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We wish to thank Dr. Chris Johnson for his constructive comments. We reproduce below the review comments in italics,

followed by our reply to each comment in normal type. The possible corresponding changes made to the manuscript are

reproduced in blue.

Referee: 15

Review Comment:

This well-written paper combines theory, computational methods, analogue laboratory experiments and field observations of

cohesive debris flows.

The paper presents a depth-integrated model for cohesive-frictional debris flows. The model resembles lubrication theory,

in that inertia of the fluid is neglected, and the depth-integrated flux is therefore an instantaneous function of the local surface10

gradient and thickness.

These model equations are solved using a control volume finite-element technique, which is validated by comparison to exact

solutions. The model predicts very well the deposits of laboratory experiments of sand/kaolinite/water flows, and is compared

with with field observations from Coussot et al. (1996).

The agreement between the model predictions and laboratory experiments is striking, and I have no doubt that the modelling15

approximations made (shallow inertia-free flow with homogeneous cohesive-frictional rheology) are very well suited to the

flows in the lab. As a description of laboratory experiments it is therefore a strong piece of work.

Our reply:

We thank Dr. Johnson for appreciating the manuscript, and describe below the changes made to address the major and minor20

review comments.

Review Comment:

However, it is much less clear to me that the physics studied here is relevant to many natural debris flows. There is some25

acknowledgement of the differences between the modelling here and natural debris flows (lines 52-58 and 441-446). But in my
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view there should be a much more comprehensive discussion and justification of which predictions from this paper (obtained at

laboratory scale) would be expected to hold true at field scale, and which would not. For example:

1. It is not clear that yield stress is responsible for the blunt snouts of natural debris flows. In the model used by this paper,

the yield stress required to produce blunt snouts at field scale is very large, evidenced by a fit of 𝜏Y/(𝜌 g) ≈ 0.5m in the30

field observations, compared to 0.001m in the experiments. How can this difference of a factor of 500 in yield stress be

explained?

It seems likely to me that the formation of blunt snouts at field scale could due to a different process, for example the loss

of excess pore pressure at the flow front, resulting in a substantial increase in the frictional part of the stress here. That

is, the blunt snout could be due to a rheology that is inhomogeneous but not cohesive. Section 8.1 would benefit from35

some discussion of these points.

Our reply:

Thank you for the comment. We agree that the formation of blunt snouts could be due to different processes. We propose adding

the following discussion in Section 8.1:

However, other effects could also cause or contribute to the formation of steep snouts in debris flows. For example, pore40

pressure loss at the front and margins (e.g. Iverson, 1997; Iverson and Vallance, 2001; Savage and Iverson, 2003; Iverson

et al., 2010; Gray, 2018), and the frictional hysteresis of the angular sand particles (e.g. Félix and Thomas, 2004; Mangeney

et al., 2007; Edwards et al., 2017; Rocha et al., 2019; Edwards et al., 2019). These effects are not currently included in our model.

And we also propose clarifying this limitation of our model in the conclusion:45

First, the model cannot simulate the dynamic evolution of debris flows, since it is only designed for computing the quasi-static

morphology of debris flow deposits, and relies on a hypothetical diffusivity and pseudo time steps. Second, the model neglects

flow momentum and basal erosion, hence it does not apply to rapid or erosive debris flows (Armanini et al., 2005). Besides,

as noted above, the model does not include other effects that may lead to the formations of snouts and channel levees, such as

the pore pressure loss and the frictional hysteresis. Likewise, it does not account for the thixotropic behavior whereby deposits50

gradually solidify to form a new substrate for fresh deposits (Murata, 1984; Roussel, 2006). Finally, our model and experiments

do not include processes like channel formation, migration and avulsion that also affect the evolution over time of debris and

alluvial fans (Le Hooke and Rohrer, 1979; Whipple et al., 1998; Delorme et al., 2018; Savi et al., 2020).

Review Comment:55

2 More generally, the difference in physics between small-scale analogue experiments and natural-scale flows has been

raised by several authors, including Iverson (e.g. https://doi.org/10.1016/j.geomorph.2015.02.033). The paper would ben-

efit from a discussion of the parameter regime realised in experiments (Froude number, Reynolds number, Savage/inertial

number etc.) and a comparison of this with natural examples.
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Table 2. Parameter ranges in the laboratory experiments (T11-T15) and in documented field cases.

Parameter Symbol Unit Definition Range in T11-T15 Range in field cases∗

Volumetric solids fraction in mixture 𝜈𝑠 - 0.412 0.3-0.72

Volumetric fines fraction in interstitial fluid 𝜈 𝑓 𝑖𝑛𝑒𝑠 - 0.100 0.02-0.12

Solid density (silica sand and Kaolin) 𝜌𝑠 kg/m3 2650 2500-3000

Interstitial fluid (Kaolin + water) density 𝜌 𝑓 kg/m3 𝜌𝑠𝜈 𝑓 𝑖𝑛𝑒𝑠 + 𝜌𝑤 (1− 𝜈 𝑓 𝑖𝑛𝑒𝑠) 1160 1030-1200

Characteristic grain size 𝛿 m 𝛿 ≈ 𝑑50 0.0006 0.001-0.005

Mean deposit thickness 𝐻 m 0.01-0.02 1-20

Average front velocity 𝑢 m/s 0.015-0.02 10-20

Flow front shear rate ¤𝛾 1/s 𝑢/𝐻 0.75-2 1-20

Interstitial fluid viscosity 𝜇 Pa·s 0.015-0.46** 0.001-0.5

Froude number 𝐹𝑟 - 𝑢/
√
𝑔𝐻 0.034-0.064 1.4-3.2

Reynolds number 𝑁𝑅𝑒𝑦 - 𝜌𝑢𝐻/𝜇 0.5-47 103- 108

Bagnold number 𝑁𝐵𝑎𝑔 - 𝜈𝑠𝜌𝑠𝛿
2 ¤𝛾/((1− 𝜈𝑠)𝜇) 0.0011-0.1 0.002-20

Savage number 𝑁𝑆𝑎𝑣 - ¤𝛾2𝜌𝑠𝛿2/((𝜌𝑠 − 𝜌 𝑓 ) (𝑔𝐻 tan𝜙𝑠)) 3×10−6-4×10−5 1 ×10−7-5×10−2

Friction number 𝑁𝐹𝑟𝑖𝑐 - 𝑁𝐵𝑎𝑔/𝑁𝑆𝑎𝑣 2×102-3×104 1×100-4×105

* The parameter ranges in documented field cases are collected or calculated from the data of Iverson (1997) and Zhou and Ng (2010).

** Viscosity for the experimental interstitial fluid is estimated from a set of viscometer measurements.

Our reply:60

Thank you for this recommendation. We propose adding a table in Section 8.2 (see below) to present the range of parameters in

the experiments and comparing to the values for field cases collected and calculated from the data of Iverson (1997) and Zhou

and Ng (2010).

We propose adding the following discussion in the text:65

In Table 2, we present the range of parameter values covered by the laboratory experiments (runs T11-T15), and compare them

to typical values for natural debris flows (Iverson, 1997; Zhou and Ng, 2010). From the table, we can see that the experiments

exhibit smaller Froude and Reynolds numbers, hence inertia effects are smaller in the experiments than in field cases. Never-

theless, the Bagnold number (ratio between collisional and viscous forces), the Savage number (ratio between collisional and

frictional forces) and Friction number (ratio between frictional and viscous forces) in the experiments are within the range of70

values encountered for natural debris flows. .

Review Comment:
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3 An important feature of the model is that the inertia of the flow is neglected (line 76). Is this really valid for natural debris75

flows? Many debris flows are supercritical and exhibit features such as shocks, roll waves and superelevation in curved

channels, which require inertia. Is there evidence that inertia can be neglected at field scale?

Our reply:

The effects noted by Dr. Johnson are relevant in the flowing stage. However, our model focuses on the deposition stage of debris

flows, for which inertia is comparatively less important. The field data from Coussot et al. (1996) can serve as evidence. For80

two of the cases in this field data set, the modelled profiles, using the same pair of parameters, match the surveyed profiles well

in two directions (longitudinal and transverse) and acceptably in the third case. If the deposit shape was strongly influenced by

inertia, we would expect greater differences between longitudinal and transverse profiles.

We propose adding the following discussion in Section 8.1:

From the figure, we see that our critical slope model based on the Mohr–Coulomb constitutive law provides close fits to85

the field observations in the cases of Les Sables (Fig. 8a,b) and Mont Guillaume (Fig. 8e,f) and an acceptable fit in the case

of St-Julien (Fig. 8c,d). The ability to use the same parameters (friction angle and yield stress) to fit both frontal and lateral

profiles indicates that, while it is significant during the flowing stage, inertia may only play a limited role in determining the

final deposit morphologies.

90

Review Comment:

4 It is tempting to attribute the similar conical shapes of the natural debris flow fan (figure 1) and experimental deposits

(figure 9) to a similar formation mechanism. Though I do not know the 2009 Xinfa debris flow shown in figure 1, the

inundation of houses in this figure suggests a flow of perhaps 2m deep occurring on a much larger (perhaps 30m tall?)95

pre-existing debris-flow fan. If so, this is clearly a completely different mechanism from the en masse deposition of the

entire fan in the experiments. There is some acknowledgement of this around line 55, but in my view a much clearer

statement is needed as to the differences between the modelling/experiments in this paper and the natural deposit in figure

1.

Our reply:100

We clarify that only the last experimental case (run T15) features conditions similar to the field case of Fig. 1, in which new

flows deposit on pre-existing fans.

To address this point, we propose to modify the text as follows:

Finally, the T15 experiment (Fig. 11i,j) allows us to test our model for the case of fresh deposits onto a pre-existing deposit of

complex shape. This case is similar to the 2009 Xinfa debris flow shown in Fig. 1, where the inundation of houses suggests a flow105

of around 2-3m deep occurring on a much larger (around 40m tall) pre-existing debris-flow fan. We see that the experimental

deposit exhibits similar features to the Xinfa debris flow deposits, in particular the well defined snouts of the secondary deposits

on top of the pre-existing deposit.
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110

Review Comment:

Minor points:

Equation (1): There is no source term in this equation corresponding to the inflow. Is the inflow flux Qin modelled as a source

term of limited spatial extent on the right hand side of (1)?

115

Our reply:

Indeed, the inflow flux 𝑄𝑖𝑛 is modelled as a source term of limited spatial extent on the right hand side of Eq. (1). To clarify

this point, we propose to add this source term explicitly to Eq. (1), to be corrected to:

𝜕𝑧

𝜕𝑡
= −∇ · q+𝑄𝑖𝑛𝛿(xs) , (1)

where 𝛿 is the Dirac delta function, xs = (𝑥𝑠 , 𝑦𝑠) is the location of the source, and 𝑄𝑖𝑛 is the inflow source volumetric flux.120

We propose to also explicitly add 𝑄𝑖𝑛 to the corresponding numerical statement, and correct Eq. (8) to:

𝑧new
𝑖

− 𝑧𝑖

Δ𝑡
= − 1

𝐴𝐶𝑉,𝑖

𝑚∑︁
𝑗=1

𝑄 𝑗 +
𝑄𝑖𝑛,𝑖

𝐴𝐶𝑉,𝑖

, (8)

Review Comment:125

Equation (3) / line 83: I initially misunderstood the statement on line 83 and believed that Sc was a constant for a given

material. It may be useful to make it clearer that Sc is dependent on local instantaneous flow depth and free-surface slope, and

that this dependence is derived in section 4.

Our reply:130

We follow the advice and propose adding after Eq. (3):

and where 𝑆𝑐 is a critical slope dependent on material properties and on the local instantaneous thickness of the flow layer.

This dependence of 𝑆𝑐 on the flow layer thickness is derived in section 4.

135

Review Comment:

Equation (4): how is this equation derived? From (3), it is clear that the free surface slope is no greater than 𝑆𝑐, but not

clear to me why it is exactly equal to 𝑆𝑐. (Derivation of (4) must require some constraints on the initial conditions or inflow

functions 𝑄𝑖𝑛, as for certain choices of these are counterexamples to (4). For example, if 𝑧𝑏(𝑥, 𝑦) = 0 and 𝑄𝑖𝑛 (𝑥, 𝑦) = 𝑘 and

the initial conditions are 𝑧 = 0 at 𝑡 = 0, then the exact solution is 𝑧 = 𝑘 × 𝑡, which does not satisfy equation 4.) In a recent paper140
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(https://doi.org/10.1017/jfm.2021.1074, section 7) we referred to regions of a dry granular flow deposit that do satisfy (4) as

"maximal", but this was not true of the entire deposit.

Our reply:

Our governing equations (Eqs. (1)-(4)) are proposed and derived only for the regions where materials deposit from flowing145

to stopping. On the contrary, regions where there are no horizontal fluxes throughout the process, such as the domain in the

counterexample that Dr. Johnson raised, are not the targets of our equations. When describing materials deposition, the flux q

in Eq. (2) decreases from a non-zero value to zero. To provide such changes in the flux, the local slope | |∇𝑧 | | in Eq. (3) must
first exceeds the critical slope 𝑆𝑐 and finally decreases to exactly the critical slope 𝑆𝑐 (3). When the local slope | |∇𝑧 | | equals
the critical slope 𝑆𝑐, there is no flux, and therefore there is no way to further decrease the local slope to a value smaller than150

the critical slope. We recognize that Eq. (4) may not be valid when inertia effects are dominant; here, as is observed in the dry

granular flows noted by Dr. Johnson, it may be possible to have outfluxing at values below the critical slope.

To clarify the derivation of Eq. (4), we propose to modify the text as follows:

With this model, the flux is only non-zero when the local slope | |∇𝑧 | | exceeds the critical slope 𝑆𝑐. By contrast, models that
consider momentum effects can produce local deposit slopes that are smaller than critical slopes (e.g. Tregaskis et al., 2022). In155

our model, on the deposit surface where the flow slows down from motions to a complete stop, the flux q vanishes as the local

slope | |∇𝑧 | | decreases from a value that exceeds the critical slope 𝑆𝑐 to exactly the critical slope 𝑆𝑐, imposing the mathematical
condition that

| |∇𝑧 | | = 𝑆𝑐 (9)

everywhere on the final deposit surface. Make particular note that the critical slope developed in our model (see Section 4)160

will involve the sum of two components, a constant friction slope and a yield stress term that will be an inverse function of the

deposits thickness, thus the final slope over the predicted deposited debris flow may not take a constant value.

Review Comment:165

Figure 5 / line 209: What is the source function Qin for these solutions? Presumably the source is at a different value of x for

each flux?

Our reply:

Yes, the sources are positioned at different locations 𝑥 for these cases, so that the resulting deposits have the same toe location.170

We propose adding the followin explanation to the text:

For each case and deposit height𝐻, we supplymaterial at a single point corresponding to the apex of each deposit. To facilitate

comparison, the source locations are adjusted so that the deposits have the same toe location. These locations 𝑥𝑠 are determined

using the formula 𝑥𝑠 = (𝐴𝐻 − 𝐵 ln ( |𝐴𝐻 + 𝐵 |))/𝐴2 −𝐶, where 𝐴 = − tan 𝛽 + tan𝜙, 𝐵 = 𝜏𝑌/(𝜌𝑔), 𝐶 = (−𝐵 ln (𝐵))/𝐴2 .
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175

Review Comment:

Line 235: I don’t fully understand "an approximate analytical solution obtained by setting tan 𝛽 = 0": why does tan 𝛽=0 allow

an analytical solution, and what exactly is being compared (is a numerical solution with 𝛽 ≠ 0 compared to an exact solution

with 𝛽 = 0?)180

Our reply:

We agree the description was confusing. To clarify, we propose to modify the text as follows:

For the longitudinal profile (Fig. 6c,g,k), we can use the analytical solution in Eq. (24) as the exact solution. For the transverse

profile (Fig. 6d,h,l), the transect is not a true symmetry axis; therefore, we can only use the analytical solution obtained by185

setting tan 𝛽 = 0 as an approximated solution. For each case, we impose a fixed thickness of the deposit at the origin for both

analytical solutions and numerical solutions.

Review Comment:190

Figure 6: Should "(b,f,j) transverse deposit profiles" read "(d,h,l) transverse deposit profiles"?

Our reply:

Yes, thank you for flagging this error in the caption. We will correct the caption as "(d,h,l) transverse deposit profiles".

195

Review Comment:

Table 1: What is the order of convergence of the numerical scheme in space and time? From the time discretisation in equation

(8), it appears to be first order in time. Is it also first order in space?

200

Our reply:

The discretization (Eq. (8)) of the governing equations (Eq. (1)) is first order in time and second order in space. For the

convergence of the numerical scheme, we don’t look at space and time separately because the time steps are decided by element

sizes. In the previous version, we use constant time steps Δ𝑡 = 0.25Δℓ2/𝜈∗. In the current version, we adopt dynamic time steps
to improve the model efficiency. Please see the updated Table 1 below:205

To clarify this point, we propose to add the following description to the text:

To speed up computations yet insure numerical stability,we use a dynamic time stepΔ𝑡 = 0.2Δℓ2/(𝜈∗max((∇𝑧𝑒𝑙𝑒−𝑆𝑐𝑒𝑙𝑒)/(∇𝑧𝑒𝑙𝑒)),
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Table 1. Influence of mesh size on model accuracy and computational time.

Avg. element size [m] # of elements (ℎ−𝐻)/ℎ (𝑅10max − 𝑅10min)/𝑟10 Computational time [s]

0.265 526 0.063 0.092 0.092

0.132 2116 0.032 0.037 2.46

0.066 8612 0.020 0.012 46.5

0.033 33986 0.011 0.007 1117.4

where subscript 𝑒𝑙𝑒 represents values at elements, and Δℓ is the average element size. For time step where max((∇𝑧𝑒𝑙𝑒 −
𝑆𝑐𝑒𝑙𝑒)/(∇𝑧𝑒𝑙𝑒) ≤ 0, we use Δ𝑡 = 0.25Δℓ2/𝜈∗.210

From the updated Table 1, we can see that the modeling errors on the deposit thickness, (ℎ−𝐻)/ℎ, decrease linearly as the
average element size is reduced.

Review Comment:215

Figure 10 and 11: these contour plots are noticeably slow to plot in my PDF viewer: are they particularly large figures that

could be reduced in resolution?

Our reply:

To address this problem, the figure format for Figures 10 and 11 will be changed from .PDF format to .JPG format (as shown220

below).
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Figure 10. Comparison of measured and simulated deposit topographies for the canyon-plain experiments. Left to right: runs T01, T02, T03,

and T04 corresponding to flume inclinations of 0, 0, 3, and 6 degrees; (a-d) experimental results; (e-h) CVFEM simulations; (i-l) longitudinal

profiles for transects y = 10 cm (black) and y = 34.8 cm (gray), along the centerlines of the deposits. Contours at intervals Δ𝑧 = 0.2 cm.
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