lower the velocity.



Fig. 4. Simulated flow kinematics for subcritical flow (NFr = 0.5) (a1-a5) and supercritical flow
(NFr = 6.5) (b1-b5), b/d = 2.0. The color of particles denotes the velocity of particles and the darker
the color, the lower the velocity.



Fig. 5. Evolution of the runup height. (a) b/d = 4.0, (b) NFr = 4.5, where zero time corresponds to
the time instance at which the flow front reaches the dam.



Fig. 6. Relationship between transverse blockage and normalized outflow velocity.



Fig. 7. Comparison of theoretical normalised runup height predicted by (a) the energy approach
and (b) the momentum approach (� =1.519) with the DEM results.



Fig. 8. Comparison of theoretical normalised runup height predicted by the energy approach and
the momentum approach (e = 1.519) with the reported experimental results.



Fig. 9. (a) arches and force chains in granular flow behind a slit-dam (NFr = 0.5;b/d = 2.0); (b)
evolution of the granular outflow rate for slit-dams with different relative post spacing b/d (solid
point denotes the local Qmin ).



Fig. 10. Relationship between runup height and relative post spacing.



Table 1. DEM input parameters.

Input parameter Value
Number of discrete elements 50,000

Particle diameter (m) 0.01
Density (kg/m3) 2630

Total mass of particles (kg) 68.85
Shear Modulus (MPa) 24000

Discrete element/wall friction 0.3
Discrete element friction 0.6
Rolling friction coefficient 0.01
Coefficient of restitution 0.5

Table 2. Numerical simulation plan.

Relative

post spacing

(R=b/d)

Transverse

blockage

(B=b/w)

Initial Froude

condition

(NFr)

0 0%

0.5；1.5；2.5；

3.5；4.5；5.5;

6.5；7.5

2 10%

4 20%

6 30%

8 40%

10 50%

12 60%
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